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ABSTRACT 

Methods of biasing three-dimensional deep penetration Monte 

Carlo calculat ions using importance functions obtained from a two- 

dimensional d i scre te  ordinates ad jo in t  calculation have been 

developed. T h e  important d i s t inc t ion  was made between the applications 

of the  PO 

Monte Car 

devel oped 

a l t e r s  t h  

n t  value and the event value t o  a l t e r  the random walk in 

o analysis o f  radiation transport .  

in t h i s  study a re  the angular probabili ty biasing which 

The biasing techniques 

co l l i s ion  kernel using the point value as  the importance 

function and the path length biasing which a l t e r s  the t ransport  

kernel using the event value as  the importance function. Source 

location biasings u s i n g  the s tep  importance function and the sca la r  

adjoint  f l u x  obtained from the two-dimensional d i scre te  ordinates 

adjoint  calculation were a1 so investigated. 

The e f f ec t s  of the biasing techniques t o  Monte Carlo 

calculat ions have been investigated fo r  neutron t ransport  t h r o u g h  

a thick concrete shield with a penetrating duct. Source location 

biasing, angular probabili ty biasing, and path length biasing were 

employed individually and in various combinations. Results of the 

biased Monte Carlo calculations were compared with the standard 

Monte Carlo and d iscre te  ordinates calculations.  

f ract ional  standard deviations o f  the  answers, the biasing techniques 

a re  a fac tor  of 2 t o  8 be t t e r  than the standard method. Hence, the 

Based upon the 

V 



effect iveness  and t h e  app l i cab i l i t y  o f  the b i a s i n g  techniques i n  

deep penetration, three-dimensional Monte Carlo calculat ions a rc  

c lear ly  demonstrated. 

Resul t s  o f  Mon le Carlo cal  cul a t ions u s i n g  respecti  v e l  y the 

event value and the point value t o  a l t e r  the transport  kernel 

showed t h a t  the event val ue cal cul a t i o n  gave much be t t e r  s t a t  i s t  i cs 

( t h e  FSD reduced by a factor  o f  2 )  than the point value calculation. 

Therefore, i t  was conf i rmed t h a t  the event value i s  the more 

appropriate function f o r  biasing the t ransport  kernel. 

v i  
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CHAPTER I 

I N T  RO DUCT I ON 

The Monte Carlo method is  a very useful tool t o  solve a large 

c l a s s  o f  radiation t ransport  problems. 

transport  by Monte Carlo, enough h is tor ies  m u s t  be generated and 

In analyzing radiation 

processed in  order t o  su f f i c i en t ly  determine the average behavior 

o f  the par t ic les .  For the  deep penetration problem where the 

natural probabili ty of contribution t o  the  answer of i n t e re s t  i s  small, 

importance sampling m u s t  be used. 

reduction procedure which a l t e r s  the sampling scheme t o  one which 

Importance sampling i s  a variance 

samples more of ten  from the phase space coordinates which make important 

contributions t o  the answer. In Monte Carlo, importance sampling i s  

a form of "biasing." 

I t  has long been r e ~ o g n i z e d ( ~ ' * ' ~ )  t ha t  the ad jo in t  solution i s  

a good i f  not optimum choice o f  importance function f o r  Monte Carlo 

biasing. 

derived from adjoint  calculat ions is straightforward. However, in 

In pr inciple ,  t he  application o f  importance functions 

pract ice ,  i t  has been l imited t o  special cases where e i t h e r  a 

reasonable approximation t o  the importance function may be represented 

ana ly t ica l ly  o r  the  adjoint  f lux can be numerically calculated from 

a simplified problem. 

K a l ~ s ( ~ )  used an approximate ana ly t ic  form of importance 

function t o  bias neutron penetration t h r o u g h  hydrogen slabs.  

and Stevens(5) applied the vo importance function, which i s  the f i r s t  

Armstrong 

1 
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term of a se r i e s  representation o f  the adjoint  function and i s  s imilar  

t o  the form used by Kalos, t o  calculate  gamma ray penetration i n  s l a b s  

o f  lead and o f  water. 

I t  should be noted tha t  the works o f  Kalos, and Armstrong and 

Stevens concerned only special cases where the  importance function 

could be approximated by a r e l a t ive ly  simple ana ly t ic  expression. 

Another approach to  obtaining an importance f unc t i o r r  i s  t o  solve the 

inhomogeneous adjoint  t ransport  equation and t o  use t h i s  adjoint  

f lux as  the importance function. Since i t  i s  jus t  ss d i f f i c u l t  t o  

calculate  the numerical adjoint  f lux a s  i t  i s  t o  calculate  the forward 

f lux,  a practical  approach i s  t o  solve the adjoint  problem i n  a 

s imp1 i f i e d  geometry. 'Phis appv'uximate adjoint: f lux i s  then employed 

as the importance Function in the Monte Carlo calculat ion o f  the 

real prohl em, 

Bendall and McCracken(6) calculated the numerical adjoint f lux 

with the removal diffusion method, then used this adjoint  .flux i n  

the Monte Carlo calculation with some success, used the QW- 

dimensional d i sc re t e  ordinates adjoint  f l u x  t o  bias the source energy 

d i  s t r i  b u t i  on and t o  generate parameters f o r  an exponetiti a1 transform 

which 

extended t h i s  approach t o  include directional dependence i n  t h e  

exponential transform parameters, and a t  the same t i m e  u t i l i zed  t h e  

adjoint  function as a guide t o  set, the weight standards of Russian 

roule t te  and s p l i t t i n g .  

i s  dependent 01-1 energy and posit ion,  Schmidt e t  a l ,  (8) 

Burgart a n d  Stevens") fur ther  extended the application o f  

the one-dinierlisional d i scre te  ordinates adjoint  f lux t o  bias the 
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co l l i s ion  kernel. A symmetrical d i scre te  angular grid was employed t o  

incorporate angular biasing and angular-dependent p a t h  length s t re tching.  

This method was qui te  successful fo r  deep penetration i n  simple 

geometries. However, the application of  t h i s  approach t o  deep 

penetration in complex geometries such as a thick concrete shield w i t h  

a penetrating duct i s  very l imited.  

1 i mi t a t  i on : 

Two reasons account f o r  t h i s  

1 .  The ane-dimensional d i scre te  ordinates ad jo in t  f lux 

does n o t  lead t o  a good approximation of t h e  importance 

function f o r  the three-dimensiondl complex geometry 

problem. 

2 .  The symmetrical d i scre te  angular gr id ,  which r e s t r i c t s  

pa r t i c l e s  t o  travel only in d iscre te  d i rec t ions ,  fa i7s  t o  

properly describe the streaming radiation t h r o u g h  the 

duct. 

The object ive o f  the present study i s  t o  use the two-dimensional 

d i sc re t e  ordinates ad jo in t  f l u x  t o  b i a s  the Monte Carlo analysis o f  

the three-dimensional deep penetration problem. Two biasing 

techniques, "angular probabi l i ty  biasing" and " p a t h  length 

biasing," have been developed. The effectiveness of "source biasing" 

using the sca l a r  adjoint  f l u x  was a l s o  investigated.  

In the a n g u l a r  probabili ty biasing technique, the probdbi l i t ies  

associated with the sca t te r ing  direct ions are biased by the point 

value. The point value is  used because i t  i s  the value t o  the 

e f f ec t  o f  i n t e re s t  of a pa r t i c l e  coming o u t  o f  a co l l i s ion .  

p a t h  length biasing technique, the select ion o f  the next co l l i s ion  

I n  the 
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s i t e  i s  biased by the event value. The event value, being the value 

o f  a pa r t i c l e  going in to  a co l l i s ion ,  i s  the  appropriate function to  

bias the p a t h  length o f  a pa r t i c l e  going into the next co l l i s ion  

s i t e .  These two value functions can be obtained d i r ec t ly  from a 

two-dimensional d i scre te  ordinates adjoint  calculat ion.  

The three biasing schemes a r e  investigated f o r  neutron t ransport  

in a thick concrete shield w i t h  an axial duct, Results o f  biased 

Monte Carlo calculat ions a r e  compared w i t h  standard Monte Carlo and  

d i scre te  ordinates calculat ions.  

schemes a r e  very good, and t h e i r  general usefulness i s  c lear ly  

Improvements achieved by the biasing 

demonstrated . 
The mu1 tigroup 

Monte Car o ca lcu la t  

ordinates code, DOT ( 

Monte Carlo code, MORSE ‘ l o )  i s  used fo r  the 

oris, a n d  the two-dimensional d i scre te  

i s  used t o  ca lcu la te  the adjoint  f luxes.  



CHAPTER I1 

T H E  A D J O I N T  BOLTZMANN T R A N S P O R T  EQUATIONS 

I n  t h i s  chapter, the time-independent multigroup adjoint  integral  

t ransport  equations a re  formulated in terms of the point value and the 

event value importance functions.* Then the adjoint  Boltzmann integro- 

d i f f e ren t i a l  transport  equation i s  derived from the pr inciple  of 

conservation of value. 

value and the event value and t h e i r  applications t o  the biased Monte 

Carlo cal cul a t i  on a r e  discussed. 

Final ly ,  the relat ionship between the point 

2.1 The Event Value and the Point Value Equations 

There are  several integral  forms t o  the adjoint  Boltzmann 

t ransport  equation, namely the  point value equation, the event value 

equation, the emergent adjunction density equation, a n d  the adjunction 

event density equation. ( l o )  These adjoint  integral  t ransport  

equations describe the importance o f  radiation par t ic les  with 

respect t o  a spec i f ic  e f f e c t  o f  i n t e re s t .  Hence, they a re  

equivalent t o  one another even t h o u g h  each involves a d i f fe ren t  

variable.  The focus o f  t h i s  study i s  on the  event value and the 

point value because they a re  the importance functions which will  be 

used t o  b i a s  the Monte Carlo random w a l k .  In t h i s  sec t ion ,  the 

integral  t ransport  equations fo r  the event value and the  point value 

will be formulated. 

*For brevity , 
the po in t  value and 

these quant i t ies  will  be referred t o  simply as 
the event value respectively.  

5 
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TI-le trehdvior o f  radiat ion par t ic les  in a medium may be described 

i l l  t e r m  of t he  event density or the  emergent pa r t i c l e  density.  The 

s : ~ t t r i t  density i s  the density of par t ic les  going into co l l i s ions ,  and  

the emergent pa r t i c l e  density i s  the density o f  par t ic les  leaving a 

source o r  emerging from col l i s ions .  The concept o f  the importance of 

par t ic les  can kc described in terms o f  the  value o f  going i n t o  a 

co l l i s ion  or i n  t e r m  o f  the value o f  emerging from a co l l i s ion  or 

a source. The event value W i s  defined t o  be the value t o  

the e f f ec t  o f  i n t e re s t  o f  a pa r t i c l e  which enters  a co l l i s ion  a t  

point b w i t h  energy g r o u p  cj and direc%ion 6. 

x;(F,E) i s  defined to  be the value o f  a p a r t i c l e  which emerges from 

a co l l i s ion  o r  from a source a t  p o i n t  F w i t h  energy group g and 

(’*) the event value W (?,6) i s  direct ion i. According t o  Irving, 

composed o f  two pa r t s ,  the immediate payoff and the future  payoff. 

9 

The point value 

9 

The iiiiinediate payoff i s  simply the group g response function 
$ .- - 

P g ( r , n ) .  

t h a t  t h e  par t i c l e  survives the co l l i s ion  and emerges w i t h  energy 

group g’ arid direct ion in d?i’ about 

emergent pa r t i c l e  x*,(?,fi’). 

following time-independent multigroup integral  equation 

The future  payoff i s  the expected value* of the probabi l i ty  

times the value of this  

This in te rpre ta t ion  leads t o  the 
9 

i f i t .  symbolism and terminology of t h i s  chapter follow those of 
Stl.dKer- c t  a1 . (1 Q> 

“Expected value imp1 i e s  integration over a l l  appropriate phase 
space coordinates e 
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where 

P’(r,6) = the group g response function for  6-directed 
g 

par t i c l e s  which experience events a t  ?, 

c f ( r )  = the group q t o t a l  macroscopic cross sec t  

g-’Y’(?,&.;?’) = the g roup  g t o  g r o u p  g’ d i f fe ren t ia l  cs 

sca t te r ing  cross section [cm-’ steradian- 

on [cm-’], 

1. 
The summation over g’ denotes a l l  energy groups. 

i s  no upscat ter ,  t heg ’  summation would be from g t o  G ,  where G 

i s  the  g roup  number with lowest energy. 

However, i f  there 

As defined above, the point value x* (? ,c )  i s  the value o f  a 
!3 

par t i c l e  which emerges from a co l l i s ion  or from a source a t  r with 

energy group g and direct ion 5 2 .  

event i n  dR abou t  ? + R z  with the probabil i t y  

- 
T h i s  pa r t i c l e  w i l l  experience arr 

and the value o f  t h i s  event i s  given by W (;+RE, T?). 

value of leaving a co l l i s ion  i s  equal t o  the expected value o f  

go ing into future  co l l i s ions ,  the following time-independent m u l t i -  

group integral  equation i s  ot;tained. 

Since t h e  
g 

Equations (2-1)  and (2-2)  express e x p l i c i t l y  the event value and the 

point value respectively i n  terms of the other .  ‘The integral  t r a n s p o r t  

equation fo r  the event value i s  obtained by subs t i tu t ing  Equation (2-2)  

in to  Equation (2-1) .  
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t o  F-’ = r + RE and hav ing an event w i t h i n  dR about F -  t imes the  

response f u n c t i o n  f o r  an event a t  7, = F + RE. 

t h e  r e l a t i o n s h i p  between s p a t i a l  p o i n t s  r and ;*. 
F igure  1 i l l u s t r a t e s  

2.2 D e r i v a t i o n  o f  t h e  A d j o i n t  Boltzmann Equat ion from the  Value 

Funct ions 

The mu1 t i g r o u p  a d j o i n t  Bo1 tzmann t r a n s p o r t  equat ion i s  we1 1 

documented i n  t h e  l i t e r a t u r e ,  (10y12y13) and can be w r i t t e n  as 

where 

S:(?,z) = t h e  group g a d j o i n t  source, 

$ ; ( ; , E )  = t h e  group g a d j o i n t  angular  f l u x  the  na tu re  o f  which 

i s  determined by the  choice o f  t h e  a d j o i n t  source 

S p ) .  

Equat ion (2-6) can be de r i ved  from t h e  fo rward  Boltzmann t rans -  

p o r t  equat ion by d e f i n i n g  an a d j o i n t  f unc t i on  and an opera to r  which 

i s  a d j o i n t  t o  t h e  opera to r  assoc ia ted  w i t h  the  forward Boltzmann 

t r a n s p o r t  equat ion.  

t h e  proper  a p p l i c a t i o n  o f  t h e  boundary cond i t i ons ,  t he  a d j o i n t  

Boltzmann t r a n s p o r t  equat ion  can be obtained. Th is  i s  s t r i c t l y  

a mathematical procedure, and t h e  phys ica l  meaning o f  t he  a d j o i n t  

f u n c t i o n  i s  y e t  t o  be determined. The d e t a i l s  o f  t h i s  d e r i v a t i o n  

are  presented i n  References 10 and 13. 

Then f rom the  p roper t y  o f  a d j o i n t  opera tors  and 
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F i g u r e  1. Coordina-Le System which R e l a t e s  a F i x e d  P o i n t  r t o  an 
A r b i t r a r y  P o i n t  ?* = ? 4- RE.  
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U s i n g  the physical in te rpre ta t ion  o f  the ad jo in t  function as a 

( 1 3 )  neutron importance t o  an e f f e c t  o f  i n t e r e s t ,  Bell a n d  Glasstone 

derived d i r ec t ly  the adjoint  Bo1 tzmann t ransport  equation from 

Si rst pr inciples .  

The adjoint  Bo1 tzmann t ransport  equation can a l so  he derived 

by requiring t h a t  the value o f  a pa r t i c l e  be conserved along i t s  

path. The derivation i s  based on the d is t inc t ion  between the  

value of a pa r t i c l e  entering a co l l i s ion  and the value a f  t h a t  

pa r t i c l e  leaving a co l l i s ion .  Consider a pa r t i c l e  which emerges 

from a point F i n  d i rect ion 6 and energy group g. 

p a r t i c l e ' s  value t o  be conserved, the following relat ionship must 

For the 

be true f o r  an incremental distance L R  a long  the 5 direct ion:  

1 value of emerging probabi l i ty  o f  value of going in to  
[from point 1 [co l l i s ion  in AR' [ co l l i s ion  i n  A R  

probabi l i ty  o f  no value o f  emerging * [co l l i s ion  i n  n~ 1 [from point F + ~ R G  1 9  

which can be expressed as 

[,*(F + jlfki,ii)]. 
4 



1 2  

Equation ( 2 - 7 )  can be rearranged as 

Taking the l i m i t  of nR-)-Q, gives 

and w i t h  rearrangement Equation (2-8) becomes 

Wg(',i). (2-9)  

dx*(F ,E)  - 
( l o )  and subst i tut ing W ( ? , E )  from Noting tha t  +-- = ' 2 * V x ~ ( F , ~ )  9 

Equation ( 2 - 1 )  i n to  Equation ( 2 - 3 )  y ie lds  

(2-1 0) 

4 - -  P , ( r , n )  i s  the  group g response function o f  the  e f f e c t  o f  i n t e r e s t  

due t o  a u n i t  angular f lux.  

the multigroup adjoint  t ransport  equation as g i v e n  by Equation (2-6) 

reveals t h a t  i f  P ( r , n )  = S*(?,6) ,  the  two equations a re  identical  

A comparison of Equation (2-10)  with 

0 - -  
9 9 
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and x * ( r , E )  z $ * ( ? , E ) .  
g g 

solution of the integro-different ia l  form o f  the adjoint  Bo1 tzmann 

equation) i s  the value of a pa r t i c l e  leaving a co l l i s ion  i f  the 

ad jo in t  source i s  taken  to  be the response function P (r,R). 

Therefore, the a d j o i n t  angular f lux  ( the  

4 - -  
9 

2.3 Application of the P o i n t  Value and the Event Value in Monte 

Carlo Biasings 

The random walk procedure in Monte Carlo calculat ions i s  

composed of the t ransport  process and the co l l i s ion  process. 

biasing of these processes requires importance functions which may 

be obtained from appropriate deterministic adjoint  calculat ions.  

The 

Since the t ransport  process involves the select ion of the next 

co l l i s ion  s i t e ,  the event value would seem t o  be the appropriate 

importance function to  bias the t ransport  kernel. 

process, a pa r t i c l e  emerges from a co l l i s ion  s i t e  with i t s  new 

In the co l l i s ion  

energy and direct ion determined by the  co l l i s ion  kernel. 

value would seem t o  be the su i t ab le  importance function to  bias 

the co l l i s ion  kernel. Therefore, a d i s t inc t ion  m u s t  be made 

between the point value x* and the event value W ,  insofar  a s  t h e i r  

The point 

applications t o  Monte Carlo biasing techniques a re  concerned. 

Finally,  proper correction of the p a r t i c l e s '  s t a t i s t i c a l  weights 

m u s t  be exercised in order t o  remove the bias and preserve the 

" fa  i r game. " 



C H A P T E R  I11 

DEVELOPMENT OF MONTE CARLO IMPORTANCE SAMPLING TECHNIQIJES 

This chapter f i r s t  presents a description of the co l l i s ion  

mechanics used in the Monte Carlo code MORSE. ‘ l o )  

probabili ty biasing“ technique i s  then introduced, and the 

application o f  the point value t o  bias the select ion of the emergent 

direct ion from a co l l i s ion  process i s  described. Finally,  “the path 

length biasing” technique using the event value as the importance 

function i s  developed and a method of normalizing the a l te red  

t ransport  kernel i s  formulated. 

The “angular 

3.1 Collision Mechanics 

The MORSE code u t i l i z e s  the  same multigroup cross sections used 

( 1 9 )  or DTF-IV. (20)  by the d i sc re t e  ordinates codes DOT, ( 1 1 )  ANISN, 

These cross section sets employ an nth-order Legendre polynomial 

expansion t o  describe the sca t te r ing  d is t r ibu t ion  f o r  each group-to- 

group t-ransfer. 

A t  a co l l i s ion  s i t e ,  the emergent energy group and direct ion 

a re  normally selected according to  the natural coll  ision kernel 

where cg’g’(r,fi+n’) i s  the group g t o  group g’ d i f fe ren t ia l  s c a t t e r  

cross section and t t i e  g r o u p  sca t te r ing  cross section z:(F) i s  equal 

S 

3-1 ) 

nc4 

t o  

14  
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1 1, Zffg’(F,&6’) dz’. T h e  co l l i s ion  kernel i s  a properly 
g” 
normalized j o i n t  probabili ty density function (p.d.f.) and may be 

expressed as a product o f  a marginal p.d.f. and a conditional p.d.f .  

IT 

T h e  energy group g” of the emergent par t ic les  i s  selected from the 

marginal p.d.f. 

for g ”  = g ,  

?he emergent direct ion i >  i s  then selected 

(3-3) g + l , .  . , G .  

from the conditional p.d.f. 

g iven  t ha t  a par t icu lar  g+gO transfer has been selected according t o  

Equation (3-3). 

symnietric, the d i f fe ren t ia l  sca t te r ing  cross section may be writ ten 

as a function o f  the cosine of the polar angle, and expanded as  a 

se r ies  of Legendre polynomials 

Considering the sca t te r ing  process as azimuthal 
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where 

fgjg’(r)  = the R t h  Legendre coef f ic ien t  f o r  the group g t o  group 
R 

g’ t r ans fe r ,  

n = the  maximum order  of the expansion, 

li = c*fiO, the cosine of the sca t te r ing  angle. 

Using Equation (3-5),  Equation (3-4) can be written as  

n 1 
2Tr R a=O 

- - - 1 f*9-‘g0(F) P,(U), (3-6) 

The  conditional p.d.f. as  given by Equation (3-6) can be 

expressed a s  a product of two d is t r ibu t ions ,  namely the polar angle 

d is t r ibu t ion  and the azimuthal angle d is t r ibu t ion .  The polar angle 

d is t r ibu t ion  i s  

where the group-to-group t ransfer  superscr ipt  and the position vector 

? are  dropped t o  simplify the notation. 

symmetric sca t te r ing ,  the azimuthal angle d is t r ibu t ion  i s  simply 

Because of the azimuthally 
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-1 The rea l iza t ion  of the polar angle, cos u, from Equation (3-7) 

i s  not accomplished d i rec t ly .  

d i scre t ized  by the use o f  a generalized Gaussian quadrature scheme. 

This approach e f f ec t ive ly  replaces the continuous d is t r ibu t ion  

~ ( u )  by a d i sc re t e  d is t r ibu t ion  w*(p) w i t h  the  constraint  t ha t  the 

f i r s t  n moments of w*(!i) a re  ident ical  t o  the f i r s t  n moments o f  ( ~ ( p )  

respectively.  

Instead, the d is t r ibu t ion  ~ ( p )  i s  

(1 0) 

T h u s ,  the angular d i s t r ibu t ion  o f  Equation (3-6) becomes 

where p i  i s  the probabi l i ty  t h a t  polar angle c 0 s - l ~ ~  wi 11 be sel ected 

and N i s  equal (n+1)/2. The original normalization of Equation (3-6) 

gives 

which provides the following normalization requirement on the p i ’ s ,  

and 
N 

i =1 
1 p i  = 1. 
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The select ion of the outgoing direct ion i s  norma.lly 

accornpl ished within MORSE in two separate s teps:  

1. F i r s t ,  a sca t te r ing  polar angle i s  selected from the 

d iscre te  d is t r ibu t ion  w*(u).  

2 ,  Then an azimuthal angle i s  selected from the u n i f o r m  

dis t r ibu t ion  h ( $ ) .  

The sequence of t h e  two s teps  can be reversed, i.e., f i r s t  azimuthal 

angle then polar angle, because t h e  two d is t r ibu t ions ,  w * ( U )  and 

h ( @ ) ,  a re  independent. 

Scattering direct ions ??l and G r 2  and t h e i r  corresponding cones 

w i t h  respect t o  the incominq f l i g h t  d i rect ion 6 f o r  a P3 s ca t t e  

d i s t r ibu t ion .  

Figure 2 i l l u s t r a t e s  (;tie two possible 

The nature of the Gaussian quadrature scheme o f  d i sc re t i z  

t i  ng  

n9 

the sca t te r ing  d is t r ibu t ion  produces d iscre tc  direct ions which tend 

t o  be located near the peaks of the scat ter ing d is t r ibu t ion .  

of the P3 sca t te r ing  d is t r ibu t ions  and t h e i r  corresponding d iscre te  

d is t r ibu t ions  for  the concrete cross section are shown in Figures 3 

a n d  4. Note t h a t  although the truncated Legendre expansion fo r  the 

sca t te r ing  d is t r ibu t ion  may have negative values, the d iscre te  

d is t r ibu t ion  will  always yield posi t ive probabi l i t i es ,  This i s  true 

because the condition o f  posi t ive probabi l i t i es  i s  one of the 

constraints  f o r  the generalized Gaussian quadrature scheme. 

Examples 
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OR N L - DWG 7 5 - 1'7 7 18 

Figure 2. Par t i c l e  Incoming Direction a n d  Two Possible Scat ter ing 
Directions a t  a P o i n t  P(X,Y,Z) .  
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ORNL-DWG 75-15729 

0.125 I 
I tog1 

- 0.875 

/ 

Figure 3. The P3 Scat ter ing Distribution a n d  the Discrete Distribution 
f o r  Group 1 t o  Group 1 Transfer. 



ORNt-DWG 75-15728 

0.852 

Figure 4. The P3 Scat ter ing Distribution and the Discrete Distribution 
for  G r o u p  4 t o  G r o u p  4 Transfer. 
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- A n q u l . ~  - - - _  i’,,-obdk I i: i t y  1~ .. *___. Biasing .-___-\ Technique _- 

T W  “anglr lar  p r o b a h i l  i t y  biasirig” Lechniqire i s  formulated by 

i)ia:si;:ig the c o n d i t i o n a l  y.d.f. o f  Equation (3-9) us ing  the point 

va l  i i t  ,:*(?,h) as the importance function. The biased sca t te r ing  

d is t r ibu t ion  i s  dei iuled as  yy+g (rys2+n’) and can b e  writ ten as  
/ . ” - -  

9 

. N  

In  Equation ( 3 - l o ) ,  the N possible outgo ing  direct ions 6° i ( (u iy+ i )  

rr~ust b 1 ~  k n o w  so  t h a t  t h e  correspondiny p o i n t  values x * , ( F , ~ ~ ~ )  can 

k ident i f ied ,  I n  order Lo accomplish t h i s ,  the azimuthal angles 

f ~ ~ r  each ox“ t h e  N p o l a r  angles are selected f i r s t .  

poss ib le  outgoing d i  rzclions determined, the corresponding point 

values x**(:,;’.) can be ident i f ied .  

t h e  N o i i tqo i i lg  d i  r-eetions e f fec t ive ly  transforms the d is t r ibu t ion  

given hy Equation (3-10) in to  

9 

W i t h  the N 

This approach of predetermining ‘3 1 
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N 

N 

f o r  i = 1, 2, . . ., N 

: p; for i = 1 ,  2 ,  . ., N. (3-11) 

As lrlould be t h e  case f o r  any b i a s i n g  procedure, t h e  statistical weiyht. 

o f  t h e  particile iiiust ue corrected i n  order t o  remove t h e  b i a s .  T h e  

N 

where t he  di rec t ion  ” J ”  hds been selected from the biased d i s t r i b u t i o n  

giver\ by Equatiorr ( % - ! I ) .  

It: i s  in te res t ing  t o  note  t h a t  t h i s  b i a s i n g  technique a l t e r s  

the g r o b d b i l i t i e s  o f  the N d i scre te  sca t te r ing  a n g l e s  while t h e  

corresponding  1v poss ib le  sca t te r ing  a n g l e s  remain unchanged. 

.is t h e  redson t h a t  t t ie  name “ a n g u l a r  p r o b a b i l i t y  biasing” i s  

Th is  



3.3 The Path Length Biasing Technique 

The t ransport  of radiation pa r t i c l e s  from one co l l i s ion  s i t e  

t o  the next involves the select ion of a p a t h  length from the t ransport  

kernel. For pa r t i c l e s  t ravel ing within a material , the transport  

kernel T (r+?+Ri) can be writ ten as  ( 1 4 )  
g 

9 -z R 
T (?+; + R6) dR = z: e dR, (3-1 3) 

9 
-E: R 

where e i s  the probabili ty tha t  a pa r t i c l e  t ravels  the distance 

R without suffer ing a co l l i s ion  a n d  x: dR i s  the probabi l i ty  tha t  a 

co l l i s ion  occurs within dR. Also s ince 

-E: R 1; e dR = 1 ,  

the  t ransport  kernel T (7-t; + RE) i s  a properly normalized p.d:f. 
Y 

The t ransport  kernel can a l s o  be expressed i n  terms of the mean f ree  

path ~ j ,  arid we have 

(3-14) 

where ri = R. Thus, the path length select ion can also be 

accomplished i n  terms of the number of mean f r ee  paths traveled. 

Equation (3-14) i s  a l so  valid f o r  pa r t i c l e  t ransport  t h r o u g h  more 

than one material .  Note tha t  e-' i s  a normalized p.d,f. over the 

interval (0, a). However, events occur only in the interval 

( 0 ,  n e ) ,  where ~j 

external boundary. 

i s  the t o t a l  number of mean f r ee  paths t o  the 

When a path i s  selected from e"', only the 

e 
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f rac t ion  (1 - e ' le )  are  events,  and the f rac t ion  e-ne leak into 

the external void. Therefore, the leakage probabi l i ty  of a pa r t i c l e  

i s  e-ne,  and  the nonleakage probabili ty i s  (1 - e -'e 
). 

The "path length biasing" technique i s  an a l t e r a t ion  of the 

t ransport  kernel using the event value W (7,;) as the importance 
g 

function. The biased t ransport  kernel T*(F-+F+RE) can be defined as  
g 

where W ( q )  i s  the event value with the posit ion expressed in terms of 

( g  and a re  omitted t o  simplify the nota t ion) ,  and NF i s  the 

normalization fac tor  of the  biased t ransport  kernel. I f  the 

nonleakage probabili ty of the biased t ransport  kernel i s  assumed t o  

be equal t o  t h a t  o f  the unbiased t ransport  kernel,  we have 

where Re= ve/C:. 

above equation, we have 

Subst i tut ing Equations (3-14) and (3-15) into the 

Hence, 

(3-1 6 )  

I f  an average W(n) i s  assigned t o  each spa t ia l  region, the event 

Val ue i s  given by 
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where 1. i s  the number of regions along the p a r t i c l e ' s  t ra jec tory  

and q i 
s t a r t i n g  point t o  the emergent boundary of the i 

t ha t  qL fi qe. 

through three regions before reaching t he  external void, A1 though 

the number o f  regions I- would be d i f f e ren t  fo r  each f l i g h t  

i s  the number of mean free p a t h s  from the particle's 
t h  region. Note 

Figure 5 shows a p a r t i c l e ' s  f l i g h t  t r a j ec to ry  

t r a j ec to ry ,  L = 3 i s  used t o  i l l u s t r a t e  the analysis  which would be 

valid fo r  any L.  

Equation (3-16), the normalization f ac to r  becoines 

Subst i tut ing Equation (3-17) w i t h  L = 3 i n to  

(3-1 7 )  

(3-1 8 )  

S u b s t i t u t i n g  Equation (3-17) i n t o  Equation (3-15),  t he  biased 

t ransport  kernel becomes 
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WG 75-15730 

vo ID 

I 

- 7- -- -- "-- - - 

7 1  1 1 
150. O c m  -w  29 I )  Ocm 

Figure 5. A Typical Part ic le  F l i g h t  Trajectory i n  t h e  C y l i n d r i c a l  
Geometry which i s  Divided i n t o  Pivelve S p a t i a l  Reqionr;.. 
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The i n t e g r a t i o n  0.F Equation (3-19) over  the i n t e r v a l  ( 0 ,  m )  g ives  

S u b s t i t u t i n g  Equation (3-18)  i n t o  Equation ( 3 - 2 0 ) ,  we have 

/"T*(F+-r 0 ! 3  -t R i )  dR = 1, (3-21 ) 

which i s  t h e  normal iza t ion  requirement f o r  t h e  b iased  t r a n s p o r t  

kerne l .  

the b iased  t r a n s p o r t  kernel i s  well defined and p rope r ly  normal ized.  

Hence , Equation (3-20) becomes 

W i t h  t h e  normal iza t ion  f a c t o r  NF g iven  by Equation (3-18), 



29 

= Prl + Pr2 + Pr3 + Pre (3-22)  

where Pri i s  the  probabi l i ty  t h a t  the next co l l i s ion  will  occur i n  the 4 t h  

region and Pre i s  the probabi l i ty  tha t  the next co l l i s ion  will  be i n  the 

external void.  

Equation (3-19) e 

as follows: 

I n  p r inc ip le ,  the path length can be selected from 

However, the actual sampling procedure i s  accomplished 

7 ,  F i r s t  determine the region where the next co l l i s ion  will  

occur from Equation (3-22).  

2 .  I f  the next co l l i s ion  i s  i n  region " i , "  s e l ec t  the number 

o f  mean f r ee  paths T-I the pa r t i c l e  t r ave l s  i n  this region from 

3 .  Compute the number of mean f r e e  p a t h s  between the new co l l i s ion  

s i t e  and the l a s t  co l l i s ion  s i t e  by nt = q i - ,  + 0 . 
4. Cor rec t  t h e  p a r t i c l e ' s  s t a t i s t i c a l  weight by 

. . . . . . . . 

F - NF WT, = 



CHAPTER IV 

DESCRIPTION OF TI-IE STANDARD F 'OBI-E14 AN? 

GENERATION OF IMPORTANCE FUNCTIONS 

In t h i s  chapter,  the standard problem and t h e  two-dimensional 

d i scre te  ordinates adjoint  calculat ions a r e  described. 

methods o f  o b t a i n i n g  the point value and .the event value f rom t h e  

adjo in t  d i scre te  ordinates  ( D O T )  calculation are  described. 

Then  t h e  

4.1 Description of  the Standard Problem . .. - __I_- __ --__I_ ~ _ - _  -- 

T I w  standard problem w a S  designed t o  have geometric -ompl ex i ty  

along w i t h  deep penetration 1 imitations.  

consis ts  o f  a r i g h t  c i r cu la r  concrete cylinder with an axial 

duct (void) 15.24 centimeters (6  inches) i n  diameter. The 

dimensions of  the  cylinder a re  152.2 centimeters i n  height and 

150.0 centimptprs i r ,  radius. 

neutron source i s  uniformly di  stri buted over the bottom surface,  and 

F o u r  detectors  a r e  positioned on a plane which i s  152.2 centimeters 

beyond the t o p  surface. The radial  posit ions of the detectors 

itre 5 ,  20, 75, and 150 centimeters from the Z-axis. The ?ayout and 

iitiportant dimensions a re  shown i n  Figure 6. 

f o r  select ing a two-dimensional configuration was the a v a i l a b i l i t y  

O F  a d i scre te  ordinates solution which would provide a comparison 

f o r  Monte Carlo ca l ru :  ',ions. 

The s h i n ' d  cm"c1lration 

An i so t ropic  monoenergetic (14 MeV) 

One of the main reasons 

Ana'lys-js i s  done only on the neutron t ransport  through the 

f i r s t  14  e i l v g y  groups o f  22 group strircture given in Table 1. The 
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I I  

CONCRETE I I i  CONCRIETE 

L I S O T H O P I C  FIRST ENERGY GROUP 

SOURCE UN1FORMI;Y DISTR1BVIED 

ON THE BOTTON SURFWE 

Figure 6 ,  Geometry o f  Concrete Cylinder with A x i a l  Duct, Sow-ce, 
Detectors and Adjoint Sources. . 
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TABLE 1 

NEUTRON E N E R G Y  GROUP STRUCTURE 

~ - - -  E n e r g y  G r o u p  U p p e r  E n e r g y  (eV) 

1 1.50( +7)  * 
2 1.22(+7)  

3 1 .00(+7)  

4 8.18 (+6)  

5 

6 

7 

8 

9 

1 0  

11 

12  

1 3  

14  

1 5  

16  

17  

18 

19  

20 

21 

22 

6 ,36(  +6) 

4.96 (+6)  

4.06( +6)  

3.01 (+6)  

2.46( 4-6) 

2.35 (+6) 
1.83(+6)  

1 .11(+6)  

5.50( +5) 

1 .11(+5) 

3.35  (+3) 

1.01 (+2)  

5.83(+2) 

2.90( +l ) 
1.07(+1) 

3.06( +0) 

1.12(+0)  

4.14(-1) 

7 *Read as  1.50 x 1 0  eV(= 15  M e V ) .  
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cross section s e t  f o r  the concrete is  taken from References 15 and 16;  

the angular dependence of p a r t i c l e  sca t te r ing  i s  approximated by a P3 

Legendre polynomial s e r i e s  expansion. The concrete composition and 

i t s  neutron cross section a re  presented in Appendix E .  

4.2 Two-Dimensional Discrete Ordinates Adjoint - Calculations 

Several methods have been employed t o  obtain importance 

functions f o r  biasing Monte Carlo Calculations. ‘‘-9) 

methods, the one-dimensional and two-dimensional d i scre te  ordinates 

Among these 

calculat ions provide numerical importance functions su i tab le  

f o r  Monte Carlo biasing. For problems with complex geometries, the 

one-dimensional d i scre te  ordinates adjoint  f7 uxes a re  general l y  

inadequate and  two-dimensional adjoint  calculat ions a re  required. 

I n  t h i s  study, two-dimensional d i scre te  ordinates calculat ions are  

employed t o  generate the importance functions. 

The two-dimensional d i scre te  ordinates code DOT (1 ’ )  in R-2 

geometry was used t o  solve the adjoint  Boltzmann t ransport  equation. 

An assynimetric a n g u l a r  quadrature set  which cons is t s  o f  166 d i rec t ions  

was recommended for  t h i s  problem. t 25 )  The source was the detector  

response function which was taken as unity for  a l l  energy group since 

neutron f lux would be the quantity determined by the Monte Carlo 

calculat ions.  

locat ions o f  the adjoint  source, one on the Z - a x i s  and the other  

150.0 centimeters of f  the Z-axis as  shown in Figure 6. 

Calculations were performed fo r  two d i f fe ren t  

The computer code GRTUNCL ( 1 7 )  was employed t o  calculate  the 

ana ly t ic  f i r s t  co l l i s ion  source for  the DOT calculat ion.  The 



a d j n i n t  angular f l u x  f o r  each calculation was s tored  on two 

tnagnctic tapes arid the t o t a l  sca t te r ing  source was writ ten on 

arrother magnetic t a p e .  

4.3 - DGicminaLion _ - I -  a f  tile .-.<-I_II Vo i r r t  _--_ Value - 
I t  was shown it1 Sect ion  2.2,  page 9 ,  t h a t  t h e  point valiac i s  

idesbtical t o  t h ~  adjoirit angular- f lux whicih m y  be calculated by 

t h e  discre te  ordinates method. Hence, the poi i l l  vdlue i s  d i rec t ly  

avai 1 ab1 c from the resul t s  o f  the a d j o i  tit d i  sci-ete ordi m t e s  

calculation. Due to t i le truncateti. Legendre expansion o f  the 

sca t t e r ing  ctuss sect ion,  the a d j o i n t  angular flux as calculated 

by tire DOY code mdy assume n e g a t i v e  valiies. Negative fluxes 

(forward o r  ad jo in t )  do not have any physical nileaining, Thus, 

they a re  assumed t o  be zero before t he  adjoint  angular flux i s  

spa t i a l ly  averaged into the p o i n t  value. 

The a d j o i n t  angular f l u x  i s  averaged o v e r  spat ia l  regions 

and will  be used i n  t h a t  form i n  t h e  Monte Carlo calculations.  

This i s  necessary sa as  t o  a l l e v i a t e  the d a t a  s t o r a g e  problem t h a t  

would ex i s t  i f  a l l  of t h e  adjoint  angular fluxes were required i n  

the Monte Carlo calculations.  Furtheriiisr’e, i t  i s  straightforwai-d tu 

carry out the pi-sposecl iiiiportance san~pl ing schemes by region i n  

the MORSE (W code. 
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shown in Figure 7 ,  c i s  the cosine o f  the  p I a r  ang le  y and .I i s  the 

cosine of $, the angle between the discrete direct ion aiid d u n i t  14e~l;~31p 

i n  the radial  d i rec t ion .  The weight WG i s  the f~ac i icen  o f  tkre t o t a l  4ii 

s o l i d  angle associated w i t h  a given dtscr-ete dIrectit7n. “ 8 ~ s  the 

weights sum t o  unity. The d iscre te  clirections in the quadra ture  s e t  

are grouped by polar angle and an a rk i t rdry  number o f  p anqles arc 

associated with each polar angle. 

a d j o i n t  d i scre te  ordinates ca lcu la t ions ,  there  a re  20 psl,tnr anqles. 

For the quadrature s e t  used in the 

The computer program POINT f i r s t  reads the adjoint  angular .Flux 

tapes ,  then s e t s  the negative adjoint  angular  f l u x e s  t o  zero, and  

f inal  l y  calculates  the region-averaged p o i n t  val t ies for  a I1 enerqy 

groups and direct ions.  

stored on a magnetic tape f o r  the angular probability b i a s i n g  o f  

Monte Carlo Calculations. 

the i n p u t  ins t ruct ion i s  presented i n  Appendix A ,  

The region-averaged p o i n t  val ues ar-rr t h e n  

A l i s t i n g  o f  the POINT program a l o n g  wa’th 

4.4 -- Determination of  the I Evest Value 

The event value can be determined from the t o t a l  sca t te r ing  

source t h a t  i s  avai lable  from an a d j o i n t  DOT calculat ion,  Equation 

(2-1)  can be rewrit ten as 
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ORNL-DWG 75-15732 

Figure 7 .  The Components of the Direction Vector R in t h e  Rectangular 
and Cylindrical Coordinate Systems. 

I 
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where 

jck 

x* 

( ? , E ” )  = the  uncollided contribution t o  the point value 

(F,;’) = the collided contribution t o  the point value. 

Subst i tut ing Equation (4-1 ) in to  Equation (2-1 ),  the event val ue 

becomes 

g’u 

9 ”c 

L 

I f  the d i f f e ren t i a l  sca t te r ing  cross sec t  

subst i tuted in to  Equation (4-2), then 

- -  
r,u’) ds?’. 

on from Equation (3-5) i s  
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[cosrn+ cosm$’ + sinrn+ sinm+s’]) .  4-5) 

Due t o  the symmetry o f  cyl indrical  R-Z geometry, the point value 

( F , G ~ , $ ~ )  i s  an even function o f  9’ and can be expanded i n  

Since the 
X;-C 

m spherical  harmonics as  a function o f  P (c ’ )  cosm~’. 

integral  of  cosmip’ sinni4’ over the interval  0 I <: @ ’  5- 27 i s  equal 

t a  zero, i n  Equation (4 -5 ) ,  a l l  terms involving sinma’ varnish 

under the integrat ion,  

v, 

T h u s ,  Equation (4-5) becomes 
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I n  d i scre te  ordinates theory, the integral  i n  Equation (4-6) i s  

known a s  the f l u x  moment. That -is 

With t h e  above re la t ion  and set t ing the response function P + - -  ( r ,n)  
9 

equal t o  zero because the detectors  a re  located outside the 

shield configuration, the event value of  Equation (4-6)  becomes 

Integration o f  Equation (4 -7 )  over a volume element VI gives 



41 

I f  t he  mean va lue approx imat ion i s  a p p l i e d  t o  the  volume i n t e g r a l ,  

t h e  above equat ion  becomes 

Q (6) can be expanded i n  terms o f  spher i ca l  harmonics as 
g , I  

S u b s t i t u t i n g  Equat ion (4-9) i n t o  Equat ion (4-8) we have 

(4-9) 

(4-1 0) 
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Equation (4-10) can be fur ther  simplified by defining the " to ta l  

scat ter ing saurce" .For energy g roup  g and volume element V as I 

Substi tution of Equation (4-11 ) into Equation (4-10) yields  

Equation (4-12) i s  the relat ionship actual ly  einployed t o  calculate  

the event values. Similar t o  the point value, the event value i s  

averaged over region f a r  a l l  energy groups and directions.  

A computer program EVENT was writ ten t o  read the t o t a l  

sca t te r ing  source tape froiii the  adjoint  DOT calculation and t o  

calculate  the event values f a r  a l l  regions, energy g r o u p s p  a n d  

directions.  

instruct ion i s  given in Appendix A. 

A l i s t i n g  of t h i s  program along with the input 

Shown in Figure 8 i s  a f low diagram which i l l u s t r a t e s  the 

relat ionships  which e x i s t  among 

generation o f  importance functions by the POINT and EVENT programs, 

and the  MORSE calculation. The source location biasing will be 

discussed in the  next chapter. 

the adjoint  DOT calculat ion,  the 

(4-11) 

(4-12) 
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ORNL-DWG 75-15725 

Figure 8, Flow Diagram of  Generation of  Importance Functions from t he  
Adjoint DOT Calculation and Application t o  MORSE Calculation. 



CHAPTER V 

DESCRIPTION OF THE BIASING TECHNIQUES 

The description o f  the biasing techniques including some 

prograniniing de ta i l s  will be presented in t h i s  chapter. The importance 

sampling techniques studied in t h i s  investigation were source 

location biasing, p a t h  length biasing, and  angular probabili ty biasing. 

In  addition, the survival biasing schemes o f  nonabsorption weighting 

and Russian roule t te  and s p l i t t i n g  were routinely used in a l l  

calculations performed. 

5.1 Source Location Biasing ---- 

I t  was observed by Coveyou e t  a1.(3)  t h a t  source biasing using 

a reasonably good estimate of the importance function would, in 

general, reduce variance s igni f icant ly  a t  a re la t ive ly  low cost.  

However, a good estimate of the importance function a t  the source 

requires t h a t  much i s  known about the solution a p r io r i .  

A par t i c l e  random wa k s t a r t s  with the select ion o f  energy 

g roup ,  spat ia l  posit ion,  d rect ion,  and age from a source d is t r ibu t ion  

function. 

t o  be zero since t h i s  i s  a steady sta-te prablem, and the source 

energy i s  of the f i r s t  group. 

position remain t o  be selected.  Although the source i s  i so t ropic ,  only 

the upward source pa r t i c l e s  can contribute t o  the answer because the 

downward source par t ic les  enter  an external void and are  immediately 

k i l led .  Therefore, i t  i s  expedient t o  force a l l  source pa r t i c l e s  t o  

For the probleni under invest igat ion,  .the age i s  assumed 

Thus, only the direct ion a n d  spat ia l  

44 
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emerge i n  the upward d rection and t o  correct  t h e i r  weight accordingly. 

As f o r  the source spat a1 posi t ion,  pa r t i c l e s  which or iginate  near 

the duct would seem t o  be more important because they may penetrate 

deeper in to  the shield by streaming through the duct. T h u s ,  biasing 

of the source location to  encourage more pa r t i c l e s  t o  or ig ina te  near 

the duct was carefu l ly  studied i n  th i s  work. 

Two importance functions f o r  source location biasing were 

employed. 

function which assumes tha t  source pa r t i c l e s  generated inside the radius 

of 10 centimeters a r e  1000 times more important than those outside.  

This procedure i s  ra ther  a rb i t r a ry ,  b u t  i t  does encourage more 

par t ic les  t o  or ig ina te  near the duct. The probabi l i ty  density 

function o f  t h i s  biased source d is t r ibu t ion  i s  simply 

The f i r s t  one will  be designated as  t he  s t ep  importance 

2Tr R 

I - ~ ( 1 5 0 ) ~  

F1 
10 - -  < R r 150, (5-1 1 

where NF, i s  the normalization factor .  The  weight correction requires 

t h a t  the s t a t i s t i c a l  we 

radius t o  be 1000 times 

T h e  second source 

adjoint  DOT calculat ion 

was located on the ax is  

g h t  of pa r t i c l e s  outside the 10 centimeter 

h i g h e r  than t h a t  of pa r t i c l e s  inside.  

importance function was obtained from the 

I t  was assumed t h a t  the adjoint  source 

o f  the cylinder and the corresponding adjoint  

f lux  should show the maximum e f f e c t  of the duct. 

adjoint  f lux X* a t  t h e  bottom o f  the cyl inder  was plotted as a function 

The group one sca l a r  

1 
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of  the radial  posit ion.  

Is(R) which i s  g i v e n  by Equation ( 5 - 2 ) .  

T h i s  curve was then f i t t e d  by the function 

O < R < 8  I s ( R )  = 85 - 
-0.13 (R-8) = e  

50 < R i 150. ( 5 - 2 )  -0.02( R-50) 
- -.- = 0.004 e 

Figure 9 shows the group one sca l a r  ad jo in t  f l u x  and Is(R) versus the 

radial  position. Mathematically, the second biased source d is t r ibu t ion  

takes on the following f o r m  

Substi tution o f  S ( R )  and I,(!?) in to  the equation above y ie lds  

. .  
$,(I?) = T (  1 50)L --- 

"'S(R) Is(R) dR Io 

2rR -0.13( R-8) ~ . -  
2 

8 < R < 5 0  - n(159) 
I - 

S ( R )  Is(R) dR 10 

-0.02( R-50) 2irR - (0.004) e 2 
(5-3) - - .. IT (1  50) - 50 < R < 150. 

- I  

S(R)  Is(R) dR 
/O 

The integral  i n  the denominator can be e a s i l y  evaluated. Equation (5-3) 

can be rewritten as  
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Figure 9. Source Location Importance Function from the Adjoint DOT 
Calculation w i t h  Axial Adjoint Source, and t h e  Approximating 
Function I s (  R )  t o  the Importance Function. 
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-0.13( R - 8 )  
- 8 < R < 5 0  - R e  

- 
F2 

-0.02 ( R-50) 
50 < R < 150, _ -  

- 0.004 R e - 
NF2 

15' S ( R )  Is(R) dR 
where NF2 = I O  - 

In order t o  remove the bias ,  the s t a t i s t i c a l  weights o f  

source par t i  cl es a re  corrected by 

Subroutine SOURCE i n  the  MORSE code i s  an optional rout 

which allows a user t o  generate source pa r t i c l e s  according t o  

6 - 4 1  

the 

ne 

any 

desired d is t r ibu t ion  and t o  make the necessary weight correction. 

Two SOURCE routines were employed i n  this study. One se lec ts  source 

location according t o  t h e  dis t r ibu t ion  i n  Equation (5-1), a n d  the 

other s e l ec t s  source location from Equation (5-4).  Only upward 

source direct ions were allowed i n  both cases. The SOURCE routines 

a re  l i s t e d  i n  Appendix A. 

5.2 Angular Probabili ty Biasing 

The theoret ical  development o f  the  angular probabili ty biasing 

technique was discussed in Section 3.2, page 2 2 ,  and the method o f  
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determining the p o i n t  value was presented i n  Section 4.3, page 34. 

This section describes the implementation of t h i s  biasing technique 

i n  the MORSE code. 

The subroutine COLISN in MORSE i s  cal led a t  each co l l i s ion  s i t e  

t o  determine the outgoing energy group and the outgoing direct ion.  

To carry o u t  the angular probabi l i ty  biasing, the subroutine COLISN 

was modified and a subroutine INSCOR was writ ten t o  i n p u t  the region- 

averaged point values from the magnetic tape prepared by the POINT 

program. In the modified COLISN subroutine, . the outgoing energy i s  

s t i l l  selected from the downscattering matrix, b u t  the outgoing 

direct ion i s  selected from the biased angular d i s t r ibu t ion  given 

by Equation (3-11) 

Then the  s t a t i s t i c a l  weight o f  the emergent pa r t i c l e  i s  corrected 

by Equation (3-12) as shown below. 

(3-1 2 )  

The biased angular d i s t r ibu t ion  o f  Equation (3-11) requires the 

point values fo r  a l l  outgoing direct ions which comprise the N 

discre te  direct ions o f  the generalized Gaussian quadrature scheme. 

The outgoing d i rec t ions  a re  expressed i n  terms of the rectangular 

coordinate system, b u t  the  point values are  given i n  terms o f  the 

quadrature s e t  used in the R-Z discre te  ordinates adjoint  calculat ion.  

..... 
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Thus, the outgoing direct ions are  transformed in to  the cylindrical  

R-Z coordinate systeiii, and the point values t h a t  are  nearest t o  each 

o f  these direct ions are  chosen. 

i s  constructed according t o  Equation (3-11).  

- 
1 hen the biased angular d i s t r ibu t ion  

The transformation o f  a direct ion from the rectangular coordinate 

system t o  the cylindrical  R-Z coordinate system and the reverse 

transformation are  presented in Appendix B. A l i s t i n g  o f  the sub- 

routines INSCOR and COLISN are  presented in Appendix A. 

5.3 Path Length - P-- Biasing 

The p a t h  length biasing technique u t i l i z e s  the event values t o  

importance! sample par t ic le  f l  ight paths ( i  . e . ,  coll ision s t e s ) .  

determination o f  the  event values from a two-dimensional d sc re te  

ordinates adjoint  calculation was discussed in Section 4.4,  page 35. 

The 

To implement the path 

subroutine INSCOR was 

tape,  and the subrout 

selection o f  the next 

When a pa r t i c l e  

group and d i rec t ion ,  

length biasing technique i n  the MORSE code, the 

writ ten t o  read the event values from a magnetic 

ne NXTCOL was rewritten t o  carry o u t  the actual 

co l l i s ion  s i t e ,  

emerges from a co l l i s ion  s i t e  with a given energy 

t s  f l i g h t  t ra jec tory  i s  determined by the 

subroutine REGION which subsequently returns t o  NXTCOL the regions 

t h a t  t h i s  pa r t i c l e  may go t h r o u g h  and the corresponding track lengths 

within those regions. 

in to  the cyl indrical  R-Z coordinate system so t h a t  the event value 

corresponding t o  the direct ion c loses t  t o  the p a r t i c l e ’ s  direct ion 

can be determined for  each region. 

the track lengths in these regions a re  known, the select ion of the 

The p a r t i c l e ‘ s  direct ion must be transformed 

Now t h a t  the event values and 
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pa th  l e n g t h  ( o r  t he  nex t  c o l l i s i o n  s i t e )  f r o m  t h e  b iased pa th  l e n g t h  

d i s t r i b u t i o n  accord ing t o  Equat ion (3-19) can be achieved. For easy 

reference,  t h e  b iased t r a n s p o r t  kerne l  i s  i nc luded  here:  

e-'IW, 

e-%? 
NF 

T*(F+F+RG)dR - O < r l C : l ]  I 4 NF drl 

dn "1 5 rl < 772 - -____ 

(3-1 9)  

The d e t a i l s  o f  t h e  sampl ing procedure i s  o u t l i n e d  i n  Sec t ion  3.3, page 

24, and t h e  l i s t i n g s  o f  subrout ines INSCOR, NXTCOL, and REGION a re  

i nc luded  i n  Appendix A. 

Due t o  t h e  curva ture  e f f e c t  i n  t h e  c y l i n d r i c a l  R-Z coord ina te  

system, t h e  angle il, between t h e  r a d i a l  vec to r  and t h e  f l i g h t  

d i r e c t i o n  v e c t o r  changes as t h e  p a r t i c l e  t r a v e l s  through t h e  geometry 

as i l l u s t r a t e d  i n  F igure  10. 

vec to r  6 i s  assumed t o  be on t h e  same p lane as t h e  r a d i a l  vector .  

T h i s  cu rva tu re  e f f e c t  compl icates t h e  de terminat ion  of  t he  event 

I n  t h i s  f i g u r e ,  t he  f l i g h t  d i r e c t i o n  

values, and requ i res  f o r  each reg ion  t h e  de terminat ion  o f  t he  d i r e c t i o n  

t h a t  i s  c l o s e s t  t o  5 .  

e f f e c t  i s  ignored and t h e  angle I+!J, i s  used f o r  a l l  reg ions i n  determin ing 

the  event values. The e r r o r  caused by t h i s  assumption i s  n o t  severe 

To s i m p l i f y  t h i s  procedure, t h i s  curva ture  

because f o r  a g iven energy group, reg ion ,  and p o l a r  angle, t he  event 

va lue i s  r e l a t i v e l y  constant  w i th  respec t  t o  t h e  angle $. 
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QRNL-DWG 75-15731 

Figure 10. Curvature Effect of  a Par t ic le  Direction i n  a Cylindrical 
Geometry. 
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5.4 Russian Roulette and Sp l i t t i ng  

Russian roule t te  and s p l i t t i n g  i s  a form of survival biasing. 

In  the MORSE code, Russian roule t te  and s p l i t t i n g  are  applied t h r o u g h  

a s e t  of region and energy-group dependent weight standards. 

weight standards a re  composed of WTHIR, WTLOR, and WTAVE. 

for  Russian roule t te  and s p l i t t i n g  t o  be e f f ec t ive ,  a good choice of  

weight standards must be made. For problems involving complex 

geometry and deep penetration, an e f fec t ive  s e t  of weight standards 

The 

In  order 

i s  n o t  easy to  specify.  Usua 

the basis of i n tu i t i on ,  exper 

problem under invest igat ion.  

As pointed o u t  by Solom 

l y ,  weight standards a re  chosen on 

ence, or some knowledge of the 

t o  3 WTAVE in a s e t  of weight standards 

may be related t o  the importance function by the following 

X = WT(P) x I ( P ) ,  ( 5 - 5  1 

where WT(P) could be used f o r  WTAVE. 

the  e f f ec t  o f  i n t e r e s t  A. is  equal t o  the weight of a pa r t i c l e  WT(P) 

times i t s  importance I ( P )  with respect t o  t h a t  e f f e c t ,  and i s  valid 

a t  any p o i n t  in phase space. 

and I (P )  = I o ( P ) .  

i t  can be used t o  determine the weight WT(P) a t  o ther  points 

provided tha t  the importance I ( P )  i s  known. That i s  

This equation simply s t a t e s  t h a t  

A t  the  source locat ion,  WT(P) = WTo(P) 

Hence, the e f f e c t  of i n t e re s t  x i s  determined, and  
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In this study, Russian roulette and splitting were employed 

routinely in all calculations performed. The same weight standards 

were routinely used so that the relative merits o f  the various 

biasing techniques can be studied. WTAVE was determined using 

Equation (5-5). 

discrete ordinates adjoint calculation with the axial adjoint source 

was taken a5 the importance function I ( P ) ,  and an approximate value 

of the effect of interest at detector 1 was used to calculate WTAVE. 

Then WTHIR was arbitrarily assumed to be 10 times of WTAVE, and 

WTLOR was assumed to be 40 times lower than WTAVE. 

The total adjoint flux X* obtained from the DOT 



CHAPTER VI 

DISCUSSION OF RESULTS 

Presented in t h i s  chapter are the r e su l t s  of the Monte Carlo 

calculat ions of the standard problem. 

biasing, o f  angular  probabi l i ty  biasing, and  of p a t h  length biasing 

were thoroughly studied using a modified version of the Monte Carlo 

code MORSE. The modifications allowed the biasing techniques t o  be 

incorporated in to  the random walk subroutines COLTSN and  YXTCOL, 

Source biasing, angular probabili ty biasing, and p a t h  length b i a s i n q  

were employed individually and  in various combinations. The l i s t  o f  

calculat ions whi ch were performed t o  t e s t  the proposed hi asi  ng 

techniques i s  presented i n  Table 2 .  The importance functions used i n  

these calculat ions were obtained from the a d j o i n t  DOT calculat ion with 

the axial adjoint  source. Russian roule t te  and s p l i t t i n g  were employed 

i n  a l l  calculat ions.  The weight s t anda rds  f o r  calculat ions (0 .5 ) *  arid 

(SS) were in tu i t i ve ly  assigned, b u t  the same weight standards were 

employed fo r  the r e s t  o f  the calculdtions ( S )  t h r o u g h  (SAP)  a n d  were 

obtained from the a d j o i n t  f lux of the DOT calculat ion w i t h  the axial 

adjoint  source. 

The proposed methods of soiirce 

I n  order t o  f a c i l i t a t e  the evaluation of r e su l t s ,  a l l  calcula- 

t i o n s  were performed fo r  one hour on the Oak Ridge National Labora- 

tory IBM 360/91 computer and the s i ze  o f  a batch o f  par t ic les  

*For easy reference,  each calculation will be ident i f ied  b y  
the naming given in the parenthesis.  
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TABLE 2 

MONTE CARLO CALCULATIONS PERFORMED 

Cal c u l  a t i o n  
I de n t i f i c a t  i on ----- B i a s i n g  Proc_e_d_ures Employed 

Standard c a l c u l a t i o n  w i t h  path l e n g t h  s t r e t c h i n g  
parameter PATH = 0.5 

( S S  1 Step b i a s i n g  o f  source l o c a t i o n  and PATH = 0.5 

Source l o c a t i o n  b i a s i n g  accord ing t o  t h e  s c a l a r  
a d j o i n t  f l u x  and PATH = 0.5 

Angular probabi  1 i ty  b i a s i n g  accord ing t o  t h e  
va lue X* w i t h  s tep  b i a s i n g  o f  source 
on and PATH = 0.5 

p o i n t  
1 oca t  

Path 
W and 

ength b i a s i n g  accord ing t o  t h e  event va lue 
s t e p  b i a s i n g  o f  source l o c a t i o n  

Combination o f  angular  p r o b a b i l i t y  b ias ing ,  pa th  
l e n g t h  b ias ing ,  and s t e p  b i a s i n g  o f  source 
1 o c a t i  on 

Combination o f  source l o c a t i o n  b i a s i n g  by t h e  
s c a l a r  a d j o i n t  f l u x  and pa th  l e n g t h  b i a s i n g  by W 

Cornbination o f  source l o c a t i o n  b i a s i n g  by t h e  
s c a l a r  a d j o i n t  f l  ux and angular  probabi  1 i t y  
b i a s i n g  by x* w i t h  PATH = 0.5 

( S A )  

Combination o f  source l o c a t i o n  b i a s i n g ,  angular  
p r o b a b i l i t y  b ias ing ,  and pa th  l e n g t h  b i a s i n g  
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was standardized t o  400 h is tor ies .  Neutron f lux a t  four detector 

locations were calculated using the next event estimator a t  each 

co l l i s ion  and source point. 

6.1 Comparison o f  Results of Monte Carlo and Discrete Ordinates 

Calculations 

Tables 3 and 4 present the uncollided f lux and the to ta l  f lux  

respectively a t  the four detector  locations f o r  the nine d i f fe ren t  

biasing schemes. The to t a l  f lux as calculated by the forward 

d iscre te  ordinates (DOT) calculation i s  a lso included in Table 4 

f o r  comparison. 

could be calculated rather  eas i ly .  

e i t h e r  the s tep  importance function o r  the  sca la r  adjoint  f lux 

generally gives be t t e r  r e su l t s  f o r  the uncollided f lux .  

(0 .5)  calculat ion which has no source biasing gives the best r e su l t s  

f o r  detectors 3 and 4 because the natural source d is t r ibu t ion  

produces a large fract ion of source pa r t i c l e s  f a r  away from the duct. 

A f ina l  point of i n t e r e s t  about  the uncollided f lux i s  t h a t  i t  

cons t i tu tes  82% of the to t a l  f lux a t  detector  1 and 47% a t  detector  2 .  

For detectors  3 and 4 ,  the uncollided f lux contributes very l i t t l e  

t o  the to t a l  f lux and the presence of the duct probably has l i t t l e  

e f f e c t  on the r e su l t s  o f  t he  uncollided f lux.  

I t  i s  c l e a r  from Table 3 t h a t  the uncollided f lux 

Source location biasing using 

However, the 

According to  Table 4 ,  Monte Carlo calculat ions a re  in general 

agreement with the DOT calculat ion.  

a r e  higher by 10% t o  16% a t  detectors 1 and  2 ,  and lower by 202 t o  

40% a t  detectors 3 and 4 except f o r  the (0.5) and ( P )  calculat ions.  

However, the Monte Carlo r e su l t s  
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Because o f  the excel lent  s t a t i s t i c s  and the consistency o f  the Monte 

Carlo r e su l t s  f o r  detectors  1 and 2 ,  i t  would not be unreasonable t o  

presume tha t  P4ORSE's answers a re  correct: and tha t  the d iscre te  

ordinates r e su l t s  a re  too low. I t  should be noted t h a t  t h i s  i s  

somewhat charac te r i s t ic  f o r  the d iscre te  ordinates solution t o  

problems o f  t h i s  type. In the d iscre te  ordinates calculat ion,  the  

neutron dose f o r  detectors  located i n  an external void can be 

calculated by the procedure o f  next event estimation. In t h i s  

procedure, the probable uncollided contribution t o  the detector  

weighted by the neutron f lux i s  integrated over ' a l l  co l l i s ion  s i t e s .  (22) 

This integrat ion i s  accomplished by the  computer code FALSTF. ( 2 3 )  

For the standard problem, the major contribution t o  the neutron f lux 

a t  detectors  1 and 2 i s  from the neutron d is t r ibu t ion  near the duct. 

I f  the spa t ia l  mesh around the duct was too coarse, the f lux  a t  

detectors  1 and 2 would probably be underestimated due t o  the 

increased attenuation t o  the detectors  from the centroids o f  the 

spa t ia l  c e l l s .  This i s  the  probable explanation f o r  the character-  

i s t i c a l l y  lower magnitudes of the DOT'S r e su l t s  a t  detectors 1 and 2. 

The discrepancy between Monte Carlo and d iscre te  ordinates 

r e su l t s  a t  detectors 3 and 4 might have been due t o :  

s t a t i s t i c a l  f luctuat ion in Monte Carlo calculat ions,  ( 2 )  under- 

( 1 )  the 

estimation which i s  a common occurrence i n  Monte Carlo solut ions t o  

deep penetration problems. 
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6.2 Comparison of Fractional S tanda rd  Devjations 

The fract ional  standard deviations (FSD) o f  the to t a l  neutron f lux 

from the Monte Carlo calculat ions with d i f f e ren t  biasing techniques a re  

presented in Table 5. 

i n g  order of the FSD's associated w i t h  detector 1 .  

same decreasing order i s  t rue  for the other  detectors as  well. 

Individually,  detector  1 receives the most benefi t  from the biasing 

techniques followed i n  order by detectors 2 ,  3, and 4. 

from 12% t o  about 2% f o r  detector 1 ,  from 16% t o  about 7% f o r  detector 

2 ,  from 50% to  l e s s  t h a n  20% fo r  detector 3 ,  and from 47% t o  20% fo r  

detector  4. 

The r e su l t s  a r e  arranged according t o  the decreas- 

Essent ia l ly ,  the 

The FSD decreases 

I t  i s  apparent, from Table 5 ,  t h a t  the (0 .5)  calculat ion i s  

grossly inadequate. 

the FSD's fo r  detectors 1 and 3 a great deal b u t  not much help for  

other two detectors.  Using the importance functions X* and W 

obtained from the adjoint  DOT calculation with axial a d j o i n t  source, 

the ( S ) ,  ( A ) ,  a n d  (P )  calculat ions s ign i f i can t ly  reduce the FSD's 

for  a l l  four detectors .  

source biasing ( S )  reduces the FSD a t  each of the four detectors  

by one-half. The combinations of any two (of the three)  biasing 

techniques, i . e . ,  (AP) ,  (SP) ,  o r  ( S A ) ,  show some improvement over 

( S ) ,  ( P ) ,  and ( A ) .  However, there  seems t o  be a general tendency 

o f  these calculat ions t o  underestimate the answers. F ina l ly ,  no 

fur ther  gain i s  obtained from the combination o f  a l l  three biasing 

techniques (SAP) and the answer i t s e l f  i s  strongly underestimated. 

Source biasing by the s tep  function (SS) improves 

I t  i s  in te res t ing  to  note tha t  the improved 
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TABLE 5 

FRACTIONAL STANDARD DEVIATIONS OF THE TOTAL NEUTRON 
FLUX FROM THE MONTE CARLO CALCULATIONS MITH VARIOUS 

SAMPLING TECHNIQUES FOR THE STANDARD PROBLEM 

Calculation 
Identification 1 

Detec tors  : 

2 3 4 

0.124 
0.048 
0.028 
0.026 
0.024 
0.024 
0.023 
0.020 
0.01 4 

0.159 
0.149 
0.051 
0.073 
0.097 
0.067 
0.080 
0.084 
0.045 

0.498 
0.269 
0.237 
0.173 
0.157 
0.223 
0.186 
0.1 75 
0.243 

0.472 
0.425 
0.397 
0.21 1 
0.188 
0.255 
0.222 
0.227 
0.269 
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An important point n o t  t o  be overlooked i s  t h a t  the three 

biasing schemes, ( S ) ,  ( P ) ,  and ( A ) ,  each u t i l i zed  ( o r  represented) 

the importance data t o  d i f fe ren t  degrees of precision. The source 

biasing (S)  most completely u t i l i zed  the importance data because the 

sca la r  adjoint  f lux could be qui te  accurately approximated by the 

analyt ical  function TS(R) which was the importance function fo r  

source biasing ( S ) .  

biasing techniques u t i l i zed  the adjoint  information in a l e s s  precise 

manner because the importance functions used in these biasing 

schemes were region-averaged quant i t ies .  

The p a t h  length biasing and the angular probabili ty 

6.3 Spatial  Distribution of Collision S i t e s  

Figures 1 1  t h r o u g h  16 show the spa t ia l  d i s t r ibu t ion  of neutron 

co l l i s ion  s i t e s  according t o  regions within the concrete shield.  For 

the (0.5) calculat ion,  Figure 11 shows t h a t  a large fract ion o f  

co l l i s ions  occurred in regions f a r  removed from the duct. This i s  

largely due t o  the unbiased source d is t r ibu t ion  which generated most 

o f  the source par t ic les  away from the d u c t .  The s tep  biasing o f  the 

source and the source biasing by DOT s ca l a r  adjoint  f lux great ly  

increased the source pa r t i c l e s  produced near the duct. Hence, the 

percent of  co l l i s ions  occurring within regions 7 through 1 2  increased 

considerably. 

biasing seemed t o  encourage the par t ic les  t o  penetrate deeper into the 

shield as can be seen in Figures 13, 14 ,  and 16.  

The a n g u l a r  probabili ty biasing and  the p a t h  length 
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( 1 2 )  

1.37% 

(11 1 

0.84% 

0.54% I 

( 5 )  

4.35% 
-I_ 

6.64% 

1.31% 21.13% 

( 7 )  ( 1  1 
6.62% 29.74% 

RAD1 US 

Figure  1 1 .  D i s t r i b u t i o n  o f  Neutron C o l l i s i o n  S i t e s  f o r  the 
(0 .5)  Cal cul a t i o n .  
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1.93% 

(11 1 
3.70% 

(1 0) 

5.16% 

( 9 )  

8.55% 

( 8 )  

9.53% 

( 7 )  

I1 .til% 

4.67% 

( 5 )  

6.53% 

( 4 )  

5.90% 

( 3 )  

5.36% 

4.30% 

( 1 )  

2.77% 
RAD1 US 

F i g u r e  12. Distribution of Neutron Collision S i t e s  for-the (S)  
Calculation. 
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(12 )  

2.40% 

(1 0) 

3.93% 

( 9 )  

7.75% 

(8) 

19.10% 

( 7 )  
33 e 04% 

( 6 )  

7.58% 

7.41% 

2.63% 

( 3 ) -  

3.02% 

4.08% 

( 1 )  
6.59% 

RAD1 US 

F i g u r e  13. Distribution o f  Neutron Collision S i t e s  f o r  the ( P )  
Cal cul a t ion .  
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(10) 

4.61% 

( 4 )  

5. BY/, 

5.60”/, 7 .37% 

25.88% 7.24% 

RAD1 US 

Figure 14. Distribution o f  Neutron Collision Sites for t h e  ( A )  
Cal cul a t i  on. 
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(12)  

2.82% 

(11 1 
3.21% 

(9 )  

9.62% 

(8 1 
24.63% 

( 7 )  

38.98% 

( 6 1  

4.04% 

( 5 )  

4.87% 

( 4 )  

2.97% 

( 3 )  

2 39% 

(1  1 
0.72% 

RAD1 US 

Figure 15. Distribution o f  Neutron Collision S i t e s  f o r  the ( S P )  
Calculation. 
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3.81% 

(1 0) 

5.15% 

( 9 )  

8.96% 

(8) 

16.66% 

(7)  

27.62% 

( 5 )  

9.19% 

6.72% 

(3)  

5.1 5% 

3.71 % 

(1 ) 

2.55%) 

RAD1 US 

Figure 16. Distribution o f  Neutron Collision S i t e s  f o r  t he  (SA)  
Cal cul a t ion .  
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6,4 Pa_t)* Length - I  Biasing Using Different 1inporta.nce Functions 

Tables 6 and 7 compare r e su l t s  of Monte Carlo calculat ions u s i n g  

d i f fe ren t  importance functions f o r  path length biasing and angular 

probabili ty biasing. 

time, and the batch s i ze  was 400 h i s to r i e s .  

Each calculat ion consumed one hour cornptiter 

Table 6 i s  a comparison of r e su l t s  of  Monte Carlo calculat ions 

u s i n g  d i f fe ren t  importance functions f o r  the p a t h  length biasing, 

The (0.5)  calculation i s  a l so  included because i t  represented the 

current ly  accepted practice.  

employed as the importance functions i n  ( P )  and ( P - )  respectively.  

These value functions were obtained from the same adjoint  DOT calculation 

The event value and the point value were 

with axial  ad ja in t  source. However, the event value used i n  (P”) was 

obtained from the adjoint  DOT calculat ion with the aff-axial  adjoint  

source. Obviously, the (0 .5)  calculat ion i s  grossly ineffect ive.  

Aniong the other  three calculat ions,  (P’) has the highest FSD’s for  

detectors 1 and 2 ,  and the lowest FSD’s f o r  detectors  3 and 4. Based 

on the r e su l t s  of detectors 1 and 2 ,  the event value would seem t o  be 

the appropriate importance function f o r  biasi  n y  the t ransport  kernel . 

6.5 &>jar Probabili ty Biasing U s i n g  Different, P o i n t  Values 

Table I contains a comparison o f  r e su l t s  fo r  the (0.5) calculation 

and f o r  the angular probabili ty biasing u s i n g  point values obtained from 

adjoint  DOT calculat ions w i t h  the axial and the off-axial  adjoint  sources. 

The FSD’s of ( A )  and (A’) calculat ions are very close a t  a l l  four 

detectors .  

obtdined frotii the adjoint  DOT calculat ion w i t h  the off-axial  adjoint  

For angular probabili ty biasing, the X* importance function 



T A B L E  6 

COMPARISON OF TOTAL NEUTRON FLUXa OF MONTE CARLC! CALCULATIONS U S I N G  DIFFERENT 
IMPORTANCE FUNCTIONS FOR PATH LENGTH BIASING 

Number 
o f  

Detec tors  : 

Batches 1 2 3 4 

(0.51 31 2.868-9( .!24)' 9,071 -1 o(  " I  59) 4.677-77 i .498)  2 , 2 4 1 - l l ( . 4 7 2 )  

IVb  41 2.83O-9( .028) 7.030-9( .Os1 1 3,987-7 1 ( ,237)  1: .746-11(.397) 

( P Y  42 3.282-9( ,065) 7 335-9(. 055 1 4,O19-11( .166)  1.466-11(.201) 
( P +  45 2,853-9( , 0 3 2 )  9.346-1 O (  .058) 4.219-11(.359) 1.399-71 { 2 4 7 )  

a 2 U n i t  = neutronsicm /sour:+e neut ron ,  

bPatt: l e n g t h  b 

Path l e n g t h  b 

'Path l e n g t h  b 
source. 

Read as 2.868 
e 

C 

a s i n g  by t h e  event va lue  W from DOT a d j o i n t  c a l c u l a t i o n  w i t h  a x i a l  a d j o i n t  source .  

a s i n g  by the point  va lue  ;(* from DOT a d j o i n t  c a l c u l a t i o n  w i t h  a x i a l  a d j o i n t  source. 

a s i n g  by the event value W f r om DOT a d j o i n t  c a l c u l a t i o n  w i t h  o f f - a x i a l  a d j o i n t  

x lo-' w i t h  f r a c t i o n a l  s t a n d a r d  dev ia t ion  o f  0.124, 
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7 3  

source seems t o  be equally e f fec t ive  as tha t  obtained from the 

adjoint  DOT calculation with the axial  adjoint  source. Final l y ,  

comparison with (0 .5 )  calculations c lear ly  demonstrates the 

effectiveness o f  the angular probabili ty biasing technique. 



CHAPTER V I 1  

CONCLUSIONS AND RECOM?ENDATIONS 

Methods o f  b i a s i n g  three-dimensional deep penetration Monte Carlo 

calculat ions u s i n g  importance functions obtained from a two-dimensional 

d i sc re t e  ordinates adjoint  calculation have been developed and systern- 

a t i ca l  l y  evaluated, 

application o f  the point value and t h e  application o f  the event value 

to b i a s  the  t ransport  and t h e  col l i s ion  processes i n  Monte Carlo 

The important d i s t inc t ion  was made between the 

analysis .  

angular probabili ty biasing ( A )  which al.tered the co l l i s ion  kernel 

The biasing techniques developed in this  work were the 

us ing  the palng value as the importance function and t h e  path l eng th  

biasing ( P )  which a l te red  the t ransport  kernel using the event va lue 

as the importance function. 

function (SS) and us ing  the  g r o u p  one sca la r  adjoint  f l u x  obta ined  

f rom the two-dimensional d i sc re t e  ordinates adjoint  calculation (S) 

were a l so  investigated.  

Source location biasing u s i n g  the s tep 

T h e  angular probabili ty biasing, path length biasing, and  source 

location biasing were applied individually and i n  various combinations 

to  solve the standard problem, 

thick (deep penetration) concrete cylinder w i t h  an axial  duct (geometric 

complexity) and a 14-MeV neutron source i i n i  formly d is t r ibu ted  over 

The standard probleiii consisted o f  a 

the bottom surface.  

Results o f  calculat ions u s i n g  the  biasing techniques ( A ) ,  ( P ) ,  a n d  

( S )  were coinpared w i t h  a d i sc re t e  ordinates sol ution and two standard 

Monte Carlo calculations.  The calculat ions u s i n g  the b i a s i n g  tecl-rniques 

were shown t o  be c lear ly  superior t o  the standard Monte Carlo calculat ions.  

74 
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Based on the  FSD's of answers of detectors 1 and 2 ,  the  biased calculations 

were a fac tor  o f  2 t o  8 be t te r  than the (0.5) calculat ion,  and a factor  

of 1.5 t o  3.4 be t te r  than the calculation w i t h  the s t ep  source biasing. 

These improvements c lear ly  demonstrate the  appl i cabil i ty  and 

effect iveness  o f  the importance sampling techniques in  deep penetration, 

three-dimensional Monte Carlo calculat ions.  

T h e  comparison o f  r e su l t s  of Monte Carlo calculat ions with path 

length biasing using respectively the event value and the point value 

as  the importance function showed t h a t  the event value calculation 

gave much be t t e r  s t a t i s t i c s  ( the  FSD reduced by a fac tor  o f  2)  than the 

point value. 

appropriate function for  a1 te r ing  the t ransport  kernel. 

o f  the importance functions,  which were obtained from the d iscre te  

ordinates adjoint  calculation with the off-axial  adjoint  source, t o  

the biasing techniques were also investigated.  Probably due t o  the 

nature of the standard problem, these importance functions appeared t o  

be as  e f f ec t ive  as  those obtained from the adjoint  calculation with 

the axial  adjoint  source. 

Hence, i t  was concluded tha t  the event value i s  the 

The e f f ec t s  

The techniques of biasing the transport  and co l l i s ion  kernels 

developed in  t h i s  study were shown t o  be e f fec t ive  and applicable 

t o  the Monte Carlo analysis  o f  three-dimensional deep penetration 

shielding problems. However, for  fur ther  research, t h e  following 

areas a r e  recommended. 

1. The e f f e c t  o f  higher-order Legendre expansion of the 

d i f f e ren t i a l  sca t te r ing  cross section t o  the angular 

probabili ty biasing should be studied. Since a 
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higher-order expansion a1 lows more sca t te r ing  direct ions 

in the co l l i s ion  process, a more complete u t i l i za t ion  o f  

the point value importance information t o  b i a s  the 

coll  i sion kernel would be possible. 

2 .  Biasing of the azimuthal dependence o f  the sca t te r ing  

direct ions should also be studied, One possible 

approach would be t o  d i scre t ize  the cones formed by 

the sca t te r ing  polar angles and then bias these d iscre te  

direct ions by the point value. 

3. Increase the number o f  spat ia l  regions of  the problem 

so t h a t  be t te r  representation and u t i l i za t ion  o f  the 

two-dimensional adjoint  f lux could be achieved. This 

should be par t icu lar ly  helpful t o  the path length 

biasing when applied t o  a problem which has a complex 

geometry such a s  the streaming duct. 

Finally,  the poss ib i l i ty  o f  applying these methods t o  

solve more compl icated streaming duct problems should 

be investigated.  

4. 



BIBLIOGRAPHY 



B I BL I OG RAPHY 

1 .  Kahn, Herman, "Application of Monte Carlo," USAEC Report AECU-3259 
( A p r i  1 1954). 

2.  Goertzel, G., and M. H. Kalos, "Monte Carlo Methods in Transport 
Problems," Progress i n  Nuclear Energy, __I Series  I ,  Physics and 
..-. Mathematics, 11: 315-369 (m). 

3. Coveyou, R.  R . ,  V. R. Cain, and K.  J .  Yost, "Adjoint and Importance 
i n  Monte Carlo Application," Nuclear Science and EnJineering --.- 27: 
21 9-234 ( 1967). 

4. Kalos, M. H . ,  "Importance Sampling i n  Monte Carlo Shielding 

5. 

Calculations , ' I  Nuclear Science --. . .  and Engi neeri ng 16: 

and P. N .  Stevens, "A Vo Importance Function for 
the Monte Carlo Calculation of Deep Penetration o f  Gamma Rays," 
--. Journal of Nuclear Energj -- 23: 

227-234 ( 1963). 

Armstrong, T. WI. 

331-359 (1969). 

6. Bendall , D. E. , and A.  K .  McCracken, "McBend - a Prototype Code 
Uti1 iming Both Removal-Diffusion and Monte Carla Methods,'' 
Proceedings of the International Conference on the Physics 
-- Problems of Reactor Shielding, .- " September 26-29, 1967.- 

7. Cain, V. R . ,  "Application of Sn Adjoint Flux Calculations t o  
Monte Carlo Biasing," Transactions of ---. the American Nuclear 
--. Society 10: 399 (1967). 

8. Schmidt, F. A. R . ,  E. A. Straker ,  and V. R. Cain, "Applications o f  
Adjoint F l u x  Calculations t o  Monte Carlo Biasing," Oak Ridge 
National Laboratory Report ORNL-TM-2454 (December 1968). 

9. Burgart, C. E., and P .  N .  Stevens, "A General Method of Importance 
Sampling the Angle of Scat ter ing i n  Monte Carlo Calculations," 
Oak Ridge National Laboratory Report QRNL-PM-2890 (March 1970). 

18. Straker ,  E .  A . ,  P .  N .  Stevens, D, C. Irving, and V .  C. Cain, "The 
MORSE Cade-A Multigroup Neutron and Gamma-Ray Monte Carlo 
Transport Code," Oak Ridge National Laboratory Report ORNL-4585 
(September 1970). 

11. Roades, W. A.,and F. R. Mynatt, "The DOT I11 Two-Dimensional 
Discrete Ordinates Transport Code , I '  Oak Ridge National Laboratory 
Report ORNL-TM-4263 (1973). 

12. Irving, D. C . ,  "The Adjoint Boltzmann Equation and I t s  Simulation 
by Monte Carl 0, ' '  Oak Ridge National Laboratory Report ORI'IL-TM-2879 
(May 1970). 

78 



79 

13. Bell ,  G.  I .  and S. Glasstone, Nuclear Reactor Theorl, Van Nostrand 
Reinhold Company, New York (1970). 

14. Cashwell, E. D. and C. 3. Everett ,  A Practical  Manual on the 
Monte Carlo Method fo r  Random Walk Problems, - Pergamon Press, Inc. 
New York (1959). 

15. Abbott, L. S. , "Shielding Against I n i t i a l  Radiation from Nuclear 
Weapons ,I1 Oak Ridge National Laboratory Report DRNL-RSIC-36 
(July 1973). 

16. Pace, J .  V . ,  111, Union Carbide Corporation - Nuclear Division, Oak 

17. Childs,  R .  L.,  "GRTUNCL - A Computer Program t o  Calculate the Firs t -  

Ridge, Tennessee, pr ivate  communication (1975). 

Collision Source," U n i o n  Carbide Corporation, Nuclear Division 
Report ( t o  be pub1 ished) .  

18, Arfken, G . ,  Mathematical Methods f o r  Physists,  second e d . ,  
Academic Press, Inc. ,  New York (1970). 

19. Engle, W .  W . ,  J r . ,  " A  User's Manual f o r  ANISN, A One-Dimensional 
Discrete Ordinates Transport Code w i t h  Anisotropic Scattering, ' '  
Union Carbide Corporation, Nuclear Division Report K-1693 (1967). 

20. Lathrop, "DTF-IV, A Fortran-IV Program f o r  Solving the Mu1 t igroup 
Transport Equation w i t h  Anisotropic Scat ter ing,"  Los Alamos 
Sc ien t i f ic  Laboratory Report LA-3373 (1965). 

21 e Solomito, Milo, J r . ,  "Methods o f  Biasing Secondary Ganima-Ray 
Production in Coupled Neutron Gamma-Ray Monte Carlo Calculations," 
Ph.D.  Disser ta t ion,  The  University o f  Tennessee ( A u g u s t  1 9 7 1 ) .  

22. Mynatt, F. R., F. J .  Muckenthaler, and P. N .  Stevens, "Development 
of Two-Dimensional Discrete Ordinates Transport Theory fo r  
Radiation S h i e l d i n g , "  U n i m  Carbide Corporation, Nuclear Division 
Report CTC-INF-952 ( A u g u s t  1969). 

23. Childs,  R .  L .  and V .  C .  Baker, "FALSTF-A Computer Program t o  
Calculate Act iv i t ies  f o r  Detectors Located External t o  a Sh ie ld  , ' I  

Union Carbide Corporation , Nuclear Division Report ( t o  be published).  

24. Spiegel , M. R .  Vector Analysis, -- Schaum, Publishing Company, New 
York (1959). 

25, Engle ,  W. W,, J r . ,  Oak Ridge National Laboratory, Oak Ridge, 
Tennessee, pr ivate  communication (1974). 





APPENDIXES 

APPENDIX A 

COMPUTER PROGRAMS 

A . l  I n p u t  I n s t r u c t i o n  and L i s t i n q  o f  t h e  POINT Program 

The POINT program c o n s i s t s  o f  a main r o u t i n e  and a sub rou t ine  

SATURN. The i n p u t  t o  t h i s  program i s  w r i t t e n  i n  the  f ree - fo rm o f  

t h e  FIDO format.  Presented below i s  t h e  i n p u t  i n s t r u c t i o n  and 

t h e  l i s t i n g  o f  t h e  program. 

1$$ a r ray :  NAFT, NABC, IREG,  JREG, MMDN, NEWDN, NEWMPI, NREG T 

iJAFT - l o g i c a l  u n i t  number o f  t h e  a d j o i n t  angu lar  f l u x  tape 

NABC - l o g i c a l  u n i t  number o f  t h e  p o i n t  value tape 

I R E G  - number o f  reg ions  i n  r a d i a l  d i r e c t i o n  

J R E G  - number o f  reg ions  i n  a x i a l  d i r e c t i o n  

MMDN - number o f  downward d i r e c t i o n s  i n  t h e  angu lar  quadrature s e t  

NEWDN - number o f  downward d i r e c t i o n s  w i t h  nonzero weights i n  t h e  

angu lar  quadrature s e t  

NEWMM - number o f  t o t a l  d i r e c t i o n s  w i t h  nonzero weights i n  t h e  

angu lar  quadrature s e t  

NREG - t o t a l  number o f  reg ions ,  I R E G  x JREG 

2$$ a r ray :  IRLO(L), L = l ,  IREG - mesh number o f  t he  lower  boundaries o f  

r e g i o n  L i n  r a d i a l  d i r e c t i o n  

3$$ a r ray :  IRUP(L), L= , I R E G  - mesh number o f  t h e  upper boundaries 

o f  r e g i o n  L i n  r a d i a l  d i r e c t i o n  

IZLO(L), L= , JREG - mesh number o f  t h e  lower  boundaries 

o f  r e g i o n  L i n  a x i a l  d i r e c t i o n  

4$$ a r r a y :  
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5$$ array:  I Z I J P ( L ) ,  L = l ,  JREG - mesh number o f  t h e  upper boundar ies 

0-F region L i n  axial  direct ion T 

C THE P O I N T  P R O G R A M  
COMMON / B U I . K B U /  A ( 1 )  9L l9L2 rL3 rL4 rL5vL6 tL7 rLBr t9 ,L10 ,L l0 tL119L l2~L~3  

1 r L 1 4 r L 1 5 * L 1 6 , L 1 7  
Z? ~ T D O T ~ ~ ~ ) ~ M M I I M V J M ~ I ~ ~ ~ I N ~ N O U  
3 ~ N A F T * N A B C ~ I R E G I J H E G I M M D N ~ N E W D N ~ N E W M M I N R ~ ~  
4 *DUMMV(70000) 

D I M E N S I O N  L A ( 1 )  
E Q U I V A L E N C E  
L ENG T W =  7 0 0 5 0 
DO 5 I = l * L E N G T H  

N I N = 5  
NOU=6 
L 1 = 4 3  
LZ=Ll+8 
NERH=O 
C A L L  F I D ~ ( ~ * I E R H I N I N , N O U )  

L 1P8=Cl+ 7 

( A  ( 1 ) * L A  I 1  ) 1 

5 A ( I ) = O .  

C * * * * * Q E D I T  PARAMETERS 

WHITE (NOU91005)  ( L A ( I ) * I = L l . L l P B )  
1 0 0 5  F O R M A T  ( (OPARAMETERS I N P U T  FROM CARD.......'/ 

1 1 NAF? = * * I 3 ~ 3 X 9 ' L O G  UNTT # FOR I N P U T  ANGULAR F L U X  T A P E '  
2 1 * NABC = ' r T 3 * 3 X * ' L O G  U N I T  # FOR D U T P U l  ANGULAR BIASING F U N C T '  
3 / ' I R E G  = ' r I 3 9 3 X * * N U M B E R  O F  REGIONS IN R A D I A L  D I R F C T T O N '  
& / * JREG = ' . 1 3 * 3 X q ' Y U M B E R  OF REGIONS I N  A X I A L  D L R E C T T O h I '  
5 / 8 MMDN = ' T I ~ * ~ X I ' N U M R E R  OF DOWNWARD ANGLES I N  QUADRATURE S E T '  
6 / ' NEWDN=' * I3 *3X* 'NEW NUMBER OF DOdJNWARD ANGLES' 

8 / NREG = ' r 1 3 * 3 X * ' T O T A L  # OF R E G I O N ,  I R E G U J R E G ' )  
7 1 N E W M M = ~ ~ I ~ ~ S X ~ ~ N E W  NUMBER OF T O T A L  ANGLES' 

C***"**READ THE F I R S T  RECORD OF ANGULAR FLUX T A P E  NAFTIAND PUT THE 1ST 
C** * * *"  1 8  WARDS INTO TDOT A R R A Y 9  THEN NEST 27 VARDS I N T O  A ( L 2 )  ARRAY 

CALL R E U N D ( N A F T )  
CALL W A N D R Z ( ~ ~ F T , T O O T * 1 8 * A ( L 2 ) * 2 ~ ~ 2 )  
W R I T E  ( N O U * 1 0 1 0 )  T D O T  

YM=LA ( L 2 + 3 ) 
I M = L A ( L 2 + 6 )  
JM=LA ( L 2 + 7 )  
IG=LA (LZ!+26) 

1 0 1 0  FORMAT ( Q O D O T  D A T A  T O  B E  PROCESSED FF!OM-----',I&t,4) 

W R I T E  (NOU91015)  M M p I M t J M , T G  
1015 FORMAT ( 'OPAPAMETERS I N P U T  Fi?OM D O T - - - - '  

1 / 1 MM = ' v I 3 r 3 X * ' N U M B & R  OF D I R E C T I O N S '  
2 / I M  = ' * T 3 y 3 X r * N U M B E R  OF R A D I A L  I N T E R V A L S '  
3 1 J M  = ' - 1 3 * 3 X * ' N U M B E R  OF d X I A L  I N T E R V A L S 1  
4 / IG = ' * 1 3 * 3 X . * N U M B E H  OF ENERGY GROUPS' )  

C A L L  C L E A R X ( A ( L 2 )  9 1 9 2 7 )  
L 3 = L Z + I R E G  
L f ' + = L 3 + I A E G  
L5=L4+JREG 
LL=LS+JREG 
L7r-L b+NM 
L 8rL 7+ MM 
L 9 =LE! 4 MW 
b 1 0 = L 9 + M M 
L I I = L 1 0 + I M + 1  
L12=I.. 11+ J M + 1  
L 1 3 = L 1 2 + I R E G  
L l & = L 1 3 + J R E G  
LlS-L14+IM*MMDN 
L16sL 1 5 *  IREGQJM*NEWDN 
L17 =L16* IREG*JREG*NEWMM 
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LAST=L17+NEHMM"NHEG* IG 
W R I T E  (NOUif017) L A S T v L E N G T H  

TF ( L B S T  .GT. L E N G T H )  C A L L  E R R O R ( ( L 4 5 T ' r L A S S )  
C A L L  F I O O ( ~ ~ I E R R I N I ~ * N O U I  
NERR=NERR+TERR 

1 0 1 7  FORMAT l@O*"*rI6*' DATA L O C A T I O N S  REQUIRED VS. A V A I L A R L E ' V I ~ )  

1F fNERR -GT. 0) C A L L  EHRO('DATA'iNE8R) 
C******PRINT ARRAYS I N P U T  FROM SECOND D A T A  BLOCKS OF FIDO 

L 31.1 l = L  3-  I 
WQlTF (NOU11020) ( L A l T ) i I = L 2 t L 3 M l )  

1 0 2 0  F O R M A T ( * O I f ' L O ( L ) *  INDEX OF LOWFR L I M I T  O F  R E G I O N  1. IN R DIRECTIUN* 
1 / ( 2 x 1 1 3 ) )  

1 4 M  1 =L4-1 
W R I T E  (NOUv1030) ( L A ( I )  91=L39L4Ml )  

1039 FORMAT(*OIRUP(L)r I N D E X  OF UPPER L I M I T  OF REGXON L I N  R DIR&CTIONa 
1 1 ( 2 k r L 3 ) )  

L 5 M  1=L5- 1 
WRITE (NOU11040)  ( L A  ( 1 )  9 I=L47L5M1) 

i o 4 0  FORMAT('OIZLO(L), I r m x  of  LOWER LIMIT OF REGION L I N  z DIRECTION' 
1 / ( 2 x 9 1 3 ) )  

L 6M 1 =L6- 1 
WRITE (NOU*1050) ( L A ( 1 )  1 I = t S r L 6 M l )  

1050  F O R H A T ( ' O I Z U P ( L ) *  INDEX OF UPPER L I M I T  OF P E G I O N  L I N  2 D I R E C T I O N I  
1 / f2X9L3)) 

1 
C A L L  S B T U R N ( L A ( L . 2 )  * L A ( L 3 )  r L A ( L 4 )  9 L A ( C 5 )  * A ( L 6 )  qA(L7)  r A ( L 8 )  r A ( C 9 )  * 

STOP 
EN0 

A ( L 1 0 )  rA( I -11)  r A ( L 1 2 )  r A ( L 1 3 f  v A ( L 1 4 )  i A ( L 1 5 )  qA(L.16)  r A ( L 1 7 ) )  
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62 CONTINUE 
URTTE ( N O U - 1 5 )  N 

15 FORMAT ( * O N = * r I 4 r 4 X v * S H O U L D  BE EQUAL P O  NEUMM') 
NEW H M r N  
WRIT€ ( N O U o I O )  

1 0  FORMAT ( l H l * l O X * 7 l i  W E I G H T I B X I ~ H  M U * 9 X * 4 H  E T P I B X I ' R A @ I U S ' ~ ~ X .  
1 'HEIGHT'r9X*'PHE') 

1 O t O t 0 , O t N O U )  
C A L L  W O T B ~ W T N * N E ~ M M ~ X H U ~ N ~ W M ~ t ~ E T A ~ N E W M ~ ~ ~ ~ I M + l ~ ~ ~ J M + l r P H ~ * N E W t ~ M *  

W R I T E ( N A B C 1  ( X M U ( H ) r M = l * N E Y M M ) * ( E T A ( ~ ) * M = l * N € ~ M M )  
CALL T I M E X  

CALL W A N D R O ( N A F T ? I G + l )  
0 0  6 0  T I G Z l t I G  
DO 82  J = I , J M  
J J = J M +  1 - J  

C A L L  W A ~ D R I ( N A F T I A F L U X * I N * M ~ D N ~ ~ )  
00 83 I = l - I M  
N=O 
DO 8 3  M=l*Mb 'DN 

N=N+ 1 
A F L U X ( I ~ N ) = A F L U X ( I . M )  
I F  f A F L U X ( I 9 N )  .LT.  0.) A F L U X ( I o N ) = O .  

NEU 0 N = FJ 

DO 85 l L = l r I R E G  
I L O W = I R L O ( L )  
I U P = I R U P ( L )  
JUPM1=IUP-l 

DO 86 Y=I,NEWDN 

DO 86  I = I L O W ~ I U P M l  
86  A A F ( L 9  J J * M )  =AAF(L*JJ*M) +AFl.UX (I*N)*3.14159* ( R  ( 1 + 1 ) * * 2 - R ( 1 ) * * 2 )  1 

85 CONTTNUE 

C * * * * * * * * * P O S I T I O N  AND READ A N G U L A R  F L U X  TAPE THEN PROCESS THEM 

C** *Q** * * *REAO DOWMWARD ANGULPR F L U X  

T F  ( W G T ( M )  .EQ. 0.)  GO T O  a3 

83 CONTINUE 

C " * * * * * * * . > A V E R A G E  DOWNWARD ANGULAR F L U X  OVER R A D I A L  DIRECTION 

A R E A  ( L )  =3.14159* ( R  ( I U P )  Q92-R ( ILOW 1 **2) 

A A F  ( L a  J J v M )  =O.O 

1 A R E A ( L )  

a2 CONTINUE 
C * * * * * " * * * A V E R A F E  DOWNWARD ANGULAR F L U X  O V E R  A X I A L  D I R E C T I O N  

DO 87 L = l r I R C G  
DO 87 K = l * J R E G  
J C O W = I Z L O  ( K )  

J U P = I Z U P ( K )  
J U P M I = J U P - I  
HETGHT(K)=Z(JUP)-Z(JLOW) 
DO 8 7  M = l r N E W D N  
A D ( M r K * L ) = O . O  
DO 8 9  J=JLOW,JUPMl  

89 A D ( M I K * L ) = A O ( M , K * C ) + A 4 F ( L ~ J * M ) * ( Z ( J + L ) - Z ( J ) ) / H E X G H T ( K )  
8 7  CONTINUE 

MFlUP =MM-MMD N 

DG 9 2  J = l t J M  
C A L L  WANDRI(NAFT*AFLUX.IN*~MUP,2) 
DO 9 3  I = l , I M  
N- 0 
DO 93 M=ltMMUP 
MOP=M+MMON 

C * * * * * * * * * R E A D  UPWARD ANGULAR F L U X  

IF ( W G T ( M 0 P )  .EQ. 0.0) G O  T O  9 3  



N = N + 1  
A F L U X ( I T U ) = A F L U X ( I I M )  
I F  (AFLUX(I9N) .LT. 0.1 AfLUXfIqN)=O. 

93 CONTINUE 
N E U U P = N  

DO 95 L=l,IREG 
ILOW=IRLO ( L )  
I U P = I K U P ( L )  
IU?Ml=IUP-l 
00 96 M=l,NEhUP 
AAF(LcJ r M ) = O . O  
DO 96 I=ILOW,IUPMl 

C*********AVERbGE UPWARO ANGULAR FLUX OVER RADIAL DIRECTION 

96 A A F  (L* J * M )  =AAF LLv J 

95 CONTLNClE 
92 CONTINUE 

v N )  +AFLUX ( I I M )  ”3,14159” ( I ?  ( I + 1  ) * * Z - R  ( I  ) a * 2 )  / 
1 A R E A ( L )  

C*****”***AVERAEE UPWARO ANGULAR FLUX OVER A X I A L  D I R E C T I O N  
00 4 7  LrlrIREG 
DO 97 K=l,JREG 
JLOH=IZLO(K) 
JUPz IZUP ( K  ) 
JUPM 1 = JUP- 1 
DO 9 7  M = l * N E w U P  
MMM = M + N E  k’ ON 
AD ( M M M r K  1 L) =0. 0 
DO ‘39 J=JLOW.JUPb+l 
AD ( MMM 9 K L ) = A 0  ( blMM9 K v L 1 A AF [ L 9 J I) k ) * ( Z ( J+ 1 ) - Z ( J ) 1 /HE I GH T ( K ) 

D O  I 0 0  IzlvIQEG 
DO 1 0 0  K = l * J & ‘ E G  

99 
97 CONTINUE 

C * * * ) Q * * * * *  COMBINE R-2 REGION INDICES LtK INTO ONE I N O E Y f I  
I = J R E G *  ( t - 1 )  +IC 
DO l 2 n  M = l * N E W M M  
C D F ( M , I ~ I Z G ) = A D ( M I K I L )  

120 CONTINUE 
100 CONTINUE 

IY=IG+l-ITG 
V R I T E  (NOU.61)  IK 

61 F O R M A T  (‘OGROUP1?T4r2Xt’ANGULAR ADJOINT READ FROM T A P E ’ )  
60 CONTTNUE 

C*QQQQ**Q* CIEVERSE EMERGY GROUP NUMBER OF THE P O I N T  VALUE FUNCTION 
lGHALF=IG/Z 
DO 130 IIG=lrIGHALF 
Kl=IG+!-IIG 
DO 130 IrlYNREG 
DO 130 M=IvNEW’iM 
DUMrC D F  ( $4 I I 9 I I G 1 
COF ( M t  I I I G I  =CDF ( M c  I q K 1 )  
COF ( M * I , K l ) = D U M  

NREW3=NREB-JREG 
DO 135 I I G = l + I G  
WRITE(NOU91361 IIG 

130  CONTINUE 

136 FOeMAT(IHl* ‘ THE POINT VALUE FUNCTION OF G R Q U P ’ I ~ ~ )  
CALL W O T ( C O F ~ ~ ~ ~ ~ I I ~ ~ T N R E G ~ ~ ~ ~ E W ~ ~ ~ ~ ~ * A N G L ~ ~ * ~ E G N ~ ~ ~  ’ 1  

C * * * * * * * * *  W R I T E  THE POINT VALUE FUMCTIONS ON NA5C BY GROUP 
w R J T E ( N A B C )  ~ ~ C D F ~ M * I T I I G ~ ~ M = ~ ~ N E ~ M W ) . I = ~ ~ N H E G ~  

135 CONTINUE 
STOP 
END 
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A.2 Input ....l.lg- Instruction and Listing o f  the E V E N T  _- .-..--. Pro- 

The EVENT program cons is t s  o f  a main routine and subroutines, 

PtASE and PCON. 

i s  writ ten i n  the frce-form of the FIDO format. The input instruct ion 

Like t h e  POINT program, the  input t o  the EVENT program 

and the l i s t i n g  of th i s  program a r e  presented a s  follows. 

1$$ array: IGM, IM, JM, MM, NEWMM, I R E G ,  JREG, N R E G ,  LMAX, NIZ4, 

NEVF T 

IGM - number o f  energy g roups  

IM - number of radial  in te rva ls  

JM - number o f  axial  in te rva ls  

MM - number of direct ions in the angular quadrature s e t  

NEWF'IM - number of direct ions w i t h  nonzero weights i n  the  angular 

quadrature se t  

IREG - number o f  regions i n  radial  direct ion 

JREG - number of regions i n  axial  direct ion 

N R E G  - t o t a l  number o f  regions, I R E G  x JREG 

LMAX - the  order o f  Legendre Polynomial expansion o f  the d i f f e ren t i a l  

sca t te r ing  cross section 

NIZ4 - logical u n i t  number fo r  t h e  sca t te r ing  source tape 

NEVF - logical uni t  number f o r  the event Val ue tape 

2"" array: CST( IG) ,  IG=1,  IGM - t o t a l  macroscopic cross section by 

group ( i n p u t  in reversed energy group number) 

3** array: R ( I ) ,  I = l ,  IM+1 - boundaries of radial  in te rva ls  

4** array: Z ( J ) ,  J=1 , JM-tl - boundaries of  axial  in te rva ls  

5** arr'dy: IRLQ(L) ,  L=l , I R E G  - mesh number o f  the lower boundaries 

of region I_ in radial direct ion 
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6** array:  IRUP(L), L = l ,  IREG - mesh number o f  the upper boundaries 

o f  regiori L in radial  d i rec t ion  

7** array: IZLO(L), L = l ,  JREG - mesh number o f  the lower boundaries 

o f  region L i n  axial  direct ion 

3** array: I Z U P ( L ) ,  L = l ,  J R E G  - mesh number o f  the u p p e r  boundaries 

o f  region L in  axial  direct ion 

9** array: WGT(M), M = l ,  MM - weights associated t o  the d i rec t ions  i n  

the angular quadrature set  

IO** array: XMU(M), M=l, MM - di rec t ion  cosines w i t h  respect t o  the  

radial  direct ion i n  the angular quadrature se t  

I]** array: ETA(M),  M = l ,  MM - di rec t ion  cosines w i t h  respect t o  the 

axial  direct ion i n  the angular quadrature se t  

T 
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C THF EVENT PROGRAM 
COMMON /BdLKBU/ A ( l ) r L l * L 2 ~ L 3 * L l r L S r L 6 9 L 7 ~ L ~ * L 9 ~ L l O  

1 *Lll*L12~L13*L14*L15,L161L17rLl7~Llb~Ll9~L~0 
2 ~ N T N ~ ~ O U * I G M ~ I M I J M ~ M Y . N E W M M I L R E G . J R E G ~ N R ~ ~ ~ ~ L ~ A X  
3 *)U'IZf+*NEVF 
4 r O U M M Y ( b 4 0 0 0 )  
DIMENSION L A (  1 )  
EQUIVALENCE L A C 1 1  *LA(I)) 
L ENG T tl=6 4 0 0 0 
DO s  LENGTH 

5 A ( T ) = O . O  
NIPdri 
NOU=6 
L1=24  
L2=L1+11 
NERR=O 

C**REAO 1$$ ARRAY 
CALL F I D O ( ~ ~ I E R R I N I N ~ N O U )  
L1 P=L1 + I  0 
WRITE ( N O U  * 10 0 5  1 (LA ( I )  7 L=L 1 TL-IP) 

1 0 0 5  FORMAT(9OPARAMETERS INPUT F R O M  CARDS.......*/ 
Q / 9 IGM =99T3*3X99NUMBF9 OF ENERGY GROI IPS '  

/ 1 IM = * 1 1 3 0 3 ~ t * N l J ~ B € R  O F  RADIAL lNTEkUL\L* 
* / 9 JM =',1313X**NLJMBER OF AXIdL INTERVALS' 
* 1 ' MM ='r13r3XT1NUMBER OF DIRECTIONS' 
* 1 9 NfWHM=',I3r3Xv'NEW NUMBER OF O T R E C T I O b l S *  
* 1 9 IRLG ='rI3*3X,*# OF R E G I O N S  IN RADIAL DIRECTTON* 

Q / 9 NRLG = 9 9 1 3 9 3 X ~ * N U M B E i i  OF R E G I O N S '  
* 1 9 LMAX =991393X9IMbXI'4UM ORDER OF SCATTERING9 
* / * NXZ4 = * T I ~ * ~ X , I L O G  # FOR SCATTERING SOURCE TAPE* 
* 1 9 dEVF =',13*3X**LOG if F O R  EVENT VALUE TAPE*) 

JREG ='913*3Xt'# OF R E G I O N S  It4 A X I A L  DIRECTION' 

ISC=LMAX+l 
LM=(lMAXQ(LMAX+3) ) / 2  
LMPl =LM+ 1 
K I M=Z*LMA X + 1 
WRLTE (NOU v 999) ISC vLMr l .MP1 * K I M  

999 FORMAT('0 ISC=',I3*4Xy' LM=*,I3*4X9 9 lMP1="13r4X* 
1 ' K I M = ' * I 3 )  
L3=L2+ IGM 
L4=L3+IM+l 
L 5 = L 4 + J M +  1 
L 6 = L 5 +  IREG 
L7=L6+IREG 
Ca=L7+JREG 
L9=LB+JREG 
LlO=L9+HM 
LlI=LlO*MM 
Ll?=Lll+MM 
C 13=L12+NEWM14QLM 
L1G=LIS+LMPlfiNREG 
L 15 =L I 4 + N€  b~ Y u  QFJ R E  G * I GM 
L16=LlS+NEWMt1*1 SC"1SC 
L 1 7=L 1 h + K  I t4 

L19rL 1 B+IM*JM"LMPl 
L20=L19&1REG 
LAS 1 =& 20 + JREG 
!dRITt(YOUt1010) LASTtLENGTH 

L 18.L 17*CIEW"l+4 

I010 F O R M A T ( ' O i ' * ' r I 6 ~ '  DATA LOCATIONS REQUIRED VS. 
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80 26 N R = l r N R E G  
DO 26 NE1,NEVMM 
W ( M 9 N R  9 TG) =T ( 11 NR)  
DO 27 L L = l * L t l  

27 W ( M , N R ~ I G ) Z W ( M I N R ~ I G )  + P L ( M , L L ) * T ( L L + 1 9 N R )  
W (MqNRq I G 1  = W  (M,NR, IG) / ( 4  0 * 3 . 1 4 1 5 9 * C S T  I IG) ) 

26 CONTINUE 

2 0  CONTINUE 
C 

WRITE ( N O U * 1 0 0 1 )  
1001 FORMAT ( 1 0  AREA OF R A O I A L  R E G I O N # )  

W R I T E  f N O U r 1 0 0 2 )  ( A R E A ( L ) r L = I r I R E G )  

W R I T E  ( N O U ~ 1 0 0 3 )  

WRITE f N O U t 1 0 0 2 1  f H E I G H T ( K ) r K = l . J R E G )  

1 0 0 2  F O R M A T ( ~ X I ~ P E ~ ~ . S )  

1003 F O R M A T  ( ' 0  HEIGHT OF A X I A L  R E G I O N I )  

C**HEVERSE ENERGY GROUP NUM5ER O F  EVENT V I L U E  F U N C T I O N ,  w 
IGMHCF=IGM/2 
DO 30 IG=I,IGHHLF 
Kl=IGM+I-IG 
DO 30 N R = l t N R E G  
DO 3 0  M=LINEWNM 
DUNrW ( M p N R ,  IG) 
W f l.1, NH 9 IC 1 =M ( M I  NR r K 1 )  
W f M y N R y K 1 )  =DUM 

30 CONTINUE 
NR E 6M 3 =NR E G - 3 
00 40 IG=lrIGM 

C**WRITE THE EVENT VALUE F U N C T I O N  QQ TAPE9 N E Y F  B Y  GROUP 
WRTTEfNEVF) ( ( W l M , N R 9 I G )  I H = I ~ N E W M M )  1 N R = l y N R E G M 3 )  

C ~ Q F R T N T  THE EVENT V A L U E  FUNCTION B Y  GROUP 
W R I T F ( N O U * 1 0 3 0 )  IG 

1 0 3 0  FORMAT(IMI . 'TTWE EVENT VALUE F U N C T I O N  OF GROUP'.T41 
C 4 L L  W O T ( W f 1 r l q I G )  , ~ R E G M 3 r N E W M M i l r ~ 4 N G L l r c W E G N s r ,  ' )  

40 CONTINUE 
RETURN 
END 
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A.3 Subroutines -.- o f  the  Modified MORSE Code 

In the  modified MORSE code, the random walk subroutines COLISN 

and NXTCOL were rewrit ten in order t o  incorporate the angular probabili ty 

biasing and the  path length biasing techniques in to  the MORSE code. 

Also, tile subroutine R E G I O N  was introduced t o  track pa r t i c l e  f l i g h t  

t r a j e c t o r i e s  so t h a t  path length biasing can be performed. 

subroutine INSCOR was writ ten t o  read the point value tape ,  the event 

The 

value tape, o r  both the point value tape and the event value tape. 

Finally,  two SOURCE subroutines were writ ten.  

source pa r t i c l e  locations according t o  the source dis t r ibut ion which 

was biased by the step importance function, and the second one generated 

T h e  f i r s t  one generated 

source pa r t i c l e  locations according to  the  source d i s t r ibu t ion  which 

was biased by the  DOT adjoint  f lux .  

The l i s t i n g s  of these subroutines a re  presented here i n  the 

following order: S O U R C E ,  INSCOR, COLISN, NXTCOL, and REGION. 



SUBROLJT INE s OIJRCE ( I G IJ * v . w * x Y I Z, w A TE ME D . A G , I SOUR, 
1 I T S T R I N Q T ~ ~DDF,ISBINMTG) 

C SOURCE DLSTRIBLJTION B I A S E D  BY A STEP FUNCTION 
R1=10.0 
R T O L = 1 5 0 . 0  
c=Looo.o 
XJ=(C-l.O~*HI*R1/(RTOL*RTOL~+l.O 
X K = C * R l * R l / ( R T O L * R T O L b X J )  
RAN=FLTRNF ( 0 )  
IF (RAN.GT.XK)  GO TO 10 
R A D = S Q R T ( R A N ' + X J / C ) * R r O L  
WATE=k!ATE*XJ/C 
GO TO 20 

WATE=WATE@XJ 

X=HAD+COS (THETA)  
Y=RAD+SIN(THETA) 
z= 4 0.  o 0 0 1 

10 RAD=SQRT I ~ A N n X J ~ R T O L * H T O L - ( C - i  .O) * R l * R l )  

20 T n E T A = 2 . 0 * 3 . 1 4 1 5 9 ~ F L ~ ~ N F ~ O )  

CALL GTISO(U,V,W) 
\J=AES (VI 
RETURN 
END 

SUBROUTINE S O U R C e ( r ~ r U r V , W , X r Y r Z * W A T E I M E D I A G ~ I S ~ U ~ ,  
1 I T S T R I N Q T ~ * D O F * X S B I ~ ~ T G )  

C SOURCE D I S T R J B U T I O N  B I A S E D  EY DOT ADJOINT FLUX 

C 

1 0  

C 

C 
21 

C 
25 

26 

C 
30 

R E A L * 4  M l r P I Z  
M1=0.13155 
M2=0.021675 
P1=0.954236 

W l = F L T R N f  (0) 

R A D I A L  ZONE 1 IS SELECTED 
RN2rFLTRNF ( 0 )  
RADzB.O*SDRT (RN2)  
WATE=WATE*0.00298086 
GO TO 111 
P l P 2 = P I + P 2  
I F ( R N 1  .GT.  PIP2) GO TO 3 0  
R A D I A L  ZONE 2 15 SCLECTED 
RN3=FLTRNF(O) 

P 2 = 0 . 0 4 0 9 9 4  

I F ( R N 1  .GT. P 1 )  GO TO 1 0  

IF(RN3 .GT. 0.48165)  GO TO 25 
SELECT FROM SnEXP (-MS) 
ETAl=EXPRNF ( 0 )  
ETA2=EXPRNF (0 ) 
5 = ( E T A l + E T A Z ) / M l  

GO T O  26 
SELECT FROM E X P ( - M S )  
E T A = A M O D ~ E X P R N F ( D l ~ 4 Z . O * M l )  
S=ETA/Ml 

WATE=WATE*0.2533732"EXP(Ml*S) 

R A D I A L  ZONE 3 IS SELECTED 
RN4=FLTRNF ( 0 )  

I F ( S  .GT.  42.0)  GO TO 2 1  

R A O = 8  O + S  

GO ro 111 



I F ( R N 4  .GT. 0.39911) GO TO 35 
C SELECT FROM S*EXP(-MS) 

3 1  E T A l r E X P R N F  ( 0 )  
ETAZ=EXPRNF (0) 
S = ( E T A l + E T A Z ) / M 2  

GO TO 36 
I F ( S  .GT. 1 0 0 . 0 )  GO TO 31 

C SELECT F R O M  EXP (-MS) 
3 5  ETA=ANOD(EXPRNF(O) . 1 0 0 . 0 * M 2 )  

S=ETA/M2 

WA TE =UA T E c.6 3.343 29 7 *EX P ( M2 * S ) 

X=RAD"COS (THETA) 
Y=RAO"SIN(THETA) 
z=+o. 0 0 0 1  
C A L L  GT lSO(U,VrW)  
W=ASS ( W )  
RETURN 
END 

36 RAD=SO.O+S 

111 TnETA=2.On3.14l59"FLTANF(O) 

SUBROUTINE I NSCOR 

COMMON /STEAK/ E V E N T ( 1 4 6 , 1 2 * 1 4 )  
COMMON /ANGUS/ IGM,NHG~NEWMM,NPAIPOL ( 2 5 )  9 I P Q L S T  ( 2 5 )  

C INCLUDE NEXT L I N E  I F  ANGULAR PROB. B I A S I N G  IS EMPLOYED 

C INCLUDF NEXT L I N E  I F  PATH LENGTH BIASING I S  EMPLOYE0 

1 t J O H N q X M U ( 1 4 6 )  r E T A ( 1 4 6 )  

2 ,CDF (1461129 14)  
IGM=14 
NRG-18 
NEWMM=l46 
NABC= 1 3  

REWIND 1 4  
REWIND NABC 
READ (NABC) 
NM3rNRG-6 
DO 1 0 0  T I G = l r I G N  

C INCLUDE NEXT L I N E  I F  ANGULAR PROB. B I A S I N G  IS EMPLOYED 
R E A O ( N A B C )  ( ( C D F ( M ~ I * I I G ) r M = l r N E W ~ M ) r I = l r N M 3 )  

C INCLUDE. NEXT L I N E  I F  PATH LENGTH B I A S I N G  IS EMPLOYED 
R E A U C 1 4 )  ( ( E V E N T I M I I * I I G ) ~ M = ~ , N E W M N )  ?I=ltNM3) 

C INCLUDE. NEXT L I N E  I F  PATH LENGTH B I A S I N G  I S  EMPLOYED 

( X M U ( F 0  rM=l*NEWMM) 7 (ETA ( N )  s M = 1  I N E W M M )  

1 0 0  CONTINUE 
e OETERMTNE THE COSINES OF POLAR ANGLES P O L ( N )  FROM ETA 
c AND THEIR STARTING LOCATIONS I P O L S T ( N 1  I N  WEWNM 
C TPOLSTCN) I S  THE STARTING L O C A T I O N  I N  THE QUADRATURE 
C SET OF THE NTH POLAR ANGLE 

N= 1 
P O L ( l ) = E T A ( L )  
IPOLST ( 1 )  =1 
DO 1 0  Mz21NEWMM 
I F  ( E T A ( M )  .EQs P O L ( N 1  1 GO TO 10  
N=N+ 1 
POL i N I  =ETA (M) 
IPOLST ( N )  = M  

1 0  CONTINUE 
N P 4 = N  

C NPA IS TtcE TOTAL NUMBER OF POLAR ANGLES 



95 

WRITE (69 105 1 

WRITE(6,106) (POL(N)  v M = l r N P A )  

U R I  TE (6.107) 

WHITE(6r108) (IPOLST(N1 ,N=19NPA) 

RETURN 
END 

105 FORHAT('OP0LAK ANGLES9 P O L ( N ) * )  

106 FORHAT(2X91PBE14.5) 

107 FORWAT(*OINDEX OF STARTING POLAR ANGLES9 IPOLST(N)') 

108 FORMAT(ZX,8114) 

C 
C 
C 

1 0  

15 

2 0  
2s 

30 

35 

SUBROUTINE C O L I S N ( I G , U * V * W , W A T E I Z M E O , N R E G )  
THIS R O U T I N E  IS CALLED A T  EACH COLLISION 
I T  CONVERTS INCOMING GROUP NO., DIRECTION COSINES AND 
PARTICLE HEIGHT INTO POST COLLISION PARAMETERS 
COMMON /ANGUS/ I G M ~ N R G Y N E W M M ~ N P A ~ P O L ( ~ S ) ~ I ~ O L S T ( ~ ~ ~  

1 
2 ,CDF(146*12r14) 

9 JOHN9 XHU ( 1 4 6 1  , E T A  (146) 

COMMON /USER/ JUNK [ 2 2  1 I NMTG 
COMMON /NUTRON/ @ U M ( 1 3 ) * X * Y ~ Z  
C O M ~ O N ~ L O C S L G ~ I S T A R T t I S C C O G ~ ~ ~ & ~ O ~ ~ ~ G A B O ~ ~ I F ~ O R ~ ~  

1 I F N G P I I F S P O G I I D S G @ G I I P R B N G I ~ P R B G G ~ I S C A N G , I S C A G G ,  
2 I S P O R G ~ I S P O R T ~ ~ M P ~ U F Y I S I G O G ~ ~ N ~ ~ O G ~ I ~ B S O G ~ I T ~ T S G ~  
3 N G P ~ N D S ~ N G G I N D S G I I N G F I ~ ~ D S ~ N M € D ~ ~ ~ L E ~ I ~ N M I X ~ N C O E F ,  

5 I I ~ ! O T K K K ~ K X T A P E ~ I D E L I I T E M L , T T E ~ ~ G ~ ~ R ~ G ~ ~ R D S ~ , J ~ T ~ ~  
6 I P R I N ~ I F M U ~ I ~ O M ~ I D T F t T S T A S , t P U N ~ N U S ~ ~ I G ~ ~ I H T ~ I N I J S ~  
7 I N U S N I I N G N I I N G N P , I N N ~ r I G ~ G  

4 ~ S C T . ~ T S I N T G ~ ~ D S N G P , N D S N G G I I A D J , N M E I L O C ~ I ~ G ~ ~ I ~ S G ~  

COMMON SZGT(1) 
DIMENSION 
DIMENSION N h G  ( 1  ) 
€PUIVALENCE (SIGT(l)rNSZG(l)) 
CALL GTMED( I L l E D I M E D )  
TGMED=(MED-l)QISPORG+IG 
P N A B  = SIGT(IGME0 + INABOG) 
WATE = W A T E V N A B  
IF (IG-NG?) 1 0 9  10915 
IH=lG 
NOSK=NSIG(INNN+IG) 
f S ~ ~ M E D - 1 ~ Q f S P 0 4 G + I F S ~ O G + N S ~ G ~ I N G S + I G ~  
NADDPG=O 
ITE=NSIG(INGS+IH) 
GO T O  20 

IH=IG-NGP 
NDSK=NSlG(ICGG+IH) 
ITE=PJSIG(INSG+IH) 
I S = ( M E D - 1 ) * I S P O R G + I @ S G O G + I T E  
IF (LOC ) 2 5 * ? 5 * 3 5  

S I C K ( 5 )  sPDF(51  *&(51 r B ( 5 )  1 C ( 5 )  *KNOX(S) 

N A D D P G = I P R 8 G (j- J P R B P.J G 

C 9 = 0  
R = FLTRNF(0) 
00 30 1=1*Nlosk 
C9=C9+SIGT(IS+I) 
I F f C 9 - R ) 3 0 ~ 4 0 * 4 0  
CONTTNUE 
I = NDSK 
GO T O  40 
IND=LOC +NTG* (NREG-1) 



4 0  

C 

C 

45  

50 

65 

70 

75 

C 

C A L L  
I G = I G  +I-l-NUS 
IHO=IG 
CHECK I F  POST C O L L I S I O N  ENERGY BELOW CUT-OFF ENERGY 
I F  ( IHO.GT. IGI.1) RETURN 
SELECT OUT G O I N G  D I R E C T I O N  
I F ( N S C T ) 4 5 r 4 5 t 5 0  
C A L L  
RETURN 
I I = ( M € D - l ) Q I S P O R G t I P R E ~ G + (  I T E  + I - I ) * N S C T + N A D D P G  

DO 1 J = l * N S C T  
!F (J-1) 2 9 2 9 3  

2 S I C K  ( J )  = S I G T  ( I I +J)  
G O  T O  1 

3 S I C K ( J ) =  S X G T ( J + I I ) - S I G T ( I I + J - l )  
I CONTINUE 

G T I O U T  (IS91 tNREC,NOSK. IGPWATEI I N 0 1  

G T I S O  ( U  7 V , W )  

I F  ( S I G T ( L T + l )  .LT.O.) G O  TO 45 

DO 6 0  J = l * N S C T  
13=(MED-l)*ISPORG+ISCANG+( I T E  + I - l ) " N S C T + J + N A O D P G  
F M  =SIGT(I3) 
SINPSI =SPRT (1.0-FM G F M  ) 

C A L L  A Z I R N ( S I N E T A 9 C O S E T A )  
S T H L T 4  = I.G-U;'U 
I F ( S T H E T A ) 7 0 ~ 7 0 ~ 6 5  
STHETA =SORT ( S T H E T A )  
COSPrlI= V I S T H E T A  
SIFIPHI= W I S T H E T A  
GO TO 75  
COSPHL=1.0 
SI NPH I = 0.  
S T H E T A = O .  
B ~ J ~ = V Q F M + U ~ - C O S P H I ~ C O S ~ T A ~ S I N P S I - S I N P ~ I ~ ~ S I N P S I ~ S I N E T A  
C ~ J ~ = W ~ F M + U ~ ~ S I N P H I * C O S E T A * S I N P S I + C O S P ~ I ~ S I N P S I ~ S I N E T A  
A (J)  = U ~ F M - C O S E T A ~ : . S I N P S I ' ~ S T n E T A  
S = l . O / S Q R T ( A ( J ) u A ( J ) + B ( J ) * B ( J ) U C ( J ) )  
A (J) =A ( J )  *S 
B ( J )  =B ( J )  c S  
C (J) =C (J) *S 
PICK A POLAR ANGLE NUMBER N F L A G  NEAREST TO C ( J )  

DO 8 0  N = I * N P A  
ORANGEzABS ( P O L  ( N )  -C ( J )  1 

APPLE=ORANGE 
NFLAG=N 

APP L E = 3  0 

I F  (ORANGE .GE. A P P L E )  GO T O  8 0  

80 CONTJNUE 
C D E T E R M I N E  THE E E G I N I U I N G  AN0 THE END L O C A T I O N S  O F  THE 
C A Z I M U T H A L  ANGLES CORRESPONDING TO THE SAME P O L A R  A N G L E  
C I N  THE Q U A D R A T U R E  S E T  

I U O N = I P O L S T ( N F L A G )  
I F  ( N F L A G  .GE. N P A )  GO T O  8 1  
I E N D = I P O L S T ( N F L 4 G + ~ ) - l  
GO TO 82  

01 IEND=P!EWMM 
8 2  CONTINIJE 

C COMPUTE ONEGAROL F R O M  A ( J ) r  AN0 8 C J ) t  THEN PICK 
C X M U I K F L A G )  WNICH I S  C L O S E S T  T O  OMEGAROL. 

S I N P H E = Y  / S Q R T  ( X * X  + Y+Y)  
C U S P H E = X / S Q R T t X ~ X + Y * Y )  

S I N K A I = B ( J ) / R O L  
ROL = S O R T  ( A  ( J ) * A  ( J 1 + B ( J ) ( J 
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C O S K A I = A  ( J )  /ROL 
RMU=ROL*(COSKAI*COSPHE + SINKAI*SINPHE) 
G=3. 

H = A B S (  R M U - X M U ( K )  ) 
I F  ( Y  .GE. G 1 GO T O  8 5  
G=H 
KFLAG-K 

DO 85  K=TBGNIIENO 

85 C O N T I N l J E  
P D F ( J )  = CDF(KFLAG,NREGI IHO)  
KNOX(J1 = K F L A G  

60 CONTINUE 

c9=0. 
S U M S O .  
DO 90 J=l*VSCT 
SO=SICK(J)uPOF(J) 

R=FLTRNF ( 0  1 
R=R-'SUM 
DO 95 J = l r N S C T  
C9=C9+SICK(J)*PDf(J) 
I F  (C9-R) 9 5 r 9 5 r 9 9  

95 CONTINUE 
J=NSCT 

99 UATE=WATEuSUM/PDF(J) 
U=A (J)  
V=U ( J )  
W = C ( J )  
JOHN-KNOX (J)  
RETURN 
END 

C IMPORTANCE S A M P L I N G  THE ANGULAR PROBABILITY 

90 SUM=SUM+SO 



NMzNAME 

APPCE=3.0 
DO 8 0  N = l * N P A  
ORAWGE=AES (POL ( N I  -WOLD) 
LF (ORANGE .GE. A P P L E )  GO T O  8 0  
APPLEcORANGE 
N F L 4 G = N 

C * * *  PICK A POLAR ANGLE N U M B E R  NFLbG N E A R E S T  TO WOLD 

80 CONTINUE 
C * Q *  DETERMINE THE B E G I M N I N G  A N D  THE EWO L O C A T I O N S  OF THE 
C*** A Z I M U T H A L  ANGLES CORRESPONDING T O  T H E  SAME P O L A R  
C*** ANGLE I N  THE QUADRATURE SET 

I B G N = I P O L S T ( N F L A G )  
!F (NFLAG .GE. F!F”A) G O  T O  81 
I E N C = I P O C S T  ( N F L A G + l )  - 1  
GO T O  0 2  

81 1END:~NEWNM 
8 2  C O N T I N U E  

C*** COMPUTE RMU F R O M  U O L D + A M D  VOLDI THEN P I C K  XI.IU(KFLAS) 
C*** WHICI-I IS C L O S E S T  T O  RF.!U. 

SI NPt iE=Y@LO/SUR r 1 X O I - D * X O L D  +YOLD*Y OLD) 
C 0 S P HE = X 0 L D / ’5 P R T ( X 0 L D c- X 0 L D + Y 0 L D * Y 0 I.. 0 ) 
R O L = S Q 9 T ( U O L O ~ I J O L D + V O L r 2 ~ V O L D ~  
S I N K A I = V Q L D / R O L  
C O S K A I = U O L O / R O L  
RMU=HOL* (COSKAI°COSPHE + S T N K A I * S I N P H E )  
G = 3 .  
DO 85 K = i B G N , I E N D  
t i = A B S  ( HMU-X?IU (lo 
IF ( H  .GE. C; 1 G O  T O  85 
G=H 
JOHN=K 

85 C O N T I N U E  
C * * *  I F  AblG?ILAR PRDB. BIASING IS ALSO EMPLOYED, INCLUDE 
C * * *  THE F0L .COWIFJG L INE.  

99  CONTINUE 
WT BC ::WpTE 
CALL R E G I O N ~ X O L O * Y O L D * Z O L D ~ U O L D ~ V O L O ~ ~ O C D ~ I ~ O ~ M ~ ~ O ~ D ~  

1 I D L Z N , N H E G *  IRGP I E S C A P )  
IF (EESCAP.GE.11  GO 1 0  999 

C TESCAP EQUALS T O  1 WHEN DIFFICULTY OCCURRED IN rHACKING 
C THROUGH THE GEOMETRY I K  5USROUTINE R E G I O N  
C THUS T R E A T  THE P A R T I C A L  AS AN E S C A P E  
C I R G  I S  THI: NUMBER O F  REGIONS THE TRPJECTORY WXLI . .  GO 
C THROUGH BEFORE REAStlING T H E  EXTERNAL V O X 0  

HK=NEwREG ( 1 )  
M=JOHN 
I F  (A IRG(1RG)  + 0 . 0 0 0 0 0 1 )  5599999999 

55 P E X T = E X P ( A R G ( I R C )  1 
Q ( 1 1 = E V E N T ( ~ ~ N R ~ I G Q ) ~ ( l . O - E X P ( A R G ( l ) ) )  
DO I00 I=Z,IRG 
N R - N E W R E G I I )  
Q ( I ) = E V E b I T  ( M * N R 9  IGO) 

O s U M = O  e 0 
DO 1 1 0  L = l * I R G  

1 1 0  QSUM=OSUM+Q (1) 
FNORM=QSUM/ ( 1  .O-PEXTl  
DO 120 I = I * X R G  

120 P R O B ( I ) = Q ( I ) / F N O R F  

(EXP ( A t ? G (  1-1) 1 -EXP ( A R G  ( 1 )  ) ) 
1 0 0  CONTINUE 

PROA ( IRG+ 1 ) =PEXT 



99 

IRGPI=IRG+I 

c3=0.0 
SUM-0.0 
00 130 I=ltIRGPl 

1 3 0  S U M - S U M s P R O B ( 1 )  
R=FCTHNF I O )  

C XMPORTANCE SAMPLZNG THE N E X T  C O L L L S I O N  P O I N T  

R =R " S  U 14 
00 140 1 - 1 , l R G P l  
C9=C9+PROB ( I )  
I F  (C9-R1 1 4 0 * 1 4 0 9 1 4 5  

L=IRGPl 
140 COPJTIEJUE 

e*** (1' IS THE I T H  R E G I O N  ALONG THE P A T H  WITHIN WHICH THE 
c*** NEXT C O L L I S I O N  T A K E S  P L A C E  

145 I F  ( I  ,GT, IRG) GO T O  999 
C P A R T I C A L  ESCAPES W H E N  I IS G R E A T E R  THAN I R G  

I F  r I . G T . 1 )  GO T O  150 
D E L A R G = - ~ R G  ( 11 
F K E E P H = A M O C  (EXPRhlF ( 0 )  ,DELAPG) 
D I S = F R E E P H / C S E l  ( T  1 
X=X0LD +UOLD*DIS 
Y=YOLD + V O L D * O L S  
Z=ZOLD +WOLD*DLS 
GO TO 160 

1 5 0  DEL&RG=-ARGlZ) +ARG(I-l) 
FREEPH=AMOD ( E X P R N F  ( 0  1 t DELARG) 
D I S = f R L E P H / C S E T  ( I  1 
X - X X ( I - l ) + U O L D Q D I S  
Y = Y Y ( I - l ) + V O L O " @ I S  
Z=ZZ ( I -  11 + W O L D G D  I5 

160 IBLZN=IZONE(I) 
N M E D = M E D  ( 1 )  
NREG=NEWREG ( I1 

R E T U R N  

NPSCL ( 8 1  =NPSCL ( € 3 1  + 1 
CALL BANKR(8) 

RETURN 
E N D  

W A T E = W 4 T E ~ F N O R M / E V E N T ( M , N R E G I I G O )  

999 WATE=@.Q 

c ESCAPE 



100 

D A T A  N C / O /  
u4RCU-O 
I E S C A P = O  
YB ( 1 )  = X I  
X 8  ( 2 )  = Y  1 
XI3 (3) = z 1  
W E I 1 ) = U  

WB (3) =W 
NMED = M E D J U M  
MED ( 1 )  =NHED 
NEWREC ( I ) =NREGN 
DI ST -0.0 
I R = I B L Z  
TZONF. ( 1 ) = I R  

DISTO=PINF 
IRG=l 

w e  ( 2 ) .= v 

NASCz-  1 

C 
20 IF(NME0-1000) 4 0 , 3 0 , 4 0  
30 S I G T = O .  

GO T O  5 0  
4 0  C A L L  N S I G T A ( Z G * N M E D * ~ S I G , P N )  

S I G T  = - T S I G  
C S E T  ( I R G )  = T S I G  

50 C A L L  G1 (SvNN(KM.4)  * N N ( K F P D )  * N i V ( K C C R )  * N N ( K N B O )  .NN(KLOR) I . NN(KKRI1 q N N ( K K R 2 ) )  
IF(IRPRIM*EQ.-3 .OR.IRPRIM.EQ.O) G O  T O  110 
E T A U S D = S  
TR=IHPRIM 
IZONE ( I R G + l )  =IR 
NEWREG( I R G + I . )  =NN ( K R I Z +  I R - 1 )  
ME0 ( IRG+ 1 ) =NN ( K N I Z +  I R - 1 )  
NME@=MED ( I R G + l )  
I F  (NMEO.LE.0) MARCIHZ-1  
IF(IRG.GT.1) GO TO 60 
AKG(IRG)=SIGTQETAUSD 
GO T O  70 

60 ~ A G ( L R G ) = . A R G ( I R G - ~ ) + S I G T ~ ~ T A U S D  
7 0  XX(IRG)rXB(I)+WB(l)"DIST 

Y Y  ( I R G ) = X B ( 2 )  + W B ( 2 ) s O I S T  
Z z  ( . L R G )  = X B  ( 3 )  + W 8  (31 " D I S T  
I F  (MARCH .EQ. - 1 )  RETURN 
IRG=IQG+l 
GO T O  z a  

1 1 0  NC=NC+1 
C SOME D I F F L C U L T Y  H A S  OCCURRED I N  TRACKING TYROUGH THE 
C GEOMETRY, T R E A T  THE P A R T I C L E  AS A N  E S C A P E  

I E S C A P = l  
I F ( N C . G T . 5 )  CALL ERROR 

C I F  THIS O C C U R S  MORE THAN 5 T I M E S ,  THE JOB I S  
C T E R M I N A T E D  

W R I T E  ( I  0 1 0  1 0  ) I R P R I M  
1 0 1 0  F O H M A T ( 0 ~ O I R P R I M = i I b 1 1 5 H  IN R E G I O N  Q Q Q Q  ) 

R E T U R N  
E N D  



APPENDIX B 

COO R D I N AT E TRANS F 0 RMAT I 0 N S 

7 

The purpose o f  t h i s  appendix i s  t o  describe how the coniponents 

o f  the direction vector 6 are transformed from the cylindrical 

coordinate system to those o f  the rectangular coordinate system, and 

vice versa. 

The direction vector 5 a t  a point p ( x , y , z )  can be expressed in 

terms o f  i t s  components in the cylindrical coordinate system as 

n * n 

* A  A 

where eR,  e 

coordinate system. From Figures 7 ,  gage 36, and  Figure 1 7 ,  i t  can be 

and e are the unit direction vectors in the cylindrical 9 Z 

seen t h a t  
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L-DWG 75-17719 

Figure 17. The Direction Vector and  I t s  Components. 
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S u b s t i t u t i n g  ,c2 = s i ny  a n d  sd 
P R = L i n t o  the  above equat ion gives 

R = ?(s in  2 y - E 2 ) 1 /2  
4 

= .(l - cos 2 y - 2 ) 1/2 

Z f ( 1 - C  2 - E )  2 1 /2  . 

The p o s i t i o n  vec tor  o f  t he  p o i n t  P i s  

n h n 

= R cos$ i + R s i n +  j + zk.  

The tangent vectors  t o  the  R, g ,  and z curves are given r e s p e c t i v e l y  
a P  

I a n d  -I where 
-5? a + ’  32 

- 
- = cos+ i” + s in+  j” 
3R 

aP A n - = - R  sin+ i t R cos4 j 84 

a P  * 
az = k. - 

The m i  t lec tors  i n  these d i r e c t i o n s  are  (24)  

- 
aR h n 

I - I COS+ i + s i n g  j n A = cos+ i + sing j (B-5 1 - - -  
eR 1g1 (cos2+ -+ s i n  2 +)  1/2 
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I A 

e = k .  
2 ( B - 7 )  

S u b s t i t u t i n g  Equations (8-2)  through (B-7 )  i n t o  Equation ( B - 1 )  y i e l d s  

A A A h A 2 2 l'* 6 = &(cos+  i + s inp  j) ~ ( 1  - 5 - E ) ( - s i n +  i + cos j )  + i k  

Hence, the components of 6 i n  the rec tangular  coord ina te  system i s  

= E s in@ t 1-c2-&* cos+ 

A 

= E -  k 
RZ 

" 5  

(B-9) 

(B-10) 

X where s in$  = ___ Y and cos+ = ---___ . 
f 2---7- 
x +Y 

p-7 
x +Y 

Equations (B-8), (B-9) , and (6-10) a r e  the r e l a t i o n s h i p s  f o r  t r a n s f o r -  

mation o f  the d i r e c t i o n  vec tor  

co r rd ina te  system t o  the r ec t angu la r  coordinate  system. 

each s e t  o f  c y l i n d r i c a l  components ,; and E ,  t he se  a r e  two corresponding 

s e t s  o f  rec tangular  components R ~ ,  R 

a t  the point  ~ ( x , y , z )  from the  cy l ind r i ca l  

Note t h a t  for 

and a Z .  I n  a DOT c a l c u l a t i o n  
Y Y  
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w i t h  R-71 geometry, i, and E a r e  respectively the direct ion cosines 

w j t h  respect t o  the Z-axis and the R-axis. 

Given the rectangular components s i x ,  n and R~ of the 
Y '  

direct ion vector 6 a t  the point p(x,y,z) .  

from t h e  rectangular coordinate system i n t o  the cyl indrical  components 

r; and F_ i n  the cy1 indrical  coordinate system i s  performed as follows. 

The transformation of fi 

From Equation (B- lo) ,  5 i s  simply equal t o  Q ~ .  Furthermore, 

from Figure 1 7 ,  

E 5 R = 82 cos(x-g) 
R P  

= $2 (cosxcosg + sinxsing) 
P 

where 

and 

Subst i tut ing the above quant i t ies  i n t o  Equation ( B - 1 1 ) ,  gives 

R R 
f -  y l  X X 

c = 12 [- 
P &T sip /= p $1 

x +Y 

R R 
f -  y l  X X 

c = 12 [- 
P &T sip /= p $1 

x +Y 

(B-11 ) 

( B - 1 2 )  

Equation (B-12) along w i t h  Equation (B-10) provides the transformation 

f o r  the direct ion vector 5 from the rectangular coordinate system t o  

the cyl indrical  coordinate system. 



APPENDIX C 

COMPARISON OF x* AND W 

sponding X* and W in different regions 

I t  can be seen from Table 8 t h a t  

smaller t h a n  x’* by one t o  two order o f  

surprising because the value o f  a part 

in the same region 

magnitude. This i s  

c le  entering a col 

In  t h i s  appendix, a comparison of the point value x* and the 

event value W i s  presented. 

and t he i r  importance functions i n  different regions along the 

t ra jector ies  will be discussed. All three t ra jector ies  are f o r  

neutrons of g roup  one energy and  are shown in Figure 18. 

are presented in Table 8. 

Three par t ic le  t ra jector ies  are chosen, 

The corre- 

W i s  

n o t  

ision i s  

reduced by the absorption probability and the coll ision process 

before the par t ic le  emerges w i t h  the same energy group  and  direction. 

The relat ive x* a n d  W in Table 8 were obtained by dividing the 

importance functions in different regions by the importance of  the 

region where the trajectory originated. From t ra jec tor ies  I and 11, 

i t  can be seen t h a t  the W i s  a stronger importance function t h a n  x*. 

Hence, W woul d encourage more deep penetration t h a n  x*, particularly 

for trajectory I .  Finally, for trajectory 111, W suggests t h a t  

regions 7 arid 7’ are  about a thousand times more important than  

regions 1 and 1’. 

approaching the duct i s  roughly ten times o f  the value leaving the 

duct. 

However, x* suggests that  the value of a par t ic le  

106 
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ORNL-DWG 75-17717 

I- _ _ _ _ - - -  L-. 
I 
t- 4f 

I 1' I 7 '  
I 

J 71 1 

Figure 18. Par t ic le  Trajectories i n  the Geometry o f  the Standard 
P rob1 em. 
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TABLE 8 

COMPARISON OF x* AND W a  

I. Region 4 5.41 -8D 1 2.41-10 1 

Region 5 4.83-7 8.93 3.73-9 1 . 55.f-1 

Region 6 2 59-6 4.79-t.1 8.35-8 3.46-t.2 

11. Region 1 0  1.72-7 1 1.24-9 1 

Region 11 1.05-6 6.10 9.30-9 7.50 

Region 12 5.47-6 3.1 8+1 1.05-7 8.47+1 

111. Region 1 1.37-10 1 1.1 7-12 1 

Region 7 4.29-9 3 a 1 3-1-1 1.46-10 1.254-2 

Region 7’ 6.42-1 0 4.69 2.20-1 0 1.334-2 

Region 1’ 1.38-1 1 0.10 3.40-1 7. 2.91 

a 

bRead as 5.41 x I O q 8 .  

X* and W have t h e  dimensions o f  response/neut ron .  



APPENDIX D 

PLOTS OF ADJOINT DOT CALCULATIONS 

The p l o t s  o f  a d j o i n t  f l u x e s  o f  the a d j o i n t  c a l c u l a t i o n s  w i t h  

a x i a l  a d j o i n t  s o u r c e  and o f f - a x i a l  a d j o i n t  s o u r c e  a r e  p r e s e n t e d  i n  

t h i s  appendix.  

the a d j o i n t  DOT c a l c u l a t i o n  w i t h  a x i a l  a d j o i n t  s o u r c e ,  and Figures 

27 th rough  34 a r e  a d j o i n t  f l u x  p l o t s  from the  a d j o i n t  DOT c a l c u l a t i o n  

w i t h  o f f - a x i a l  a d j o i n t  s o u r c e .  

F igu res  19 th rough  26 are a d j o i n t  f l u x  p l o t s  from 

109 
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ORNL-DWG 75-7927 

Figure 19 .  Total  A d j o i n t  F l u x  Contour of the DOT C a l c u l a t i o n  w 
Axial A d j o i n t  Source. 

i t h  
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RRDIUS (CMI 

J 
160 

F i g u r e  22.  T o t a l  A d j o i n t  F l u x  Leve l s  o f  the  DOT C a l c u l a t i o n  w i t h  Axial 
Ad j o i n t  Source .  
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# I 
I I 

t 
I I 

120. 

110. ._ 

100 I I , , Y '  I 
I' I 

I 
I 

I 
- * Y Y Y T  I , I 93. 

70. 
I 
I 
I 

un. 

30. :IC ...- 

I 
I 
I 
7 -  -- i .- 

x *  
X 

X 

+ I  
+ +  ; 

Figure 23. Group 1 Adjoint Flux Levels o f  t h e  DOT Calculat ion with 
Axial Adjoint Source. 
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60 

Figure 24. Group 5 A d j o i n t  Flux Levels  o f  t he  DOT Calculat ion w i t h  
A x i a l  Adjoin t  Source e 
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12o.k. j: - 

5c 

9 p: x x  x 

I 

Y t  

t z ,  a ,  
I 

t 
x - 1  

x x  ' 
I 

Figure 25. Group 10 Adjo in t  Flux Levels o f  t h e  DOT C a l c u l a t i o n  w i t h  
Axial Adjo in t  Source.  
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Figure 26. Group 14  A d j o i n t  F l u x  Levels of the DOT C a l c u l a t i o n  w i  
Axial A d j o i n t  Source .  

t h  
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ORNL-DW6 45-7926 

Figure 2 7 .  T o t a l  Adjoint F l u x  C o n t o u r  o f  t h e  DOT Calculation w 
Of F-Ax ia l  A d j o i n t  Source. 

i t h  
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W r 

Figure 30. Total  Adjoint F l u x  Levels o f  the DOT Calculat ion w i t h  O f f -  
Axial A d j o i n t  Source. 
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1 o c  

30. 

80. 

70. 

60. 

50. 

40. 

30. 

20 

10. 

I 
iF 

I 
I 

i 
X I  

@----I 
; ? ;  : r  
: z  

I 
I 
1 
I 
I 
I 
I 

I ** -1 0 
I 
I 

I-"+ 
* + e * * *  ' x  

RRDIUS [CHI  

Figure 31. Group 1 Adjoint F l u x  Levels of  the DOT Calculat ion with 
Off-Axial Adjoint Source. 
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HROIUS K M I  

F i g u r e  32. Group 5 A d j o i n t  F l u x  Levels of t h e  DOT Calculat ion w i t h  
Of f -Ax ia l  A d j o i n t  Source. 
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Figure 33. Group 10 A d j o i n t  F l u x  Leve ls  of t h e  DOT C a l c u l a t i o n  w i t h  
Off-Axial A d j o i n t  Source. 
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APPENDIX E 

NEUTRON CROSS SECTION FOR CONCRETE 

T h i s  appendix contains the 22 group P3 neutro ross se t i o n  s 

for  the concrete used in the standard problem. 

the concrete are presented i n  Table 9 a long  w i t h  the percentage o f  

the  atomic density for  each elenient. 

The compositions o f  

t 



7 27 

TABLE 9 

CONCRETE  COMPOSITION^ 

Element Composition (atom/b-cm) Atomic Density in Percent 

H 

C 

0 

Na 

Mg 

A1 

si 
K 

Ca 

Fe 

1 .065(-2lb 

1.310(-4) 

4.084(-2) 

1.071 (-3) 

1.620( -4) 

2.822 ( -3) 

1.332(-2) 

8.280(-4) 

2.426( -3) 

5.428 ( -3 ) 

73.71% 

0.17% 

52.58% 

1.38% 

0.21% 

3.63% 

17.15% 

1.07% 

3.12% 

6.99% 

aDensity o f  composition = 2.62 gm/cc. 

bRead as 1.065~1 O-* atomjb-cm. 



CROSS SECTIflNS AS READ FOR C O N C R E T E  

CP A B S  X S E C  NU*FISS T O T A L  
I 
2 
3 
4 
S 
6 
7 
8 

9 

10 

1 1  

17 

1 3  

14 

IS 

16 

17 

l a  

19  

23 

21 

22 

1.647F-CZ 0.3 
1.961E-72 0.0 
1.6DlE-02 0.0 
1.125E-02 0.0 
5.024E-03 0.0 
4 .84RE-03 0.0 
1 . 6 2 4 E - 0 3  0.0 
5.527E-C4 0.0 

3.31 5E-04 0.0 

1.894'-04 0.0 

6 . 5 3 0 L - 0 5  0.0 

4.895E-05 0.0 

5.700E-05 0.0 

2.392E-04 0.0 

1.019E-03 0.0 

7 . 5 7 5 E - 0 4  0.0 

5.233E-04 0.0 

9.OPlE-04 0.0 

1.595E-(13 0.0 

2.77QE-33 0.0 

4.574E-C3 0.0 

2.OO5E-02 0.0 

1.267F-0 1 
1.274F-01 
1.195E-01 
1.19YE-01 
1.34 ?E- 0 1 
1.579E-C1 
1.991 E - 0 1  
1.500E-01 

1.21 6E-01 

1.6AflE-01 

2 .  I Y : I E - c L  

7. A 7 3 E - 0 1  

3.751E-01 

4.231E-C1 

4.946E-01 

4.7345-01 

4.76 3E -0 1 

4.768E-01 

4.77 7E- 0 1 

4.792E-01 

4.813E-Cll 

4.973E-01 

COEFFlClENY 1 ( P o )  

FROM GROUP T R A N S F E R  P R O B A R I L X T  1 E S  
5.867E-0 2 
5.465F-0 2 7.829E-03 
4.574E-02 1 789E-02 2.352E-03 
4 . 6 9 7 E - 0 2  2.162E-02 3.450E-03 6.510E-03 

7.821E-DZ 2.63OF-02 6.289E-03 2.739E-C3 5 .  I l 6 E - 0 3  2.789E-03 
1.195E-01 4.083E-02 1.241E-02 4.561E-03 4.362E-03 7 -462E-03  5.447E-C3 

6.BZOE-02 2.434E-02 3.591E-03 z . Y ~ ~ E - o ~  5 . a 9 ~ - 0 3  

~ . O S I E - O ~  4 . 3 5 7 ~ - 0 2  n. 1 7 3 ~ - 0 3  4 . 0 5 2 ~ - 0 3  2. B C ~ E - O ~  4 . 3 0 3 ~ - 0 3  2. S ~ I E - C ~  4 . 0 3 2 ~ 4 3  

3.103E-02 1.875E-02 2.280E-03 
1.1 1 l E - 0  3 
~ . o ~ ~ E - D z  5 . 5 2 0 ~ 0 2  z . n 9 1 ~ - 0 2  
7.0 f Y E - 0 3  4.9005-03 
1.53YE-0 1 5.4b 7t-OL I I . 4 1 0 E - O L  
7.1H6E-03 4.491E-03 5.835E-03 
7 .  I 59E  -0 1 4.90OE-O? 1.040F-07 
4. 'i I I  2 E - 0  3 3 . 8  5 6 E-0  3 3 - 3 7 R E -  0 5 

3.145E-01 5.8OBE-02 1-379E-C2 
3.199E-03 3.551E-03 1.834E-03 
3.5b7F-0 1 5.903E-02 7.973E-01 
7 . C i L E - 0 4  6.289t-04 5.4125-04 

1.8 13E-D 5 1 .I BF 7F-0 5 1.522F-05 
3 . 2 7 1 E - D I  9 .795 t -02  7.184E-03 
4-51YE-06 3.135E-06 3.2936-06 
3.326E-01 8.664E-02 1.270E-22 
8 .371 t -07  6.932F-07 4.705E-07 
1.03JE-07 
3.147E-3 1 9-735F-02  1.857E-02 
2.645E-07 2.124E-07 1-75YE-07 
2.547E-3 6 2.6 10E-08 
3.332F-01 1.218F-01 3.263E-02 
2 .049 t -07  l .OV9t-07 8.826F-38 
I .  2 3 2 t - 0  8 1.058'- 0 8 l.Od5E- 0 6  
3 .  I 5 5 t - 0  1 9.73 l E-02 2.492 € - e 2  

tl.443E-09 3.050'-09 2.h86E-09 
3 . 1 5 9 t - 0 1  1. l P 4 F - 0 1  7.8YbF-02 
3.14YE-07 5.147c-08 1 . 9 l C E - O B  
3 . 9 0 L E - O Y  3 .  104 t -09  1.121E-Oq 

6.17CE-36 1.83jE;-O7 2.993F-08 
2.83Of-OY 2.272E-09 1.807f-0'; 

3.779E-01 4.792E-02 !.228F-O3 

l . 3 9 ~ t - 0 7  ~ . ~ D L I E - J B  Z . $ ~ Y E - J U  

L I ~ ~ E - O  i i.608~-01 s . o ~ ~ E - o ~  

2.172E-03 7.433E-04 7.248E-04 1.019E-03 7.504E-04 

7.150E-C3 7.203E-03 3.855E-03 3.231E-03 5.788E-03 

1.056F-02 1.272E-02 6. MOSE-03 5. 746F-03 5.695E-03 

9.723k-03 1 . 4 1 0 ~ - 0 2  6 . 4 ~ 6 ~ - 0 3  5 . 5 ~ 3 ~ - 0 3  
4-34AL-  C3 
1.133E-CZ 1.027E-02 5.482E-03 4.825E-03 
1.866E-03 2. 723E-03 
2.9371-03 2-03ZE-03 1.376F-03 1. 132E-03 
2. i l B f - C 4  2.0755-04 2.872E-04 
2.022E-04 3.455E-05 4.007E-05 3 . 2 l l E - 0 5  
1.2i IE -05  4.393E-06 3.897E-06 4.061E-06 
2 .13? ' -04  3-488E-05 1-2Y5E-05 6.745E-06 
2 . 6 4  3E-06  L. 103E-06 7.501F-07 6.703E-07 
i.07EE-C3 3.201E-05 5.227E-06 1.943E-06 
4.943C-C7 3.967E-07 3.1565-07 1.140E-07 

4.52 I€-0 3 

3.33 7E-0 3 

8. 8Y6E-04 

2.67 2 E -0 5 

5.578E-06 
6 . 8 9 0 E 4 7  
1.04 2E-0 6 
1.004E-37 

3.222E-03 2.736E-04 8.123E-06 1.326E-06 4.931E-07 
i . lY4E-C? 1.254E-07 1.007E-07 8.007E-08 2 . 8 9 2 E 4 8  

7.716F-03 1.339E-03 1.137E-04 3.375F-06 5.511'-07 
~ . ~ O O F - C E  4 . 9 6 0 ~ - 0 8  5.212i-oir 4. i 8 3 E - c n  3.32:~-09 

Y.ZUlF-C3 1.558E-03 3-39EE-04 2.  U85E-95 8.555E-97 
2.243E-Ct l  1.855E-08 1.259E-08 1 . 3 2 3 6 - 0 8  1.061E-06 
2.752E- C9 
Y .  163E-03 3.044E-03 7.199E-04 1.249E-04 l .06lE-05 
1 - 0 2 5 F - r J  8.235€-09 6 .  819E-09 4.628E-09 4.862E-09 
9.fl74F- 10 1.01LE-09 
i.68CE-02 5.334E-03 1-772E-03 4- 1 9 X - 0 4  7.2726-05 
1. L 1 3 F - C B  5.S6CIE-09 4 -794E-09  3.97Oi-09 2.694E-09 
b.  52 k- 1 0  5. 7 4 H F - I O  5. B 9 1 E - 1 0  



C R O S S  SECTIONS A S  R E A D  F M I  CONCRETE 

GP A E S  XSEC N U * F r S S  TCTAL 
I 0 . 0  
z 0.0 
3 0.0 
4 0.0 
5 0.J 
6 0 . d  
7 0.0 
B 0 . 0  

9 0.0 

t o  0.0 

11 0.0 

!2 0.0 

13 0 . 0  

1 4  0.5 

15 0.0 

1 6  0.0 

I ?  0.9 

18 0.0 

19 0 . 0  

20  0.0 

2 1  0.0 

22 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

0 .0  

0.0 

0.0 

0.0 

0 -  0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

1.267E-01 
1 274E-0 I 
1.195E-01 
1.199E-01 
1.347E-01 
1.579E-@ 1 
1.991E-01 
1a500E-01  

1.21 6E-01 

1.688E-0 1 

2.1YRF-01 

2.823F-01 

3.751E-01 

4.231E-01 

4.946E-01 

4 -  734E-01 

4.763E-01 

4. i t , a ~ - o i  

4.777E-0 1 

4.792E-01 

4.813E-01 

4 . 9 7 3 E - 0 1  

COEFFICIENT Z (%)  
FRfl f l  GROUP T R P N S F E R  P R O B A B I L I T  IES 
1.3 bHE-3 t 
1.258E-OL 6.785E-04 
1.OblE-0 1-7.944E-03 1.98OE-03 
9.YY9E-02-5.470E-03 2.330E-03 2.087E-03 
I. ~ ~ ~ E - o L - L ,  ~ ~ S E - O Z  3 . 9 ~  L E - O A  2 . 4 3 5 ~ - 0 3  L . ~ o ~ E - o ~  
1 .622E-31-1-  019E-02 4.163E-03 2.299E-03 1.404E-03 8.105E-04 
2.114E-01-9.40dF-03 4.029E-03 4.364E-03 2.383E-03 1.455E-03 B.398E-04 
1.2 LZE-01-3-Z86E-02 5.3Y3E-03 3.2(sbE-03 L s Y 9 0 E - 0 3  1.086E-03 6.63bE-04 3.829E-04 

7.630E-32 7.260E-03-6.734E-04 1.077E-03 6 .  504E-04 
7. h 3 L t - 0 5  
1.39Bt-01 1-667F-02-1.552E-02 7.Y31E-03 4.52CE-03 
5.549E-04 3.202F-04 
1. b 37 E - 3  1-2.2 I 2E-0 3 I .  Y 15 F-07 1.52c)E- 02  9.18 3E-03 
I . 0 4 5 E - 0 3  6 - 3 8 3 5 - 0 4  3.6U3E-04 

1.114E-03 6.OHOE-04 3.713E-04 2.14 ?E-04 
1.723E-0 1 5.445E-02 1.701f-02 7 . 4 1 4 1 - 0 3  5.341E-03 

~ . B O Z E - O ~ - L . ~ B ~ E - O ~  ~ . ~ L ~ E - c z  1. I ~ ~ F - O Z  a. 8 5 1 ~ 0 3  

8 . 9 3 9 ~ 1 4  5 .450~-04  ~ . 9 7 6 ~ - 0 4  i . t 1 i ~ - 0 4  I . o ~ ~ E - o ~  
3.21 I E - O I  6 . 4 4 3 ~ - 0 2  6.308f-03 i . ~ i w - a 3  ? . ~ ~ c F - o &  
i . + b q ~ - 0 4  A . B T ~ ~ - o ~  ~ . ~ L L E - O ' ~  2 . ~ 5 l ~ f - 0 5  I. eodIt-o5 
3.16ME-01 5.744E-02 3.726E-04 3.087F-CS 8.26ZE-06 
1-270E-06  7.1YlE-07 4.342E-07 2.64bE-07 1.445E-07 
3.17 & E - 0  1 1 2Y9E-0 I 4.5oRF-03 2 -69 t l E  - C 5  2.235E-06 
1 . 5 Z s f - 0 7  9. L V U L - O U  5 . L O 7 F - O t I  3.145L-Ct' 1 .917E-OM 

1.28YE-08 1.COBE-08 6.083E-09 3.443t-09 2.OUOE-09 
2.439E-LO 
2.5b3E-1) 1 1.352F-01 1.82tIE-02 1.32jC-03 4.249E-05 
2 .426E-09  1-812E-09  1.41MF-09 8.556E-10 4.844E-10 
5 . 9 4 8 E - 1 1  3.43lE-11 
7 - 8 1  L E - 0 1  1.691E-01 3-71bE-02 4.45GE-03 3.220E-04 

2.370E-11 1.448F-11 6.841E-12 
2 . 5 b 6 E - 0  1 1.351E-01 2 . 6 8 6 6 - 0 2  5.226E-03 6.255E-04 

5.1OOE-12 1.342F-12 0.0 0 .o 
Z e E I G t l t - 0  1 1.531F-01 3.401E-02 5.9JtlE-03 1.165E-03 

0.3 0.0 0.0 0.0 0.0 
4-826F-01 2.033E-01 5.02bE-32 9 . 7 7 4 E - 0 3  1 .  71 lE -03  
'3-32.2t-Oti 5.506f-10 4-562E-11  1.221E-11 5.32LE-LL 
6.13Gf-13 0.0 0.0 0.0 0.0 

L . B G ~ E - O ~  I .  L ~ ~ F - O I  9 . 4 0 4 ~ - 0 3  3 . 0 2 1 ~ - 0 4  i .784E-06 

i . 3 5 4 ~ - 3 9  ~ . Y o ~ F - ~ o  4 . 4 m - 1 0  3 . 4 5 0 ~ - 1 ~  Z.OB~E-IO 

7. I I 9 t - I o 1.305 E- 1 o a. 306 E- I 1 6.20 aE- - 1 1 4.8 5 3 ~ -  1 1 

i . ~ i 6 ~ - 3 9  1 . 5 8 7 ~ -  io  4 . 2 4 ~ ~ -  i 1 i . 8 5 ~ ~ -  i t  i . 3 a 3 ~ - 1 1  

3.966E-04 2.16%-04 1.32ZE-04 

2.729E-03 1.664E-03 9.085E-04 

5. 149F-03 3.139E-03 1.914E-03 

5.342E -03 3.02 5E - 0 3  1.82 6E -0 3 

4.332E-04 2 .6156-03  1.480E-03 

5.50CE-04 4.3OOF-04 2.596E-04 
1.041E-05 
3.602E-06 2.69LE-Cb 2.104E-06 
8. P 2 E - 0 8  5.095F-08 
5.983F-07 2.6OUF-0 I 1.949t-07 
1.04 I € - 0 8  6 . 3 Y  3E-0'4 3.b8YE-09 

1.26%-39 6.922E-10 4.228E-10 
1.4 7 PE - 07 3.94 6~ -0 a 1.72 5~ -0 s 

2.510E-07 
2.925E-10 

1.034E-05 
1.179E-10 

4.5 29E -0 5 
2 .92Y f -11  

1. 3 96E - 04 
1.0 82E-11 

3.345€-04 
3.9 78E- 12 
0.0 

2. 079E-08 5.565E-59 
l .784E-10 9.736E-11 

6. 108E-08 5.061E-09 
7.119E-11 4.341E-11 

i . 4 5 5 ~ - 0 6  a. 59 ~ ~ - 0 9  
1*65I?E-11 9 ~ 7 8 4 E - 1 2  

l .OlOE-05 3.244f-07 
5.390E-12 2.07 BE-1 2 

4.011E-05 2.902E-05 
3. LlOE-12 1.877E-12 



CROSS sEcriaMs A S  R E A D  FOR C O N C R E T E  C O E F F I C I E V Y  3 ( 2  ) 
2 

W ABS X Y C  H U + F I S S  TSTAL FROM GROUP Y R A N S F E f i  P R 3 8 A B I L l T I E S  
a 0.0 d. 0 1.267E-01 t.692E-0 1 
7 0.0 
3 3.0 
4 0.0 
5 0.0 
6 0.0 
7 0.0 
8 0.0 

0.0 

IC. 5 . 3  

I t  0.0 

I2 0.0 

13 0.0 

14  0.0 

I 5  0.0 

t b  0.0 

I7  0.0 

19 0.0 

19 0.0 

20 0.0 

2 1  0.0 

22 0.9 

0.0 
0. Q 
0.0 
0.0 
0.0 
0.0 
3.0 

0.0 

0.0 

0 . 0  

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

3 . 0  

0.0 

0.0 

0.0 

L.274E-01 
1.195E-01 
1.199E-0 1 
1.347E-0 I 
1.57VE-C'I 
1 .  ' l 9 lE -01  
i. 5OOE-01 

1.21 bF-01 

1.68 8F-01 

2.198E-01 

2.823E-01 

3.75l.E-01 

4 . 2 3  1E-31 

4.94 bE -0 1 

4.734E-@ I 

4 . 7 6 3 E - 0 1  

4. W9E-0 1 

4.77E-01 

4.392E-01 

4. BP 3E-0 1 

4.973E-03. 

1 . 5 3 1 E - 0 1  3.147F-03 
1.304t-3t  4.882E-03 2 . 7 0 4 E - 0 3  
1.192E-01 4 . 1 8 1 E - 0 3  5.360E-03 1.363f-C3 
1 . 4 7 7 E - 0 1  1.303E-02 3.715F-03 1.506E-03 4 .025E-04  
1.738E-36 1 . 1 7 4 t - 0 2  4 . 2 1 Y t - 0 3  i . 3 6 0 t - 0 3  4 . 0 4 2 E - 0 4 - 3 . 3 3 0 E - 0 5  
2.834E-31 1.631E-02 1.073E-02 2.700E-C3 . 5 .611€-04-9 .437E-05-3 .314E-O4  
1.093E-3 1 3.33ME-02 4.87815-03 1 - 8 3 % - 0 3  4. 85 1E-04- 1 . 4 6 B E - 0 4 - 2 . 8 9 8 E - 0 4 - 2 . 9 5 ~ E - 0 ~  

8.577E-02-2.489E-03 5 . 2 0 8 E - 3 3  7 . 6 O 5 f  - 04 2.437E-04 2.2 73E-05-6.96SE-05-H.Z?ZE-O 5 

1.265E-3 1 1 -046E-02  1.81SE-02 7 - 2 P 3 E - 0 3  2.24?E-03 4.592E-04-2.469E-04-4.813E-04 

I. 6 5 I) E -0 L 3.42 OE- 0 3- 8.3 17E - 0 5- L . 0 7 8E - 0 3- I. 2 7 3E -0 3 

1.633E-1 I. 5 . 8 2 2 E - 0 2  3.927E-03 5.434E-,C4- 1 .042E-03-2 .449E-03-2 .590E-03-2 .199E-03  

1. I 5 5 E - 3  i 2-094E-02-U. 139€-03-8-285E-C3- 3.473E-0k6.656E-03-5.054E-03-3.592E-03 

2.5M9E-0 $-3 .405E-03-1 .475E-02-6 .334F-03-  3 . 5 t 4 € - 0 3 - 2 . 8 9 7 E - 0 3 - 2 . 4 % 9 E - 0 3 - ~ . 6 b 5 ~ ~  3 

3 . 0 Z O E - D  i - l .153E-02-2.967E-53-4.9~OE-~4-  I. 855E-04-9.916E-05-S. G 0 7 E - 0 5 - 5 . 6 3 2 E - 3 5  

3 .34  I F - 3  1 5.968F-03- 1.5 16E-02- 5 . 3 0  I F - 0 4 -  E. 694E-05-3.235E-05-1.735E-05- 1.394E-0 5 

2 . d 5 4 E - 3  1 2 ~ 3 2 3 E ~ 0 2 ~ 2 ~ 5 5 0 E ~ 0 2 ~ 2 ~ S 1 6 E - 0 3 ~ 7 ~ 9 9 4 E - 0 5 - 1 ~ ~ 0 6 E ~ O 5 ~ 4 ~ 8 5 M E - 0 6 - 2 ~ 6 0 6 E - 0 6  
-2.OYdF-3 6 - 1 - 7 3  3E-06- 1.175E-06- 7.607F- C7- 5 . 1 4 3 E - 0 7 -  3 .49YE-07-  2. L 7 7 f - C  7- 1.475E-0  7 
- Y -  536E-3 8 

136E-02-3.041 E-02- 7 -  573E- C3-6.77 dE-04- 2 . 0 3 0 E - 0 5 -  3 . 3  I6E-36-b. 23 3E-06 
-6.6 12F-0 7-5- 3 lo€-0 7 - 4 . 3 9  7E-07-2.984F-C 7- 1.93BE-07- 1.3 OS€- 07-8. Y ?  7E-38-5-52 4E-C8 
-3.743E-38-2.4ZOE-08 

7 . 6 J P E - 0 2 - 4 . 4 3 3 E - 0 2 - a .  6 9 9 6  C2-3 .278E-O+2.833E-04-8 .43  7E-06-L. 378E-05 
-5.11 2 $E-0 1-2.748€-07-2.20?E-O?- 8.8i 7E-C7- L.240E-07- 8 . O Z l E - 0 8 - 5 - 4 2  3E-38-3.58YE-05 
-2.295F-0 8-1.5556-08- 1.005F-08 
2-66Lt-3 1 6 .  l 10E-02 -3 .727E-02-1 .7U2E-CZ-4 .717E-03-B .44~€-04 -? .2@6E-Q5-2~  I41E-06 - 3 . 4 9  7 E-3 9 -  L. 300E-01-6 .97SE-08-  5.b00E- CB- 4.637E-08- 3.147E-09-2.036E-08-1.37bE-08 

-9.361€-D9-5.U25E-09-3.94~E-09-2.552F-CS 
Z.Sb5F-3  1 8.555F-02-3.716f-02- 1.952E-CZ-7 .222E-03-1 .716E-03-3 .  l 1 6 C - 0 4 - 2 . 6 5 1 E - 0 ~  - 1.872E-3 7-1.2a6E-07-4.779E-0~-2.56~€-C8-2.059E-O8-1.705E-09-L.  1 5 7 E - 0 8 - 1 . 4 3 3 E - 0 9  - 5.059 E-0 9-3 I 44 IE-09- 2 . 1 4  i E-09- d - 4 5  1f - C9-9-38 i E -  10 

6 . 6  34E-0 3- 7 . 8 7 6 6 4 2 -  3.65  ZE- C2- L.Z&OE- 0 2- 4 . 3  70E -0 3- i .  $34 45 -0 3- 1. Si ?E-04 

-7 .373E-3  5 

- 4 . 6 5 i E - 0 4 - 3 .  T99E-04 
3.92 9 E-0 2 1 7 38 E -0 2 - 1 - 109 E - 0  3- 8 .  e 5 6 5  0 4 - 6 . 4 9 0 E - 0 4  

- 1.733 E-3 3- 1 

-2.5b9E-03-16 82ZE-03- 1.877E-03-8.16iE-04-5.381E-04 

- L.Os'OF-3 3 - 7 - 4 3  IE-34-5.086E-04-3.  I 8 X - 0 4 - 2 .  L55E-04- 1-4C'~E-04 

- 4 . S C 3 E - 0 5 - 2 . 9  14E-05-1-97 1E-05- 1 - 3 4  lE-C5- 8 .344E-06-  5.655E-06-3.656E-06 

1- 09 I € -  0 2 

2 17F-03-tr.834E-04-6.046E-C4 

- 1. I S C E - O ~ - T .  8 3 4 ~ - 0 6 - 5 . 0 6 ~ ~ - ~ 6 -  3.426~- 06- z. 3 3  1 ~ - 0 6 - 1 . 4 5 0 ~ - ~ 1 6 - 9 .  e l  M-o r - 6 . 3 5 4 ~ 4  7 

2-  559E-0 L 6 

Z.856E-01 

3.2 B 8 C-3  L - 1.543E-3 5-4.5?33E-C7-7.483E-Of?- 2.3YZE-CB- 1.49ZE-08-  L. 19tiE-08-9. Y 2 4 E - C 9 - 6 . 7 3 5 € - 0 9  
-4.3 j a F - 0 9 - Z .  9 i b E - 3 9 -  2.003~-09- I .  24 7E-C4- a. qr, ~ E - I G -  ~ . r r ~ l E - l o  
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CROSS SECTIONS A S  RFbO FCR CONCRETE CCEFFICIENT 4 (p,) 
GP A 0 S  XSEC NU*FISS 

1 0.0 
7 0.0 
3 0 .0  
4 0.0 
5 0.0 
h 0.0 
7 0 . 0  
a 0.0 

9 0.0 

10 0.0  

t l  0.0 

12 0.0 

13 6.0 

1 4  0.0 

15 0.0 

16  0.0 

I 7  0.0 

18 0.0 

19 0.0 

20 0.0 

21 0.0 

22 0.0 

0 .0  
0.0 
0.0 
0.0 
0.0  
0 . 0  
0 . 0  
0 . 0  

0.0 

0.0 

0.0 

0.0 

0.0 

0 .0  

0.0 

0.0 

c.0 

0.0 

0.0 

0.0 

0.0 

0.0 

TOTAL 
1.26 I € - 0  1 
1.774F-0 1 
1.195F-01 
L.149E-OL 
1.347€-01 
1 . 5 7 9 F - 0 1  
1.99 IE-01 
1.500E-01 

la216E-01 

1.688E-01 

2.19tlF-01 

2.823E-01 

3.751F-01 

4.23 1E- 01 

4.946F-0 i 

4.734E-01 

4-76 3F -0 1 

4.768E-01 

4.77 7E - 0 1 

4.792E -0 I 

4 .813F-01  

4.973E-01 



C Q O S S  S E C T I O N S  FOR CONCRETE 
WDUP SIGT SIGST P N U P  P k A a s  G A M G E ~  N U + F I S  D O W N S C A T T E R  P R U R A P I L I T Y  

11.267E-01 1.137E-01 0.0 

2 1.274E-01 1 . 0 7 4 - 0 1  0.0 

3 1-195F-01  1.035E-01 0.0 

5 1.34E-Ok I .2$7E-01 0.9 

6 1.579F-01 1.531F-01 0.0 

I L.991F-01 

R 1.50Oi-01 

9 1.71bE-01 

10 1 . 6 8 8 F - 0 1  

1 1  t .19Rc-01 

12 2 . 8 z K - a i  

13 3 . 7 5 1 F - 0 1  

14 4 . 7 3 l F - 0  i 

1 5  4.946F-01 

16 4-734E-01 
: 7  4 .76%-01  
18 4.76%-01 
19  4.777F-01 
2 0  4.792E-01 
2 1  4 . 8 1 3 E - O I  
22 4.973E-01 

1.9 7 5E- 01  

1.495E-01 

1.2 13E- 0 1 

1.68hE-01 

2.197E-01 

2.822F-01 

3 . 7 5 E -  0 1 

4.729E-01 

4.936E-Of 

4. 731€-C1  
4. 757F- 01 
4.759E-01 
4 . 7 6 1 E - O L  
I .  765E-01 
4. 767E-OS 
4. 744E- 01 

a. o 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
0.0 
0.0 
0. 0 
0.0 
0.0 
0.9 

0.8894 0.0 

0.8467 0.0 

0 .8661  0.0 

0.9062 0.3 

0.9628 0.0 

0.Y693 0.0 

0.YYlM 0.0 

C.9964 0.0 

0.9973 0.3 

0.9988 0.0 

0.9955 0.0 

0.9997 0.0 

0.99'18 0.0 

0.9994 0.0 

0.9979 0.0 

0.9995 0.3 

0.99Y1 0.3 
0.Y967 0.3 
0.Y942 0.0 
0 .9905 0.0 
0.9541 0.3 

0.9989 0.3 

0.0 

3 .O 

0.0 

0 .o 

0.0 

0.0 

0.0 

0 . Q  

0.0 

0.0 

0.0 

0.0 

0.0 

0.3 

0.0 

0 .0  
0.0 
3.0 
3.0 
0.0 
0.0  
3.0 

0.5205 0 .0694  0.0209 
0 .0099  0.0435 0.0518 
0.0000 0.0003 0.000c 

0 .0267  0.0416 0.0313 
0.0000 0.0000 0.0ooc 

0.0695 0 .0373  0.0117 
0.0000 O.OCO0 0 . 0 ~ C O  

0.0.149 0.0327 0.005C 
0.0000 0.0000 0.0ooc 

9.0247 0 - 0 0 4 8  0.0001 
0.o')oo 0.@000 

0.0047 0 .0001  O.@0OC 
0.0000 

0.0001 0.0003 0 .0000 

0.0000 0.0000 0.r1000 

o.oc00 0.0oco c.00oc 

0 .5064  0.1658 0.0320 

0.4518 0.210Y 0.0347 

0 . 4 3 2 3  0.2700 0.0579 

0.5257 0.2026 0.3957 

0.5110 0.2668 0.0534 

0 .6055  0.2201 0 .0115 

0 .4717  0.1254 0.1934 

0.255Y 0.4553 0.1Pb3 

0.5346 0.3242 0.061 7 

0.70C4 0 .2731  0.0628 

0 .765 , :  0.2058 0 .C283 

0 . 8 3 d b  0 .1574  0.9033 

0 . 8 6 6 ;  0.1133 0.0170 

0.7653 0.1984 0.11257 

0.7548 0 . 1 8 3 1  0.0392 
0.6992 0.2047 0.0686 
0.6612 0.2559 0.0524 
0.6997 0.2044 U.0606 
0.6622 0.2317 0.1062 
3 .6627  0.3373 
1.0000 

o.oono o.oooo o.oooc 

0.0030 0.0000 0.00oc 

0 .0003  0.@000 o.co00 

0.0000 0 .0000  

0 .0C20 

0 . 0 5 7 8  0.0523 0.0247 
0.0365 0.0242 0.0025 
0.0000 0. c o o o  0.0000 

0.0173 0.0019 0.0300 
c .  0000 0.0000 

c. 0020  0. ooco  0.0000 
0.0000 

0 . o o o i  0.0000 0 . 0 0 0 0  

0.0274 0 .0474  0.0692 

0.0265 0 .0422  0 .0416  

0.0420 0.0262 0.0067 

0.0483 5.5359 
0.0000 0.0000 

0.0260 0.0070 
0.0000 0.0000 

0.0098 0 .0559  
0.0000 0.0000 

0.0297 0.0524 
0. cooo  0.0003 

0.0?15 3 .OC57  0.0297 0.0463 0.1)349 
0.0000 o.co00 0.0000 3.occ3 c .ooc0 

0.0142 0.0471 0.0445 0 .0365  0.0218 
0.0000 0. coco 0.0000 0. o o c o  0.0000 

0.0362 0.0644 0.0325 

0.0707 0.0943 0.0367 

0 .0761  0.0847 0.0114 

0.0672 0.0120 0.9002 

0.0134 O . O C O 3  0.0001 

0.0007 0.0001 0.0000 

0.0000 0.0000 0.0000 

0.0000 0. 0 3 0 0  0.0000 

0.0000 @.OOOO 0. 0000 

0 .0000  0.0000 

e. c o o 0  

0.0244 0 .0045  

0.0076 0.3002 

0.0003 0.0000 

0 .0000  0.0000 

0 .0000  0.0000 

0.0000 0 .0000  

0.0000 0.0003 

0.0000 

0.0006 3.0001 0.0000 0 . 0 0 0 0  0.0200 

0.0025 0.0006 O.OOi13  0 .003 :  C.0ciOO 

0.0065 0.3027 0.0007 0.3ilC3 0 . O O O P  

0.0163 0.0041 0.0015 0 .0009  
0.0174 O.OC64 0,0037 
0.0193 0.0 112 
0 .0353  
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