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ABSTRACT 

Methods of biasing three-dimensional deep penetration Monte 

Carlo calculations using importance functions obtained from a two­

dimensional discrete ordinates adjoint calculation have been 

developed. The important distinction was made between the applications 

of the point value and the event value to alter the random walk in 

Monte Carlo analysis of radiation transport. The biasing techniques 

developed in this study are the angular probability biasing which 

alters the collision kernel using the point value as the importance 

function and the path length biasing which alters the transport 

kernel using the event value as the importance function. Source 

location biasings using the step importance function and the scalar 

adjoint flux obtained from the two-dimensional discrete ordinates 

adjoint calculation were also investigated. 

The effects of the biasing techniques to Monte Carlo 

calculations have been investigated for neutron transport through 

a thick concrete shield with a penetrating duct. Source· location 

biasing, angular probability 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 discrete ordinates calculations. Based upon the 

fractional standard deviations of the answers, the biasing techniques 

are a factor of 2 to 8 better than the standard method. Hence, the 

v 



effectiveness and the applicability of the biasing techniques in 

deep penetration, three-dimensional Monte Carlo calculations are 

clearly demonstrated. 

Results of Monte Carlo calculations using respectively the 

event value and the point value to alter the transport kernel· 

showed 'thai the event value calculation gave much better statistics 

(the. FSD ·reduced· by a factor of 2) than the point val Lie cal cul at ion. 

Therefore, it was confirmed that· the event value is the more 

appropriate function for biasing the transport kernel. 
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CHAPTER I 

INTRODUCTION 

The Monte Carlo method is a very useful tool to solve a large 

class of radiation transport problems. In analyzing radiation 

transport by Monte Carlo, enough histories must be generated and 

processed in order to sufficiently determine the average behavior 

of the particles. For the deep penetration problem where the 

natural probability of contribution to the answer of interest is small, 

importance sampling must be used. Importance sampling is a variance 

reduction procedure which alters the sampling scheme to one which 

samples more often from the phase space coordinates which make important 

contributions to the answer. In Monte Carlo, importance sampling is 

a form of "biasing." 

It has long been recognized(l, 2,3) that the adjoint solution is 

a good if not optimum choice of importance function for Monte Carlo 

biasing. In principle, the application of importance functions 

derived from adjoint calculations is straightforward. However, in 

pract1ce, it has been limited tn special cases where either a 

reasonable approximation to the importance function may be represented 

analytically or the adjoint flux can be numerically calculated from 

a simplified problem. 

Kalos(4) used an approximate analytic form of importance 

function to bias neutron penetration through hydrogen slabs. Armstrong 

and Stevens(S) applied the v0 importance function, whfch is the first 

l 
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term of a series representation of the adjoint function and is similar 

to the form used by Kalos, to calculate gamma r.ay penetration in slabs 

of lead and of water. 

It should be noted.that the. works of Kalos, and Armstrong and 

Stevens concerned only special cases where the importance function 

could be approximated by a relatively simple analytic expression. 

Another approach to obtaining an importance function is to solve the 

inhomogeneous adjoint transport equation and to use this adjoint 

flux as the importance function. Since it is just as difficult to 

calculate the numerical adjoint. flux as it is to calculate the forward 

flux, a practical approach is to solve the adjoint problem in a 

simplified geometry. This approximate adjoint flux is then employed 

as the importance function in the Monte Carlo calculation of the 

rea 1 prob 1 em. 

Bendall and McCracken(G) calculated the numerical adjoint flux 

with the removal diffusion method, then used this adjoint flux in 

the Monte Carlo calculation with some success. Cain(?) used the one-

dimensional discrete ordinates adjoint flux to bias the source energy 

distribution and to generate parameters for an exponential transform 

which is dependent on energy and position. Schmidt et al. (B) 

extended this approach to include directional dependence in the 

exponential transform parameters, and at the same time utilized the 

adjoint function as a guide to set the weight standards of Russian 

roulette and splitting. 

Burgart and Stevens(g) further extended the application of 

the one-dimensional discrete ordinates adjoint flux to bias the 

,..I 
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collision kernel. A symmetrical discrete angular grid was employed to 

incorporate angular biasing and angular-dependent path length stretching. 

This method was quite successful for deep penetration in simple 

geometries. However, the application of this approach to deep 

penetration in complex geometries such as a thick concrete shield with 

a penetrating duct is very limited. Two reasons account for this 

limitation: 

l. The one-dimensional discrete ordinates adjoint flux 

does not lead to a good approximation of the importance 

function for the three-dimensional complex geometry 

problem. 

2. The symmetrical discrete angular grid, which restricts 

particles to travel only in discrete directions, fails to 

properly describe the streaming radiati6n through the 

duct. 

The objective of the present study is to use the two-dimensional 

discrete ordinates adjoint flux to bias the Monte Carlo analysis of 

the three-dimensional deep penetration problem. Two biasing 

technique5, "angular prohahility hinsing 11 and "path length 

biasing, 11 have been developed. The effectiveness of "source biasing" 

using the scalar adjoint flux was also investigated. 

In the angular probability biasing technique, the probabilities 

associated with the scattering directions are biased by the point 

value. The point value is used because it is the value to the 

effect of interest of a particle coming out of a collision. In the 

path length biasing technique, the selection of the next collision 
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site is biased by the event value. The event value, being the value 

of a particle going into a collision, is the appropriate function to 

bias the path length of a particle going into the next collision 

site. These two value functions can be obtained directly from a 

two-dimensional discrete ordinates adjoint calculation. 

The three biasing schemes are investigated for neutron transport 

in a thick concrete shield with an axial duct. Results of biased 

Monte Carlo calculations are compared with standard Monte Carlo and 

discrete ordinates calculations. Improvements achieved by the biasing 

schemes are very good, and their general usefulness is clearly 

demonstrated. 

The multigroup Monte Carlo code, MORSE(lO) is used for the 

Monte Carlo calculations, and the two-dimensional discrete 

ordinates code, DOT(ll) is used to calculate the adjoint fluxes. 
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CHAPTER II 

THE ADJOINT BOLTZMANN TRANSPORT EQUATIONS 

In this chapter, the time-independent multigroup adjoint integral 

transport equations are formulated in terms of the point value and the 

event value importance functions.* Then the adjoint Boltzmann integro­

differential transport equation is derived from the principle of 

conservation of value. Fin~lly, the relationship between the point 

value and the event value and their applications to the biased Monte 

Carlo calculation are discussed. 

2.1 The Event Value and the Point· Value Equations 

There are several integral forms to the adjoint Boltzmann 

transport equation, namely the point value equation, the event ~alue 

equation, the emergent adjunction density equation, and the adjunction 

event density equation. (lO) These adjoint integral transport 

equations describe the importance of radiation particles with 

respect to a specific effect of interest. Hence, they are 

equivalent to one another even though each involves a different 

variable. The focus of this study is on the event value and the 

point value because they are the importance functions which will be 

used to bias the Monte Carlo random walk. In this section, the 

integral transport equations for the event value and the point value 

will be formulated. 

*For brevity, these quantities will be referred to simply as 
the point value and the event value respectively. 
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The behavior of radiation particles in a medium may be described 

in terms of the event density or the emergent particle density. The 

event density is the density of particles going into collisions, and 

the emergent particle density is the density of particles leaving a 

source or emerging from collisions. The concept of the importance of 

particles can be described in terms of the value of going into a 

collision or in terms of the value of emerging from a collision or 

a source. The event value Wg(r,n)t is defined to be the value to 

the effect of interest of a particle which enters a collision at 

point r with energy group g and direction fi. The point value 

x~(r,n) is defined to be the value of a particle which emerges from 

a collision or from a source at point r with energy group g and 

direction fi. According to Irving,(l 2) the event value W (r,fi) is 
g . 

composed of two parts, the immediate payoff and the future payoff. 

The immediate payoff is simply the group g response function 

The future payoff is the expected value* of the probability 

that the particle survives the collision and emerges with energy 

group g' and direction in dfi' about n~ times the value of this 

emergent particle x* .. (r,fi'). This interpretation leads to the . g 

following time-independent multigroup integral equation 

= pl/Jg(r,n) + I J4 g' 1T 

irg .. (r,n+n .. ) 

Ef{r) 

trhe symbolism and terminology of this chapter follow those of 
Straker et al.(10) . 

*Expected value implies integration over all appropriate phase 
space coordinates. 

'· 
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where 

P~(r,fi) = the group g response function for fi-directed 

-particles which experience events at r, 

g ( [ -1 Et r) = the group g total macroscopic cross section cm ], 

E~g'(r,fi~fi') =the group g to group g' differential 

scattering cross section [cm-l steradian- 1 ]~ 

The summation over g' denotes all energy groups. However, if there 

is no upscatter, the g' summation would be from g to G, where G 

is the group number with lowest energy. 

As defined above, the point value i;(r,fi) is the value of a 

particle which emerges from a collision or from a source at r with 

energy group g and direction~. This particle will experience an 

event in dR about r+Rfi with the probability 

-JR Ef(r+R'fi) 
e o 

dR' 
dR 

and the value of this event is given by Wg(r+Rfi, fi). Since the 

value of leaving a collision is equal to the expected value of 

going into future collisions, the following time-independent multi-

group integral equation is obtained. 

Equations (2-1) and (2-2) express explicitly the event value and the 

point value respectively in terms of the other. The integral transport 

equation for the event value is obtained by substituting Equation (2-2} 

into Equation (2-1 ). 
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Substitution of Equation (2-1) into Equation (2-2) yields the integral 

transport equation for the point value 

z:rg" ( r+RQ ,Q+Q") 

~-- f4rr z:i(r+RQ) 

z:g+g" ( r+R6. ,n+n") 
s 

z:i(r+R~) 

x* .. (r+R~,Q") dQ"] dR .g . 

pX(r,Q) is the response function of a particle which emerges from a 
g 

collision at r with energy group g and direction Q. Then according 

(2-4) 

to Equation (2-5), the response function of a particle leaving a 

collision at r is the expected value of the probability of traveling 
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to r' = r + Rn and having an event within dR about r' times the 

response function for an event at r' = r + R~. Figure 1 illustrates 

the relationship between spatial points rand r'. 

2.2 Derivation of the Adjoint Boltzmann Equation fro~ the Value 

Functions 

The multigroup adjoint Boltzmann transport equation is well 

documented in the literature,(lO,l 2•13 ) and can be written as 

where 

s9(r,n) = the group g adjoint source, 

<1>9(r,n) = the group g adjoint angular flux the nature of which 

is determined by the choice of the adjoint source 

s9(r,ri). 

Equation (2-6} can be derived from the forward Boltzmann trans-
/ 

port eri 1.1a ti on by defining an adjoint function and an operator which 

is adjoint to the operator associated with the forward Boltzmann 

transport equation. Then from the property of adjoint operators and 

the proper application of the boundary conditions, the adjoint 

Boltzmann transport equation can be obtained. This is strictly 

a mathematical procedure, and the phys1cal meaning of the adjoint 
-

function is yet to be determined. The details of this derivation 

·are presented in References 10 and 13. 



x 
Figure 1. 

10 
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Coordinate System which Relates a Fixed Point r to an 
Arbitrary Point r~ = r + Rn. 

t 
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Using the physical interpretation of the adjoint function as a 
. (13) 

neutron importance to an effect of interest, Bell and Glasstone 

derived directly the adjoint Boltzmann transport equation from 

first principles. 

The adjoint Boltzmann transport equation can also be derived 

by requiring that the value of a particle be conserved along its 

path. The derivation is based on the distinction between· the· 

value of a particle entering a collision and the value of that 

particle leaving a collision. Consider a partic_le which emerges 

from a point r in direction Q and energy group g. For the 

particle's value to be conserved, the following relationship must 

be true for an incremental distance 6R along the Q direction: 

[value of em~rging] = [probability of] [value of going into] 
from point r collision in 6R collision in 6R 

+ [probability of no] [value of em~rgi~g] 
collision in 6R from point r+6R~ ' 

which can be expressed as 

[x*(r + 6RQ,Q)]. g 

-r 

0 

_____ ____,_,Q 

(2-7) 
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Equation {2-7) can be rearranged as 

Taking the limit of 6R+O, gives 

{2-8) 

and with rearrangement Equation {2-8) becomes 

-
-- dx9U·,Q) 

x*g(r,Q) - -Ef {r) dR 
(2-9) 

dx*(r,Q) ( 
Noting that gdR = Q•vxg(r,Q) lO) and substituting wg(r,n) from 

Equation (2-1) into Equation (2-3) yields 

{2-1 0) 

P~(r,n) is the group g response function of the effect of interest 

due to a unit angular flux. A comparison of Equation (2-10) with 

the multigroup adjoint transport equation as given by Equation {2-6) 

reveals that if P~g(r,n) = S*(r,n), the two equations are identical 
g . 
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and x*(r,n) = cp*(r,n). Therefore, the adjoint angular flux (the g g 

solution of the integro-differential form of the adjoint Boltzmann 

equation) is the value of a particle leaving a collision if the 

adjoint source is taken to be the response function Pcj>(r,n). 
g 

2.3 Application of the Point Value and the Event Value in Monte 

Carlo Biasings 

The random walk procedure in Monte Carlo calculations is 

composed of the transport process and the collision process. The 

biasing of these processes requires importance functions which may 

be obtained from appropriate deterministic adjoint calculations. 

Since the transport process involves the selection of the next 

collision site, the event value would seem to be the appropriate 

importance function to bi~s the transport kernel. In the collision 

process, a particle emerges from a collision site with its new 

energy and direction determined by the collision kernel. The point 

value would seem to be the suitable importance function to bias 

the collision kernel. Therefore, a distinction must be made 

between the point value x* and the event value W, insofar as their 

applications to Monte Carlo b1as1ng techniques are concerned. 

Finally, proper correction of the particles' statistical weights 

must be exercised in order to remove the bias and preserve the 

"fair game. 11 



CHAPTER III 

DEVELOPMENT OF MONTE CARLO IMPORTANCE SAMPLING TECHNIQUES 

This chapter first presents a description of the collision 

mechanics used in the Monte Carlo code MORSE.(lO) The "angular 

probability biasing" technique is then introduced, arid the 

application of the point value to bias the selection of the emergent 

direction from a collision process is described. Finally, "the path 

length biasing" technique using the event value as the importance 

function is developed and a method of normalizing the altered 

transport kernel is formulated. 

3.1 Collision Mechanics 

The MORSE code utilizes the same multigroup cross sections used 

by the d.iscrete ordinates codes DOT,(11) ANISN,(l 9 ) or DTF-IV.( 20) 

th These cross section sets employ an n -order Legendre polynomial 

expansion to describe the scattering distribution for each group-to ... 

group transfer. 

At a collision site,·the emergent energy group and direction 

are normally selected accordi.ng to the natural collision kernel 

rrg .. ( r ,Q.+n .. ) 

E~(r) 
( 3-1) 

where rs-+9 .. (r,n+n .. ) is the group g to group g .. differential scattering 
s 

cross section and the group scattering cross section r~(r) is equal to 

14 

< \l 
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l J Lg+g'(r,Q+n') dn'. The collision kernel is a properly 
g.. 41T s 
normalized joint probability density function (p.d.f.) and may be 

expressed as a product of a marginal p.d.f.· and a conditional p.d.f. 

Lrg .. (r,n"""n') 

Lg+g' ( r) 
s 

The energy group g' of the emergent particles is selected from the 

marginal p.d.f. 

for g' = g, g + 1, ••• G. 

( 3-2) 

( 3-3) 

The emergent direction~ .. is then selected from the conditional p.d.f. 

L~-+g"(r,Q-+Q') 

Lg+g' ('r) 
s 

(3-4) 

given that a particular g-+g' transfer has been selected according to 

Equation (3-3). Considering the scattering process as azimuthal 

symmetric, the differential scattering cross section may be written 

as a function of the cosine of the polar angle~ and expanrlRd as a 

series of Legendre polynom1als 

.. 1 n g-+g' 
Lgs-+g (r,n-+n') ; ~ \ f (r) p (µ) 

41T i~O i i ' 
( 3-5) 
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where 
th = the !l Legendre coefficient for the group g to group 

g .. transfer, 

n = the maximum order of the expansion, 

µ = Q•Q .. , the cosine of·the scattering angle. 

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

1 n .. l: f*g-+g (r) 
- 21T !l=O il 

fg+g .. (r) 
where f*g+g .. (r) = _il __ _ 

!l 2 E g+g .. ( r) • 
s 

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

expressed as a product of two distributions, namely the polar angle 

distribution and the azimuthal angle distribution. The polar angle 

distribution is 

n .. 
w(µ) = I f*g+g (r) P (µ), 

!l=O .Q. il 

( 3-6) 

(3-7) 

where the group-to-group transfer superscript and the position vector 

-rare dropped to simplify the notation. Because of the azimuthally 

symmetric scattering, the azimuthal angle distribution is simply 

1 
h(cp) - 2,; • ( 3-8) 

\~ 

J,, 
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The realization of the polar angle, cos-lµj from Equation (3-7) 

is not accomplished directly. Instead, the distribution w(µ) is 

discretized by the use of a generalized Gaussian quadrature scheme. (lO) 

This approach effectively replaces the continuous distribution 

w(µ) by a dis,crete distribution w*(µ) with the constraint that the 

first n moments of w*(µ) are identical to the first n moments of w(µ) 

respectively. Thus, the angular distribution of Equation (3-6) becomes 

Lrg .. ( r ,Q-TQ .. ) 
= h ( <P) w(µ) 

Lg-Tg .. ( r) 
s 

= h ( <P) w*( µ) 

N 
= -2 l p . 0 ( µ -µ . ) ' 

TI i=l l l 
(3-9) 

where p. is the probability that polar angle cos-1µ. will be selected 
l l 

and N is equal (n+l)/2. The original normalization of Equation (3-6) 

gives 

Lrg .. ( r ,~-TQ .. ) 
f 4TI L 9-79 .. ( r) 

s 

d~ .. = 1' 

which provides the followiny 11or111aliziltion requiremRnt on the p. 's, , 

and 

2TI 1 1 N 
f J - \' p. a(µ-µ.) dµd<P = l, 

0 -1 2TI . l 1 1 
1=1 

N 
l p. = 1. 

i = 1 1 
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The selection of the outgoing direction is normally 

accomplished within MORSE in two separate steps: 

· 1. First, a scattering polar angle is selected from the 

discrete distribution w*(µ). 

2. Then an azimuthal angle is selected from the uniform 

distribution h(~). 

·The sequence of the two steps can be reversed, i.e., first azimuthal 

angle then polar angle, because the two distributions, w*(µ) and 

h(~), are independent. Figure 2 illustrates.the two possible 

scattering directions Q'l and 5'2 and their corresponding cones 

with respect to the incoming flight direction n for a P3 scattering 

distribution. 

The nature of the Gaussian quadrature scheme of discretizing 

the scattering distribution produces discrete directions.which tend 

to be located near the peaks of the scattering distribution. Examples 

of the P3 scattering distributions and their corresponding discrete 

distributions for the concrete cross section are shown in Figures 3 

and 4. Note that although the truncated Legendre expansion for the 

scattering distribution may have negative values, the discrete 

distribution will always yield positive probabilities. This is true 

because the condition of positive probabilities is one of the 

constraints for the generalized Gaussian quadrature scheme. 

., . 
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Figure 2. Par£icle Incoming Direction and Two Possible Scattering 
Directions at a Point P{X,Y,Z). 
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Figure 3. The P3 Scattering Distribution and the Discrete Distribution 
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J. 



J 

0.148 

21 

W(µ) 
1.0 

ORNL-DWG 75-15728 

0.852 

·~~~--"T-----l_T4___.L-Lt".__--J;~o==!l:;;__.,~~-LT-~--+__._.....,oµ 

~=-.275 

.1 

Figure 4. The P3 Scattering Distribution and the Discrete Distribution 
for Group 4 to Group 4 Transfer. 
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3.2 The Angular Probability Biasing Technique 

The "angular probability biasing" technique is formulated by 

biasing the conditional p.d.f. of Equation (3-9) using the point 

value x~(r,Q) as the importance function. The biased scattering 

distribution is denoted as yg+g'(r,Q+Q') and can be written as 

In Equation (3-10), the N possible outgoing directions Q'i(µi'~i) 

must be known so that the corr"esponding point values X*,(r,Q'.) can 
g 1 

be identified. In order to accomplish this, the azimuthal angles 

for each of the N polar angles are selected first. With the N 

( 3-10)'. 

possible outgoing directions determined, the corresponding point 

values x*,(r,n'.) can be identified. This approach of predetermining 
g 1 . 

the N outgoin_g· directions effectively transforms the distribution 

given by Equation (3-10) into 

L 

I I 
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N 
l p i 0 ( µ -.µ i ) 0 ( cp- cp i ) x9 .. ( r 'Q .. ) 

yg+g"' (r,S1+S1') = _i-_-1_..,.,N _____________ _ 

f ' p
1
.o(µ-µ

1
.) o(cp-cp 1~) Xg* .. (r,S1 .. ) dS1 .. 

41T i ~l 

N 
I p.o(n'-n ... ) x*g .. (r,S1') 

i =l 1 1 
= ---=-=N--------------

f 4· . l p.o(Q'-Q'.) x* .. (r,Q') dn .. 
1T i=l 1 1 g. 

P; x* .. (r,Q' .) 
= g 1 for i = 1 ' 2, N. N . .. . ' 

l p. x* .. ( r ,Q ... ) 
i=l 1 g . 1 

= p* - i for i = l , 2, • • . , N. ( 3-11) 

As would be the case for any biasing procedure, the statistical weight 

of the particle must be corrected in order to remove the bias. The 

weight correction is 

N 
l p. x* .. (r,0.'.) 

i =l 1 g 1 

WTC = (3-12) 
x9 .. (r,Q'j) 

where the direct1on 11 j'' has been 5clected from the biased distribution 

given by Equation (3-11). 

It is interesting to note that thi~ biasing techriique alters 

the probabilities of the N discrete scattering angles while the -

corresponding N possible scattering angles remain unchanged. This 

is the reason that the riame 11 angular probability biasing 11 is 

adopted. 



24 

3.3 The Path Length Biasing Technique 

The transport of radiation particles from one collision site 

to the next involves the selection of a path length from the transport 

kernel. For particles traveling within a material, the transport 

kernel T (r+r+R~) can be written as(l 4) 
g 

-L:g R 
T (r+r + R5) dR = L:g e t dR, g t 

-L:g R 
( 3-13) 

where e t is the probability that a particle travels the distance 

R without suffering a .collision and l:f dR is the probability that a 

collision occurs within dR. Also since 

-L:g R 
Joo "'g e t ' {., dR = 1 , 
0 t 

the transport kernel T (r+r + R~) is a properly normalized p.d.f. 
g 

The transport kernel can also be expressed in-terms of the mean free 

path n, and we have 

T (r+r + R~) dR = e-n dn, 
g 

where n = l:f R. Thus, the path length selection can also be 

accomplished in terms of the number of mean free paths traveled. 

Equation (3-14) is also valid for particle transport through more 

than one material. Note that e-n is a normalized p.d.f. over the 

interval {0, oo). However, events occur only in the interval 

( 0, ne), where ne is the total number of mean free paths to the 

external boundary. When a path is selected from -n 
e ' only the 

(3-14) 
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-n · -n 
fraction (1 - e · e) are events, and the fraction e e leak into 

the external void. Therefore, the leakage probability of a particle 
-n -ne 

is e e, and the nonleakage probability is (1 - e ). 

The "path length biasing" technique is an alteration of the 

transport kernel using the event value Wg(r,Q) as the importance 

function. The biased transport kernel T*(r+r+R~) can be defined as g 

-n ( 
T*(r+r + Rn) dR = e · W n) dn 

g NF (3-15) 

where W(n) is the event value with the position expressed in t~rms of 

n (g and Qare omitted to simplify the notation), and NF is the 

normalization factor of the biased transport kernel. If the 

nonleakage probability of the biased tr?nsport kernel is assumed to 

be equal to that of the unbiased transport kernel, we have 

R R 
f e T*(r+r + RQ) dR = f e T (r+r + RQ) dR 

0 g 0 g 

where R = n /~g Substituting Equations (3-14) and (3-15) into the e e t• 

above equation, we have 

n -n n -n 
f e e W(n) dn = f e e-n dn = 1 - e e 

o NF o 
Hence, 

1 n 
NF= --_-n- J

0 
e e-n W(n) dn. 

1 - e e 

If an average W(n) is assigned to each spatial region, the event 

value is given by 

(3-16) 

:'· 



W(n) = w1 

- w - 2 

= w 
L 
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for 0 ~ n < n1 

where L is the number of regions along the particle's trajectory 

and Tl· is the number of mean free paths from the particle's 
1 

starting point to the emergent boundary of the ;th regi'on. Note 

that nL = ne· Figure 5 shows a particle's flight trajectory 

through three ·regions .before reaching the external void. Although 

the number of regions L would be different for each flight 

trajectory, L = .3 is used to illustrate the analysis which would be 

valid for any L. Substituting Equation (3-17) with L = 3 into 

Equation (3-16), the normalization factor becomes 

Substituting Equation (3-17) into Equation (3-15), the biased 

transport kernel becomes 

( 3-17) 

(3-18) 
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Figure 5. A Typical Particle Flight Trajectory in the Cylindrical 
Geometry which is Divided· into T\<Jelve Spatial Regions. 
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e-n W 
r*(r+r + Rn) dR = 1 dn for 
g NF 

e-n W 
2 dn = NF 

e-n W 
= 3 dn NF 

= e-ndn 

The integration of Equation (3-19) over the interval (0, 00 ) gives 

F e-n dn 
Jn 

3 

Substituting Equation (3-18) into Equation (3-20), we have 

which is the normalization requirement for the biased transport 

kernel. With the normalization factor NF given by Equation (3-18), 

(3-19) 

(3-20) 

( 3-21 ) 

the biased transport kernel is well defined and properly normalized. 

Hence, Equation (3-20) becomes 
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(3-22) 

where Pr; is the probability that the next collision will occur in the ith 

region and Pre is the probability that the next collision will be in the 

external void. In principle, the path length can be selected from 

Equation (3-19). However, the actual sampling procedure is accomplished 

as follows: 

l. First determine the region where the next co·11 is ion wi 11 

occur from Equation (3-22). 

2. If the next collision is in region 11 i, 11 select the number 

of mean free paths n the particle travels in this region from 

-(n-n. ) 
e-n e 1-l 

-----=--~--~ n. -(n.-n. 1) • 
f 1 e -n dn l - e 1 l -

ni-1 

3. Compute the number of mean free _paths between the new collision 

site and _the last_ collision site by nt ~ n;_1 + n . 

4. Correct the particle's statistical weight by 



CHAPTER IV 

DESCRIPTION OF THE STANDARD PROBLEM AN.D 

GENERATION OF IMPORTANCE FUNCTIONS 

In this chapter, the standard problem and the two-dimensional 

discrete ordinates adjoint calculations are described. Then the 

methods of obtaining the point value and the event value from the 

adjoint discrete ordinates (DOT) calculation are described. 

4.1 Description of the Standard Problem 

The standard problem was designed to have geometric complexity 

along with deep penetration limitations. The shield configuration 

consists of a right circular concrete cylinder with an axial 

duct (void) 15.24 centimeters (6 inches) in diameter. The 

dimensions of the cylinder are 152.2 centimeters in height and 

150.0 centimeters in radius. An isotropic monoenergetic (14 MeV) 

neutron source is uniformly distributed over the bottom surface, and 

four detectors are positioned on a plane which is 152.2 centimeters 

beyond the top surface. The radial positions of the detectors 

are 5, 20, 75, and 150 centimeters from the Z-axis. The layout and 

important dimensions are shown in Figure 6~ One· of the main reasons. 

for selecting a two-dimensional configuration was the availability 

of a discrete ordinates solution which would provide a comparison 

for Monte Carlo· calculations. 

Analysis is done only on the neutron transport through the 

first 14 energy groups of 22 group structure given in Table 1. The 

30 

·' 
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Fiaure 6. Geometry of Concrete Cylinder with Axial Duct, Source, 
Detectors, and Adjoint Sources. 
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TABLE l 

NEUTRON ENERGY GROUP STRUCTURE 

Energy Group Upper Energy (eV) 

l 1.50(+7)* 
2 1.22( +7) 
3 1.00(+7) 
4 8. 18 ( +~) 
5 6.36(+6) 
6 4.96(+6) 
7 4.06(+6) 
8 3. 01 ( +6) 

9 2.46(+6) 
10 2.35(+6) 
11 1.83(+6) 
12 1.11 ( +6) 
13 5.50(+5) 
14 l .11 ( +5) 
15 3.35(+3) 
16 5.83(+2) 
17 1. 01 ( +2) 
18 2. 90( + 1) 

19 1.07(+1) 
20 3.06(+0) 
21 1. 12 ( +O) 
22 4.14(-1) 

7 *Read as 1.50 x 10 eV(= 15 MeV). 
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cross section set for the concrete is taken from References 15 and 16; 

the angular dependence of particle scattering is approximated by a P3 
Legendre polynomial series expansion. The concrete composition and 

its neutron cross section are presented in Appendix E. 

4.2 Two-Dimensional Discrete Ordinates Adjoint Calculations 

Several methods have been employed to obtain importance 

functions for biasing Monte Carlo Calculations. ( 4 ~ 9 ) Among these 

methods, the one-dimensional and two-dimensional discrete ordinates 

calculations provide numerical importance functions suitable 

for Monte Carlo biasing. For problems with complex geometries, the 

one-dimensional discrete ordinates adjoint fluxes are generally 

inadequate and two-dimensional adjoint calculations are required. 

In this study, two-dimensional discrete ordinates calculations are 

employed to generate the importance functions. 

The two-dimensional discrete ordinates code DOT(ll) in R-Z 

geometry was used to solve the adjoint Boltzmann transport equation. 

An assymmetric angular quadrature set which consists of 166 directions 

was recurmnended for this problem. (25 ) The source was the detector 

response function which was taken as unity for all energy group since 

neutron flux would be the quantity determined by the Monte Carlo 

calculations. Calculations were performed for two different 

locations of the adjoint source, one on the Z-axis and the other 

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

The computer code GRTUNCL(l?) was employed to calculate the 

analytic first collision source for the DOT calculation. The 
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adjoint angular flux for each calculation was· stored on two 

magnetic tapes and the total scattering source was written on 

another magnetic tape. 

4.3 Determination of the Point Value 

It was shown in Section 2.Z,.page ~' that the point value is 

identical to the adjoint angular flux which may be calculated by 

the discrete ordinates methodi Hence, the point value is directly 

available. from the results of the adjoint discrete ordinates 

calculation. Due to the truncated Legendre expansion of the 

scattering cross section, the adjoint angular flux as calculated 

by the DOT code may assume negative values. Negat·ive fluxes 

(forward or adjoint) do not have any phys.ical meaning. Thus, 

they are ~ssumed to be zero before the adjoint angular flux· is 

spatially averaged into the point value~ 

The adjoint angular flux is averaged over spatial regions 

<rnd w111 be used in that.form in the Monte Carlo calculatio.ns. 

This is necessary so a.s to alleviate. the data stor~ge problem that 

would exist if all of the adjoint· angular fluxes were requir.ed in 

the Monte Carlo c~lculations •. Furthermore, it is straightforward .to 

carry out the proposed import~nce sampling schemes by region in 

the MORSE (l O) code •. 

The geometry of the concrete cylinder is divided into twelve 

spatial regions as shown in Figure 5~. page 27. The directionaJ depen-

dence of the point val.ue is given in terms of the quadrature set used 

in the adjoint discrete ordinates calculation. This quadrature set 

is described in terms of two cosines ~ and£, and a weight WG. As 
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shown in Figure 7, ~ is the cosine of the polar angle y and E is the 

cosine of w, the angle between the discrete direction and a unit vector 

in the radial direction. The weight WG is the fraction of the total 4TI 

solid angle associated with a given discrete direction. Thus the 

weights sum to unity. The discrete directions in the quadrature set 

are grouped by polar angle and an arbitrary number of w angles are 

associated with each polar angle. For the quadrature set used in the 

adjoint discrete ordinates calculations, there are 20 polar angles. 

The computer program POINT first reads the adjoint angular flux 

tapes, then sets the negati~e adjoint angular fluxes to zero, ~nd 

finally calculates the region-averaged point values for all energy 

groups and directions. The region-averaged point values are then 

stored on a magnetic tape for the angular probability biasing of 

Monte Carlo Calculations. A listing of the POINT program along with 

the input instruction is presented in Appendix A. 

4.4 Determination of the Event Value 

The event value can be determined from the total scattering 

source that is availabl~ from an adjoint DOT calculation. Equation 

(2-1) can be rewritten as 

The point value x*,(r,n') can be written as 
g 

(2-1) 

(4-1) 
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x.*, (r,n') =the uncollided contribution to the point value 
g· u 

X* (r n') = the collided contribution to the point value. g'c ' 
Substituting Equation (4-1) into Equation (2-1), the event value 

becomes 

[ x , ( r ,n,) + x*, ( r ,n,)] dQ, 
g u g c 

If the differential scattering cross section from Equation (3-5) is 

substituted into Equation (4-2), then 
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n .. 
z: fg-+g {r) P Jµ) 

J/,=Q JI, IV 

+ l,. J 4n ------
g 4n Ef (r) 

The addition theorem of Legendre polynomial can be expressed as(lB) 

p JI,(µ) 

[cosm¢ cosm¢" + sinm¢ sinm¢"] 

where 

P~(s) = the associated Legendre function 

s = the cosine of the polar angle of the direction Q 

s" = the cosine of the polar angle of the direction Q" 

¢ = the azimuthal angle of the direction n 
¢" = the azimuthal angle of the direction n". 

Substitution of Equation (4-4) into Equation (4~3) yields the 

following equation for Wg(r,n). 

(4-3) 

(4-4) 
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x {P
0
{s) P

0
(s') + 2 I (.Q,-m)! P~{s) P~(s') x 

)(, )(, m= 1 ( i +m) ! )(, )(, 

[cosm¢ cosm¢' + sinm¢ sinm¢']}. 

Due to the symmetry of cylindrical R-Z geometry, the point value 

x~ .. c(r,s',¢') is an even function of¢' and can be expanded in 

spherical harmonics as. a function of P~(s')_ cos.mv. Since the 

integral of cosm¢' sinm¢' ov~r the interval 0 < ¢' <.2n is equal . . . - . -

to zero, in Equation {4-5), all terms involving sinm¢' varnish 

under the integration. Thus, Equation (4-5) becomes 

P~(r,Q) 
Q (r,n) 1 n 

fg-+9( r) W
9
(r,Q) = + g + I I 

Ef (r) 4n Ef {r) g' .Q,=Q 
.Q, 

(4-5) 
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m 2 
where A2 (s,¢) = [1 + 8 om 

1/2 
i!:.rTillJ Pm( ) fi+iTI1T 2 s cosm¢. 

In discrete ordinates theory, the integral in Equation (4-6} is 

known as the flux moment. That is 

. im ( - ) _ f 2 rr f 1 d .. d .. * ( - .. .. ) Am ( .. .. ) J .. r = 1 ¢ s x .. r,s ,¢ n s ,¢ • g 0 - g JV 

With the above relation and setting the response function P~(r,Q) 

equal to zero because the detectors are located outside the 

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

Integration of Equation (4-7} over a volume element VI gives 

(4-6) 

I, 

(4-7} 
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I 
o
9

(r,fi) 
fv w (r,fi) dV = - dV 

I g VI Ef(r) 

If the mean value approximation is applied to the volume integral, 

the above equation becomes 

(4-8) 

Q
9

,I(fi) can be expanded in terms of spherical harmonics as 

n 9' 2t+ 1 im 
= l l - q A~('c;,<1>) 

t=O m=O 4TI g,I N 

(4-9) 

Substituting Equation (4-9) into Equation (4-8), we have 

(4-10) 
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Equation (4-10) can ·be further simplified by defining the "total 

scattering source" for energy group g and volume element VI as 

Tim = (2 +l) im V + \ f~g~.im VI. 
g~I 1 qq,I I ~~ 1,I Jg~,I 

Substitution of Equation (4-11) into Equation (4-10) yields 

l n 1 m nm l l A
0

(s,<1>) T"' 
4n Ef,I 1=0 m=O "' g,I· 

Equation (4-12) is the relationship actually employed to calculate 

the event values. Similar to the point value, the event value is 

averaged over region for all energy groups and directions. 

A computer program EVENT was written to read the total 

scattering source tape from the adjoint DOT calculation and to 

calculate the event values for all regions, energy groups, and 

directions. A listing of this program ~long with the input 

instruction is given in Appendix A. 

Shown in Figure 8 is a flow diagram which illustrates the 

relationships which exist amo.ng the adjoint DOT calculation, the 

generation of importance functions by the POINT and EVENT programs, 

and the MORSE calculation. The source location biasing will be 

discussed in the next chapter. 

( 4-11) 

(4-12) 
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Figure 8. Flow Diagram of Generation of Importance Functions from the 
Adjoint DOT Calculation and Application to MORSE Calculation. 



CHAPTER V 

DESCRIPTION OF THE BIASING TECHNIQUES 

The description of the biasing techniques including some 

programming details will be presented in this chapter. The importance 

sampling techniques studied in this investigation were source 

location biasing, path length biasing, and angular probability biasing. 

In addition, the survival biasing schemes of nonabsorption weighting 

and Russian roulette and splitting were routinely used in all 

calculations performed. 

5.1 Source Location Biasing 

It was observed by Coveyou et al. (3) that source biasing using 

a reasonably good estimate of the importance function would, in 

general, reduce variance significantly at a relatively low cost. 

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

requires that much is known about the solution a priori. 

A particle random walk starts with.the selection of energy 

group, spatial position, direction, and age from a source distribution 

function. For the problem under investigation, the age is assumed 

to be zero since this is a steady state problem, and the source 

energy is of the first group. Thus, only the direction and spatial 

position remain to be selected. Although the source is isotropic, only 

the upward source particles can contribute to the answer because the 

downward source particles enter an external void and are immediately 

killed. Therefore, it is expedient to force all source particles to 

44 
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emerge in the upward direction and to correct their weight accordingly. 

As for the source spatial position, particles which originate near 

the duct would seem to be more important because they may penetrate 

deeper into the shield by streaming through the duct. Thus, biasing 

of the source location to encourage more particles to originate near 

the duct was carefully studied in this work. 

Two importance functions for source location biasing were 

employed. The first one will be designated as the step importance 

function which assumes that source particles generated inside the radius 

of 10 centimeters are 1000 times more important than those outside. 

This procedure is rather arbitrary, but it does encourage more 

particles to originate near the duct. The probability density 

function of this biased source distribution is simply 

2nR ( 1000) - n(l50) 2 
s1 (R) = 

NF1 
0 < R < 10 

2nR 

= n{l50} 2 

NF1 
10 _::._ R 2_ 150, ( 5-1 ) 

where NF1 is the normalization factor. The weight ~nrrection requires 

that the statistical weight of particles outside the 10 centimeter 

radius to be 1000 times higher than that of particles inside. 

The second source importance function was obtained from the 

adjoint DOT calculation. It was assumed that the adjoint source 

was located on the axis of the cylinder and the corresponding adjoint 

flux should show the maximum effect of the duct. The group one scalar 

adjoint flux x* at the bottom of the cylinder was plotted as a function 
l 
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of the radial position. This curve was then fitted by the function 

Is(R) which is given by Equation (5-2). 

Is(R) = 85 0 < R < 8 

= e-0.13(R-8) 8 < R < 50 

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

Figure 9 shows· the group one scalar adjoint flux and Is(R)° versus the 

radial position. Mathematically, the second biased source distribution 

takes on the following form 

- S(R) Is(R) 

S2(R) = f ~50 S(R) ls(R) dR 

Substitution of S(R) and Is(R) into the equation above yields 

2nR (85 ) 
= n(l50) 2 

f 
150 S(R) I (R) dR 

0 s 

0 < R < 8 

~nR e-0.13(R-8) 
= 7T ( 150) 2· 

f 150 S(R) I (R) dR 
0 s 

8 < R < 50 

2nR (0.004) e-0.02(R-50) 
= n(l50)

2 

f 150 S(R) I (R) dR 
0 . s 

50 < R < 150. (5-3) 

The integral in the denominator can be easily evalu~ted. Equation (5~3) 

can be rew~itten ·as 
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where NF2 

= 
R e-0. 13~R-8} 
NF2 
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0.004 R e-0.02(R-50} 
= ~~~---~--

NF 2 

I 150 s ( R) I ( R) dR 
- 0 s 
- 2n 

--~ 

n(l50) 2 

0 < R < 8 

8 < R < 50 

50.::. R .::_ 150, 

In order to remove the bias, the statistical weights of the 

source particles are corrected by 

WT c 

Subroutine SOURCE in the MORSE code is an optional routine 

(5-4) 

which allows a user to generate source particles according to any 

desired distr·ibut1on and to make the necessary weight correction. 

Two SOURCE routines were employed in this study. One selects source 

location according to the distribution in Equation (5-1), and the 

other selects source location from Equation (5-4). Only upward 

source directions were allowed in both cases. The SOURCE routines 

are listed in Appendix A. 

5.2 Angular Probability Biasing 

The theoretical development of the angular probability biasing 

techniq~e was discussed in Section 3.2, page 22, and the method of 



49 

determining the point value was presented in Section 4.3, page 34. 

This section describes the implementation of this biasing technique 

in the MORSE code. 

The subroutine COLISN in MORSE is called at each collision site 

to determine the outgoing energy group and the outgoing direction. 

To carry out the angular probability biasing, the subroutine COLISN 

was modified and a subroutine INSCOR was written to input the region­

averaged point values from the magnetic tape prepared by the POINT 

program. In the modified COLISN subroutine, .the outgoing energy is 

still selected from the downscattering matrix, but the outgoing 

direction is selected from the biased angular distribution given 

by Equation (3-11) 

, p.x* (r,Q'.) 
yg+g (r,Q+Q') = __,..,.~""""g..__ __ , __ _ for i = 1, ••• , N.(3-11) 

l: P . . e, ( r, Q , . ) 
i=l l ~ l 

Then the statistical weight of the emergent particle is corrected 

by Equation (3-12) as shown below. 

(3-12) 

The biased angular distribution of Equation (3-11) requires the 

point values for all outgoing directions which comprise the N 

discrete directions of the generalized Gaussian quadrature scheme. 

The outgoing directions are expressed in terms of the rectangular 

coordinate system, but the point values are given in terms of the 

quadrature set used in the R-Z discrete ordinates adjoint calculation. 
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Thus, the outgoing directions are transformed into the cylindrical 

R-Z coordinate system, and the point values that are nearest to each 

of these directions are chosen. Then the biased angular distribution 

is constructed according to Equatiori (3-11). 

The transformation of a direction from the rectangular coordinate 

system to the cylindrical R-Z coordinate system and the reverse 
. . 

transformation are presented in Appendix B. A listing of the sub-

routines INSCOR and COLISN are presented in Appendix A. 

5.3 Path Length Biasing 

The path length biasing technique utilizes the event values to 

importanc~ sample particle flight paths (i.e., collision sites). The 

determination of the event values from a two-dimensional discrete 

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

To implement the path length biasing technique in the MORSE code, the 

subroutine INSCOR was written to read the event values from a magnetic 

tape,·and the subroutine NXTCOL was rewritten to carry out the actual 

selection of the next collision site. 

When a particle emerges from a collision site with a given energy 

group and direction, its flight trajectory is determined by the 

subroutine REGION which subsequently returns to NXTCOL the regions 

that this particle may go through and the corresponding track lengths 

within those regions. The particle's direction must be transformed 

into the cyl i ndri ca.l R-Z coordinate system so that the event va 1 ue 

corresponding to the direction closest to the particle's direction 

can be determined for each region. Now that the event values and 

the track lengths in these regions are known, the selection of the 
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path length (or the next collision site) from the biased path length 

distribution according to Equation (3-19) can be achieved. For easy 

reference, the biased transport kernel is included here: 

·-n 
T*(r+r+Rn)dR 

e w1 = NF dn g . 

e-nw 
2 = NF dn 

e-nw . 3 
= NF dn 

(3-19) 

The details of the sampling procedure is outlined in Section 3.3, page 

24, and the listings of subroutines INSCOR, NXTCOL, and REGION are 

included in Appendix A. 

Due to the curvature effect in the cylindrical R-Z coordinate 

system, the angle w between the radial vector and the flight 

direction vector changes as the particle travels through the geometry 

as illustrated in Figure·lO. In this figure, the flight direction 

vector~ is assumed to be on the same plane as the radial vector. 

This curvature effect complicates the determination of the event 

values, and requires for each region the determination of the direction 

that is closest ton. To simplify" this procedure, this curvature 

effect is ignored and the angle w1 is used for all regjons in determining 

the event values. The error caused by this assumption is not severe 

because for a given energy group, region, and polar angle, the event 

value is relatively constant with respect to the angle W· 
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Figure 10. Curvature Effect of a Particle Direction in a Cylindrical 
~o~try. · 
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5.4 Russian Roulette and Splitting 

Russian roulette and splitting is a form of survival biasing. 

In the MORSE code, Russian roulette and splitting are applied through 

a set of region and energy-group dependent weight standards. The 

weight standards are composed of WTHIR, WTLOR, and WTAVE. In order 

for Russian roulette and splitting to be effective, a good choice of 

weight standards must be made. For problems involving complex 

geometry and deep penetration, an effective set of weight standards 

is not easy to specify. Usually, weight standards are chosen on 

the basis of intuition, experience, or some knowledge of the 

problem under investigation. 

As pointed out by Solomito,( 2l) WTAVE in a set of weight standards 

may be related to the importance function by the following 

A= WT(P) x I(P), (5-5) 

where WT(P) could be used for WTAVE. This equation simply states that 

the effect of interest A is equal to the weight of a particle WT(P) 

times its importance I(P) with respect to that effect, and is valid 

at any point in phase space. AL the source locationi WT(P) = WT.(P) 
u 

and I(P) = I (P). Hence, the effect of interest A is determined, and 
0 

it can be used to determine the weight WT(P) at other points 

provided that the importance I(P) is known. That is 

(5-5) 
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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 of the various 

biasing techniques can be studied. WTAVE was determined using 

Equation (5-5). The total adjoint flux x* obtained from the DOT 

discrete ordinates adjoint calculation with the axial adjoint source 

was taken as the importance function I(P), and an appro~imate 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. 

,· 



CHAPTER VI 

DISCUSSION OF RESULTS 

Presented in this chapter are the results of the Monte Carlo 

calculations of the standard problem. The proposed methods of source 

biasing, of angular probability biasing; and of path length biasing 

were thoroughly studied using a modified version of the Monte Carlo 

code MORSE. The modifications allowed the biasing techniques to be 

incorporated into the random walk subroutines COLISN and ~XTCOL. 

Source biasing, angular probability biasing~ and path length biasinq 

were employed individually and in various combinations. The list of 

calculations which wete perform~d to t~st the ·pr6posed biasing 

techniques is presented in Table 2. The importance functions used in 

these calculations were obtained from the adjoint DOT calculation with 

the axial adjoint source. Russian roulette and splitting were employed 

in all calculations. The weight standards for calculations (0.5)* and 

(SS) ·were.intuitively as~igned, but the same weight standards were. 

employed for the rest 6f the calculations (S) through (SAP) and were 

obtained from the adjoint flux of the DOT calculation w1th the axial 

adjoint source. 

In order to facilitate the evaluation of results, all calcula-

tions were performed for one hour on the Oak Ridge National Labora-

tory IBM 360/91 computer and the size of a batch of particles 

*For easy reference, each calculation will be identified by 
the naming given in the parenthesis. 
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Calculation 
Identification 

(0.5) 

(SS) 

(s) 

(A) 

(P) 

(AP) 

(SP) 

(SA) 

(SAP) 
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TABLE 2 

MONTE CARLO CALCULATIONS PERFORMED 

Biasing Procedures Employed 

Standard calculation with path length stretching 
parameter PATH = 0.5 

Step biasing of source location and PATH = 0.5 

Source location biasing according to the scalar 
adjoint flux and PATH = 0.5 

Angular probability biasing according to the 
point value x* with step biasing of source 
location and PATH = 0.5 

Path length biasing according to the event value 
W and step biasing of source location 

Combination of angular probability biasing, path 
length biasing, and step biasing of source 
location 

Combination of source location biasing by the 
scalar adjoint flux and path length biasing by W 

Combination of source location biasing by the 
scalar adjoint flux and angular probability 
biasing by x* with PATH = 0.5 

Combination of source location biasing, angular 
probability biasing, and path length biasing 
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was standardized to 400 histories. Neutron flux at four detector 

locations were calculated using the next event estimator at each 

collision and source point. 

6.1 Comparison of Results of Monte Carlo and Discrete Ordinates 

Calculations 

Tables 3 and 4 present the uncollided flux and the total flux 

respectively at the four detector locations for the nine different 

biasing schemes. The total flux as calculated by the forward 

discrete ordinates (DOT) calculation is also included in Table 4 

for comparison. It is clear from Table 3 that the uncollided flux 

could be calculated rather easily. Source location biasing using 

either the step importance function or the scalar adjoint flux 

generally gives better results for the uncollided flux. However, the 

(0.5) calculation which has no source biasing gives the best results. 

for detectors 3 and 4 because the natural source distribution 

produces a la~ge fraction of source particles far away from the duct. 

A final point of interest about the uncollided flux is that it 

constitutes 82% of the total flux at detector 1 and 47% at detector 2. 

For detectors 3 and 4, the uncollided flux contributes very little 

to the total flux and the presence of the duct probably has little 

effect on the results of the uncollided flux. 

According to Table 4, Monte Carlo calculations are in general 

agreement with ~he DOT calculation. However, the Monte Carlo results 

are higher by 10% to 16% at detectors 1 and 2, and lower by 20% to 

40% at detectors 3 and 4 except for the (0.5) and (P) calculations. 



TABLE 3 

UN'COLLIDED .NEUTRON FLUXa OF MONTE: CARLO CALCULATIONS OF THE STANDARD PROBLEM 

Number Detectors·: 
Calculation Of 

Identification Batches 1 2 3 4 

(0.5) 31 2.431-9{.-139)b 3.971-10(.315)· 4.764-15(.079) 6.488-16(.012) 

(SS) 57 2.327:-9( .007) 5.153-:-10( .018) 5.577-15(.107) 6.640-16(.024) 
(S) 

. ' 
60 2. 348-9(. 004 ). 5 .086-10( .031) 5,579.:.15( .097) 7.751-16(.199) 

····' (A) 60 . 2~352-9( .~06) 5.212-10(.018) 5.230-15(.116) 6.334-16(.028) 
.. -

( P) 41 2. 350-9( . 1J07) 5.151-10(.016) 6.617-15(.137) 6.685-16(.044) 

(AP) 49 2.356-9( .007) 5 •. 252-10(.022) 6.456-15( .118) 6.616-16(.036) 
U1 
CP 

(SP) 54 2.347-9(.004) 5.209-10( .031) 4.997-15( .067) 5.775-16(.195) 

(SA) 72 2 . 34 5-9 ( . c 0 3) 5.093-10(.023) 5.211-:-15(.070) 6.714-16(.174) 

(SAP) .62 2.337-9(.003) 5 •.. 351-10( .-021) 5.942-15(.072) 6.348-16(.150) 

a 2 · 
Unit =. neutrons/c~ /source neutron_ 

bRead as 2.431 x lo-9 with fractioncl standard deviation of 0.139. 



TABLE 4 

TOTAL NEUTRON FLUXa OF MONTE CARLO CALCULATIONS OF THE STANDARD PROBLEM 

Number Detectors: 
Calculation of 

Identification Batches l 2 3 4 

(0.5) 31 2.868-9( .124)b 9.071-10(.159) 4 . 6 7 7 - 11 ( • 4 98 ) 2. 241- 11 (. 4 72) 

(SS) 57 3.092-9(.048) l .195-9( .149) 2. 907-11 ( .269) l .062-11 ( .425) 

( s) 60 3.025-9(.026) 1.158-9(. 073) 2. 831-11 ( . l 7°3) l .160-11 (. 211) 

(A) 60 2.928-9(.024) 1.085-9( .077) 3. 039-11 (. 157) l. 165-11 (. 188) 

(P) 41 2.830-9(.028) l. 036-9(. 051) 3.987-11 (.237) l . 746- 11 (. 397) 

(AP) 49 2.911-9(.024) l.113-9(.067) 3. 357-11 (.223) l. l 7 0- 11 ( . 2 5 5 ) U1 
~ 

(SP) 54 2.805-9( .020) l.020-9(.084) 3.002-11(.175) l.136-11(.227) 

(SA) 72 2.839-9(.014) 1.058-9(.045) 3.459-11 ( .243) 1.261-11(.269) 

(SAP) 62 2.873-9(.023) 1.120-9(.080) 2.764-11(.186) .l-030-11(.222) 

DOT 2.453-9 9.575-10 3.703-11 l • 408- 11 

aUnit = neutrons/cm2/source neutron. 

bRead as 2.868 x 10-9 wi~h fractional standard d~viation of 0.124. 
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Because of the excellent statistics and the consistency of the Monte 

Carlo results for detectors 1 and 2, it would not be unreasonable to 

presume that MORSE's answers are correct and that the discrete 

ordinates results are too low. It should be noted that this is 

somewhat characteristic for the discrete ordinates solution to 

problems of this type. In the discrete ordinates calculation, the 

neutron dose for detectors located in an external void can be 

calculated by the procedure of next event estimation. In this 

procedure, the probable uncollided co"ntribution to the detector 

weighted by the neutron flux is integrated over' all collision sites.( 22 ) 

This integration is accomplished by the computer code FALSTF. (23 ) 

For the standard problem, the major contribution to the neutron flux 

at detectors 1 and 2 is from the neutron distribution near the duct. 

If the spatial mesh around the duct was too coarse, the flux at 

detectors 1 and 2 would probably be underestimated due to the 

increased attenuation to the detectors from the cP.ntrnids of the-

spatial cells. This is the probable explanation for the character-

istically lower magnitudes of the DOT's results at detectors 1 and 2. 

The discrepancy between Monte Carlo and discrete ordinates 

results at detectors 3 and 4 might have been due to: (1) the 

statistical fluctuation in Monte Carlo calculations, (2) under-

estimation which is a common occurrence in Monte Carlo solutions to 

deep penetration problems. 



61 

6.2 Comparison of Fractional Standard Deviations 

The fractional standard deviations (FSD) of the total neutron flux 

from the Monte Carlo calculations with different biasing techniques are 

presented in Table 5. The results are arranged according to the decreas­

ing order of the FSD's associated with detector 1. Essentially, the 

same decreasing order is true for the other detectors as well. 

Individually, detector 1 receives the most benefit from the biasing 

techniques followed in order by detectors 2, 3, and 4. The FSD decreases 

from 12% to about 2% for detector 1, from 16% to about 7% for detector 

2, from 50% to less than 20% for detector 3, and from 47% to. 20% for 

detector 4. 

It is apparent, from Table 5, that the (0.5) calculation is 

grossly inadequate. Source biasing by the step function (SS) improves 

the FSD's for detectors 1 and 3 a great deal but not much help for 

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

obtained from the adjoint DOT calculation with axial adjoint source, 

the (S), (A), and (P) calculations significantly reduce the FSD's 

for all four detectors. It is interesting to note that the improved 

source b1as1ng (S) reduces the FSD at each of the four rlP.tectors 

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

techniques, i.e., (AP), (SP), or (SA), show some improvement over 

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

of these calculations to underestimate the answers. Finally, no 

further gain is obtained from the combination of all three biasing 

techniques (SAP) and the answer itself is strongly underestimated. 
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TABLE 5 

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

SAMPLING TECHNIQUES FOR THE STANDARD PROBLEM 



63 

An important point not to be overlooked is that the three 

biasing schemes, (S), (P), and (A), each utilized (or represented) 

the importance data to different degrees of precision. The source 

biasing (S) most completely utilized the importance data because the 

scalar adjoint flux could be quite accurately approximated by the 

analytical function Is(R) which was the importance function for 

source biasing (S). The path length biasing and the angular probability 

biasi.ng techniques utilized the adjoint informati-0n in a less precise 

manner because the importance functions used in these ~iasing 

schemes were region-averaged quantities. 

6.3 Spatial Distribution of Collision Sites 

Figures 11 through 16 show the spatial distribution of neutron 

collision sites according to regions within the concrete shield. For 

the (0.5) calculation, Figure 11 shows that a large fraction of 

collisions occurred in regions far removed from the duct. This is 

largely due to the unbiased source distribution which generated most 

of the source particles away from the duct. The step biasing of the 

source and the source biasing by DOT scalar adjoint flux greatly 

increased the source particles produced near the duct. Hence, the 

percent of collisions occurring within regions 7 through 12 increased 

considerably. The angular probability biasing and the path length 

biasing seemed to encourage the particles to penetrate deeper into the 

shield as can be seen in Figures 13, 14, and 16. 
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Figure 11. Distribution of Neut~on Colliston Sites for the 
(0.5) Calculation. 
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Figure 12. Distribution of Neutron Collision Sites for_the (S) 
Calculation. 
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Calculation. 
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6.4 Path Length Biasing Using Different Importance Functions 

Tables 6 and 7 compare results of Monte Carlo calculations using 

different importance functions for path length biasing and angular 

probability biasing. Each calculation consumed one hour computer 

time, and the batch size was 400 histories. 

Table 6 is a comparison of results of Monte Carlo calculations 

using different importance functions for the path length biasing. 

The (0.5) calculation is also included because it represented the 

currently accepted practice. The event value and the point value were 

employed as the importance functions in (P) and (P') respectively. 

These value functions were obtained from the same adjoint DOT calculation 

with axial adjoint source. However, the event value used in (P'') was 

obtained from the adjoint DOT calculation with the off-axial adjoint 

source. Obviously, the (0.5) calculation is grossly ineffec~ive. 

Among the other three calculations, (P') has the highest FSD's for 

detectors 1 and 2, and the lowest FSD's for detectors 3 and 4. BasP.rl 

on the results of detectors 1 and 2, the event value would seem to be 

the appropriate importance function .for biasing the transport kernel. 

6.5 Angular Probability.Biasing Using Different Point Values 

Table 7 contains a comparison of results for the (0.5) calculation 

and for the angular probability. biasing using point values obtained from 

adjoint DOT calculations with the axial and the off-axial adjoint sources. 

The FSD's of (A) and (A') calculations are very close at all four 

detectors. For angular probability biasing, the x* importance function 

obtained from the adjoint DOT calculation with the off-axial adjoint 



(0.5) 
(P)b 
(P .. ) c 
(P .... )d 

TABLE 6 

COMPARISON OF TOTAL NEUTRON FLUXa OF MONTE CARLO CALCULATIONS USING DIFFERENT 
IMPORTANCE FUNCTIONS FOR PATH LENGTH BIASING 

Number Detectors: 
of 

Batches l 2 3 4 

31 2.868~9(.124)e 9.071-10(.159) 4 . 6 77 - 11 ( . 4 98 ) 2. 241 -11 ( . 4 72) 
41 2.830-9(.028). l .o3o-9Co51) 3.987-11 (.237) 1. 746-11 (. 397) 
42 3.282-9( .065) 1.335-9(.·065). 4.019-11(.166) 1.466-11(.201) 
45 2.853-9( .032) 9.346-10(.058) 4.219-11 (.359) 1.399-11 (.247) 

aUnit = neutrons/cm2/souree neutron. 

bPath length biasing by ~he event value W from DOT adjoint calculation with axial adjoint source. 

cPath length biasing by :he point value x* from DOT adjoint calculation with axial adjoint source. 

· dPath length biasing by the event value W from DOT adjoint calculation with off-axial adjoint 
source. 

eRead ~s 2.868 x 10-9 with fractional standard deviat~on of 0.124. 

"'-I ...... 
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(A)b 
(A .. ) c 

TABLE 7 

COMPARISON OF TOTAL NEUTRON FLUXa OF MONTE CARLO CALCULATIONS USING DIFFERENT 
POINT VALUES FOR ANGULAR PROBABILITY BIASING 

Number Detectors: 
of 

Batches l 2 3 4 

31 2.868-9(.124)d 9.071-10(. 159) 4. 677-11(;498) 2. 241-11 (. 4 72) 

60 2.928-9(.024) l. 085-9(. 077) 3. 03 9- 11 (. 15 7) l . 165-11 ( . 188) 

61 3. 084-9(. 030) l . 280-9(. 086) 3.691-11(.156) l . 314-11 ( . 168) 

aUnit = neutrons/cm2/source neutron. 

bAngular probability biasing with x* from DOT adjoint calculation with axial adjoint source. 

cAngular probability biasing with x* from DOT adjoint calculation with off-axial adjoint source. 

dRead as 2.868 x 10-9 with fraction3l standard deviation of 0.124 . 

. • 

-....J 
N 



73 

source seems to be equally effective as that obtained from the 

adjoint DOT calculation with the axial adjoint source. Finally, 

comparison with (0.5) calculations clearly demonstrates the 

effectiveness of the angular probability biasing technique. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

Methods of biasing three-dimensional deep penetration Monte Carlo 

calculations using importance functions obtained from a two-dimensional 

discrete ordinates adjoint calculation have been developed and system­

atically evaluated. The important distinction was made between the 

application of the point value and the application of the event value 

to bias the transport and the collision processes in Monte Carlo 

analysis. The biasing techniques developed in this work were the 

angular probability biasing (A) which altered the collision kernel 

using the poing value as the importance function and the path lengt~ 

biasing (P) which altered the transport kernel using the event value 

as the importance function. Source location biasing using the step 

function (SS) and using the group one scalar adjoint flux obtained 

from the two-dimensional discrete ordinates adjoint calculation (S) 

were also investigated. 

The angular probability biasing, path length biasing, and source 

location -biasing were applied individually and in various combinations 

to solve the standard problem. The standard problem consisted of a 

thick (deep penetration) concrete cylinder with an axial duct (geometric 

complexity) and a 14-MeV neutron source uniformly distributed over 

the bottom surface. 

Results of calculations using the biasing techniques (A), (P), and 

(S) were compared with a discrete ordinates solution and two standard 

Monte Carlo calculations. The calculations using the biasing techniques 

were shown to be clearly superior to the standard Monte Carlo calculations. 
74 
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Based on the FSD's of answers of ~etectors 1 and 2, the biased calculations 

were a factor of 2 to 8 ~etter than the (0.5) calculation, and a factor 

of 1.5 to 3.4 better than the calculation with the step source biasing. 

These improvements clearly demonstrate the applicability and 

effectiveness of the importance sampling techniques in deep penetration, 

three-dimensional Monte Carlo calculations. 

The comparison of results of Monte Carlo calculations with path 

length biasing using respectively the event val~e and the point value 

as the importance function showed that the event value calculation 

gave much better statistics (the FSD reduced by a factor of 2) than the 

point value. Hence, it was concluded that the event val.ue is the 

appropriate function for altering the transport kernel. The effects 

of the importance functions, which were obtained from the discrete 

ordinates adjoint calculation with the off-axial adjoint. source, to 

the biasing techniques were also investigated. Probably due to the 

nature of the standard problem, these importance functions appeared to 

be as effective as those obtained from the adjoint calculation with 

the axial adjoint source. 

The techniques of biasing the transport and collision kernels 

developed in this study were shown to be effective and applicable 

to the Monte Carlo analysis of three-dimensional deep penetration 

shielding problems. However, for further research, the following 

areas are recommended. 

l . The effect uf hi yher·-order Legendre expansion. of the 

differential scattering cross section to the angular 

probability biasing should be studied. Since a 
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higher-order expansion allows more scattering directions 

in the collision process, a more complete utilization of 

the point value importance information to bias the 

collision kernel would be possible. 

2. Biasing of the azimuthal dependence of the scattering 

directions should also be studied. One possible 

approach would be to discretize the cones formed by 

the scattering polar angles and then bias these discrete 

directions by the point value. 

3. lncrease the number of spatial regions of the problem 

so that better representation and utilization of the 

two-dimensional adjoint flux could be achieved. This 

should be particularly helpful to the path length 

biasing when applied to a problem which has a complex 

geometry such as the streaming duct. 

4. Finally, the possibility of applying these methods to 

solve more complicated streaming duct problems should 

be investigated. 
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APPENDIXES 

APPENDIX A 

COMPUTER PROGRAMS 

A. l Input Instruction and Listing of the POINT Program 

The POINT program consists of a main routine and a subroutine 

SATURN. The input to this program is written in the free-form of 

the FIDO format. (lg) Presented below is the input instruction and 

the listing of the program. 

1 $$ array: NAFT. NABC, !REG, JREG, MMDN, NEWDN, NEWMM, NREG T 

i~AFT - logical unit number of the adjoint angular flux tape 

NABC - logical unit number of the point value tape 

!REG number of regions in radial direction 

JREG - number of regions in axial direction 

MMDN - number of downward directions in the angular quadrature set 

NEWDN - number of downward directions with nonzero weights in the 

angular quadrature set 

NEWMM - number of total directions with nonzero weights in the 

angular quadrature set 

NREG - total number of regions, !REG x JREG 

2$$ array: IRLO(L), L=l, !REG - mesh number of the lower boundaries of 

region L in radial direction 

3$$ array: IRUP(L), L=l, !REG - mesh number of the upper boundaries 

of region L in radial direction 

4$$ array: IZLO(L), L=l, JREG - mesh number of the lower boundaries 

of region L in axial direction 

81 
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5$$ array: IZUP(L), L=l, JREG - mesh number of the upper boundaries 

of region L in axial direction T 

C THE POINT PPOGRAM 
COMMON /BULKBU/ Alll•LltL2tL3•L~tLS•L6•L7•LB•L9tLlOtllltL12tL13 

1 •Ll4tLlS•Ll6tL17 
2 ,TDOT<lBltMMtlM•JMtlGt~INtNOU 
3 tNAFT.NABC~IREGtJREGtMHDNtNEWDNtNEWMMtNREG 
4 •DUMMY I 70000 l · 

DIMENSION LA (lJ 
EQUIVALENCE IA!ll•LA!lll 
LENGTH=70050 
00 5 I=l•LENGTH 

5 A<I>=O. 
Nilll=S 
NOU=6 
Ll=43 
L2=Ll +6 
NERR=O 
CALL fIDOl2•IERR•NINtNOU> 

coooooofDIT PARAMETERS 
LlP'8=L1+7 . 
WRITE (NOU,10051 <LAlll•l=ll·LlP8l 

1005.FORMAT <•OPARAMETERS INPUT FROM CARD.~ ••••• •/ 
1 It NAFT ='•l3t3X,•LOG UNIT# FOR INPUT ANGULAR FLUX TAPE• 
2 I • NABC :•,y3,3x,•LOG UNIT# FOR OUTPUT ANGULAR BIASING FUNCT• 
3 I • lREG :•,IJ,JX,•NUMBER bF REGIONS IN RAOiAL ~IRFCTibN• -
4 I • JREG :•,IJ,JX,•NUMBER OF REGIONS IN AXIAL DIRECTION• 
5 I • MMON ='•I3t3Xt•NUMBER OF DOWNWARD ANGLES IN QUADRATURE SET• 
6 / • NEWDN='•I3•3X,•NEW NUMBER Of DOWNWARD ANGLES• 
7 I • NEWMM='•I3tJX,•NEW NUMBER OF TOTAL ANGLES• 
8 I 1 NREG =•,13,3x,•TOTAL #OF REGION, IREG 0 JREG 1 l 

cooooooRfAD THE FIRST RECORD OF ANGULAR FLUX TAPE NAFTtANO PUT T~E lST 
coooooo 18 WARD$ INTO TOOT ARRAY, THEN NEST 27 WARDS INTO AIL2l ARRAY 

CALL REWND (NAFTl 
CALL WANDR21NAFT,TDOTtl8tAIL2lt27t2l 
WRT.Tf. !MOLl1lOlOl TOOT 

1010 FORMAT <•ODOT DATA TO BE PROCESSED FROM-----•,18A4l 
MM:LA<L2+3) 
IM=LA(L2+6) 
JM=LAIL2+7l 
TG=LAIL2+26l 
WRITE "1111ou,101s1 MM, IM.JM, JG 

1015 FORMAT C•OPARAMETERS INPUT FROM DOT----• 
1 I ' MM =•.r3,3x,•NUMBER OF DIRECTIONS• 
2 I • IM ='•1313X,•NUMBER OF RADIAL INTERVALS• 
3 / t JM :•,y3,3x,•NUMBER OF AXIAL INTERVALS•. 
4 I • IG ='•IJ,JX.•NUMBER OF ENERGY GROUPS•> 

CALL CLEARXIA(L2ltl•27l 
L3=LZ+IREG 
L4=L3•IR~G 
LS=L4+JREG 
L6=LS•JREG 
L7=L6+MM 
L8=L7+MM 
L9=L8•MM 
Ll0=L9+MM 
Lll=LlO+IM+l 
Ll2=Ll l+Jl-1+1 
Ll3=Ll2+1REG 
Ll4=Ll3+JREG 
Ll S:Ll 4 +I MOMMON 
Ll6:LlS•IREGoJM*NEWON 
L17 =Ll6+IREGOJREG•NEWMM 

.; 
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LAST=Ll7+NEWMM*NREG*IG 
WRITE. !NOUol017l LASToLENGTH 
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1017 FORMAT <•O**'•I6•' DATA LOCATIONS REQUIRED VS. AVAILABLE'•I6l 
TF <LAST .GT. LENGTH> CALL ERROR<•LAST••LASTl 
CALL FTD0<2•IERR,NINoNOUl 
NERR=NERR+TERR 
TF INERR .GT. Ol CALL ERRO('DATA•oNERRl 

C******PRJNT ARRAYS INPUT FROM SECOND DATA BLOCKS OF FIDO 
L3Ml=L3-1 
WRITE !NOU, 1.020 l !LA< I l, I=L2,L3Ml l 

1020 FORMAT!•OIPLO<L>• INDEX OF LOWER LIMIT OF REGION LIN R DIRECTION• 
1 I 12Xo!3l l 

L4Ml=L4-l 
WRITE !NOUol030l <LA!Il o!=L3,L4Mll 

1030 FORMAT<•OIRUP!Ll• INDEX OF UPPER LIMIT OF REGION LIN R DIRECTIOW• 
l I C2ll'13ll 
LSMl=LS-1 
WRITE <NOUtl040l <LA<Il .I=L4,L5Mll 

1040 FORMAT<•OIZLO<L>• INDEX OF LOWER LIMIT OF REGION LINZ DIRECTION• 
1 I <2Xo!3) l 

L6Ml=L6-l 
WRITE <NOUolOSOl <LA<Il .I=LS,L6Mll 

1050 FORMAT<•OIZUP!Llo INDEX OF UPPER LIMIT OF REGION LINZ DIRECTION• 
1 / c2x.13> > 

CALL SATURN!LAIL2l oLA!L3l •LACL4l •LA<LSl •A!L6l •A<L7l •A<L8l •A<L9l • 
1 A<LlOl•A<Llll•Alll2l•A<Ll3l•A<Ll4l•A<Ll5loA(LJ6l•A<Ll7l) 

STOP 
END 

SUBROUTINE SA TURN< IRLO • IRUP, I ZLO •I ZUP • WTN • WGT • XMU • E-T A• 
1 R•Z•AREA•HEIGHT•AfLUX•AAF•AD,COFl 

DIMENSION PHE!lSOl 
0 !~ENS I ON I RLO <l l • IRUP < 1 l •I ZLO ( 1 l t I Zl)P ( 1 l , WG T 11 l • XHU < 1 l •ET A < l l , 

1 WTN < l l ,R < l l ,z < 1l•AREA<1 l •HEIGHT ( l l 
DIMENSION AFLUX<IM,MMDNl,AAF(IREG•JM,NEWONl,AD!NEWMMtJREG•IREGlt 

1 CDF<NEWMM•NRtG~!Gl. 
COMMON /BULKBU/ A<lloLl•L2•L3,L4oLS•L6•l7tl~•L9•LlOtLlltL12,Ll3 

l ·~14•LlStLl6•Ll7 
2 oTOOTl181 oMM.!MtJMt!GtN!NtNOU 
3 •NAFToNABCoIREG•JREGoMMDNtNEWDNoNEWMM,NREG 
4 •DUMMY!70000l 

C*********lilGT<ll IS THE ANGULAR WEIGHT ARRAY 
C*********XMU!ll IS THE MU ARRAY 
coo<H>i>ooo-itETA<ll IS ETA ARRAYt ETA BEING THE POLAR ANGLE 
C*******o*IWPUT QUADRATURE AND MESH DATA 
C****O*~*oSKIP THE 'ND• 3RDt ANO 4TH RECORD IN NAFT 

CALL ~ANDRQ <NAFT•a> 
C*****o*oqREAD 3*MM+IM+JM+Z ~OROS FROM THE 5TH RECORD 

CALL WANORl <NAFToWGTo3*MM+!M+JM+2,2l 
C***oo-ctoELIMINATE ANGLES WITH ZERO WEIGHT• AND RENUMBER THE ANGLES 

111=0 
DO 62 M:J,MM 
IF !WGT<Ml .E.Q. o.·l GO TO 62 
N=N+l 
WTN!Nl=WGT!M) 

C*q******* REFLECT XMU ~ ETA ANG~ES WRT THE ORIGIN 
XMU(Nl=-XMU(M) 
ETA IN) =-ETA (Ml 
PHE<Nl=SQRT<l.O-XMUCN)*02•ETA!Nl**Zl 



84 

62 CONTINUE 
WRITE CNOU• lSl N 

15 FORMAT c•ON:•,I4t4X,•SHOULO BE EQUAL TO NEWMM'l 
NEWMM=N 
WRITE CNOUolOl 

10 FORMAT ClHl•lOX•7H WEIGHTt8X,3H MU•9X•4H ETAt8X,•RADIUS•,7X• 
1 •HEIGHT•,9x,•PHE•l 

CALL WOTBCWTN.NEWMMtXHUtNEWMM,ETAtNEWMMtRtlM+l•ZtJM+l•PHE•NEWMM• 
1 o,o,o,o,NOu> 

WRITECNA8Cl CXMUCMl •H=l•NEWMMl, <ETA CM> tM=l•NEWMMl 
CALL TIMEX 

cooooooooopQ51TION AND READ ANGULAR FLUX TAPE THEN PROCESS THEM 
CALL WANDRO!NAFTtlG+ll 
00 60 IIG=l•IG 
00 82 J:l,JM 
JJ:JM+l-J 

coooooooooREAO DOWMWARO ANGULAR FLUX 
CALL WANDR1CNAFT•AFLUX•IH*MHDN•2> 
DO 83 I=l•IM 
N=O 
DO 83 M=l•MMDN 
JF CWGT CMl .EQ. 0. l GO TO 83 
N=N+l 
AFLUX<l1Nl=AFLUX(I.Ml 
IF CAFLUXCI•Nl .LT. O.l AFLUXCI•Nl:O. 

83 CONTINUE 
NEWON=N 

C*********AVERAGE DOWNWARD ANGULAR FLUX OVER RADIAL DIRECTION 
DO 85 L=l•IREG 
ILOw=IRLOCLl 
I UP: IRUP C Ll 
IUPMl=IUP-1 
AREACLl=3.14159*!RCIUPl**2-RCILOWl 00 2l 
DO 86 M=l•NEWDN 
AAFCL•JJtMl=0.0 
DO 86 I=ILOW,JUPMl 

86 AAF(LtJJtMl=AAFCLtJJ,M)+AFLUX<I•Ml*3.l4159*(RCI+ll* 6 2-RCil 00 2l/ 
1 AREA CL> 

85 CONTTNUE 
82 CONTINUE 

coooooo*o*AVERAGE DOWNWARD ANGULAR FLUX OVER AXIAL DIRECTION 
00 87 L=l dREG 
bO 87 K=l•JrlEG 
JLOW=!ZLOCKl 
.JIJP:IZUP CIO 
JUPMl=JUP-1 
HEIGHT!Kl=ZCJUPl-ZCJLOWl 
DO 87 M=l•NEWDN 
ADCt>ttK•Ll=O.O 
00 89 J=JLOW,JUPMl 

89 AOCM•KtLl=ADCMtK•Ll+AAFC~tJ•Ml*CZCJ+ll-ZCJll/HEIGHTCKl 
87 CONTINUE 

MMUP=MM-MMDN 
C*********READ UPWARD ANGULAR FLUX 

DO 92 J=lt..JM 
CALL WANDRl<NAFT•AFLUX.I~oMMUP,21 
DO 93 I=l '1M 
N=O 
DO Q3 M=l•MMUP 
MOP:M+MMDN 
IF CWGTIMOPl .EQ. O.Ol GO TO 93 



N=N•l 
AFLUXCI,Nl=AFLUXCltMl 
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IF CAFLUXCltNl .LT. O.l AFLUX(I,Nl=O. 
93 CONTINUE 

NEWUP=N 
coooooooooAVERAGE UPWARD ANGULAR FLUX OVER RADIAL DIRECTION 

DO 95 L=l,IREG 
ILOW=lRLO CL l 
IUP:IRUP Cll 
IU?Ml=IUP-1 
DO 96 M=ltNEWUP 
AAFCL,J ,1o11=0.0 
00 96 I=ILOW,IUPMl 

96 AAFCl_,J oMl=AAF<L•J ,M)•AFLUXCI,Ml 0 3.14159*CR(I•ll* 0 2-R<Il 00 2J/ 
1 AREACLJ 

95 CONTINUE 
92 CONTINUE 

coooooooooAVERAGE UPWARD ANGULAR FLUX OVER AXIAL DIRECTION 
00 97 L=l•IREG 
DO 97 K=l,JREG 
JLOW= I ll.0 (I<) 
JUP:IZUPIKJ 
JUPMl=JUP-1 
00 97 M=l•NEwUP 
MMM=M+NEWON 
ADCMMMtK•Ll=O.O 
DO 99 J=JLOWoJUP~l 

99 ADIMMMtKtll=ADCMMMtK•Ll+AAFCL,Jt~)o(ZCJ+ll-ZCJJ J/HEIGHTCKJ 
97 CONTINUE 

DO 100 L=ltlREG 
DO 100 K=l•JREG 

cooooooooo ~OMBINE R-Z REGION INDICES L1K INTO O~E INOEX,I 
I=JREG*CL-ll+K 
DO 120 M=l•NEWMM 
CDFCMtI•IlGl=ADCM•KtLl 

120 CO~TINUE 

100 CONTINUE 
I~=IG•l-Irn 
WRITE CMOU•61 J IK 

61 FORMAT l 1 0GROUP•,I4•2X1 1 ANGULAR ADJOINT READ FROM TAPE•! 
60 CONTTNUE 

cooooooooo REVERSE ENERGY GROUP NUMBER OF THE POINT VALUE FUNCTION 
TGHALF=IG/2 
00 130 !IG=l.IGHALF 
Kl=IG•l-11G 
DO 130 I=l tNREG 
00 130 M=l•NEWMM 
DUM=CDFIMtI•IlGJ 
CDFCM,idIG>=CU~ tM.Itl\ll 
CDF I Mt I 1Kl) =OUM 

130 CONTINUE 
NREGM3=NREG-JREG 
DO 135 IIG=l.YG 
WRITECNOUtlJ6) IIG 

136 FO~MATClHl• •THE POINT VALUE FUNCTION OF GROUP•,{4) 
CALL WOTCCOFll•l•IIGltNREGMJ,NEWMH,l••ANGL'•'REGN'•' •J 

cooooooooo WRITE THE POINT VALUE FUNCTIONS ON NABC BY GROUP 
WRITE C NABC J C ( CDF CM• f, I IG) , M: 1 t NEWMM l •I• I , NREG J 

135 CONTINUE 
STOP 
END 
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A.2 Input Instruction and Listing of the EVENT Program 

The EVENT program consists of a main routine and subroutines, 

PEASE and PCON. Like the POINT program, the input to the EVENT program 

is written in the free-form of the FIDO format. The input instruction 

and the listing of this program are presented as follows. 

1$$ array: IGM~ IM, JM, MM, NEWMM, IREG, JREG, NREG, LMAX, NIZ4, 

NEVF T 

2** 

3** 

4** 

5** 

IGM - number of energy groups 

IM - number of radial intervals 

JM - number of axial intervals 

MM - number of directions in the angular quadrature set 

NEWMM - number of directions with nonzero weights in the angular 

quadrature set 

IREG - number of regions in radial direction 

JREG number of regions in axial direction 

NREG - total number of regions, IREG x JREG 

LMAX the order of Legendre Polynomial expansion of the differential 

scattering cross section 

NIZ4 - logical unit number for the scattering source tape 

NEVF - logical unit number for the event value tape 

array: CST(IG), IG=l, IGM - total macroscopic cross section 

group (input in reversed energy group number) 

array: R( I)' I= 1 , IM+l - boundaries of radial intervals 

array: z ( J)' J=l' JM+l - boundaries of axial intervals 

by 

array: IRLO(L), L=l, IREG - mesh number of the lower boundaries 

of region L in radial direction 

. 
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6** array: IRUP(L), L=l, IREG - mesh number of the upper boundaries 

of region L in radial direction 

7** array: IZLO(L), L=l, JREG - mesh number of the lower boundaries 

of region L in axial direction 

3** array: IZUP(L), L=l, JREG - mesh number of the upper boundaries 

of region L in axial direction 

9** array: WGT(M), M=l, MM - weights associated to the directions in 

the angular quadrature set -

10** array: XMU(M), M=l, MM - direction ~osines with respect to the 

radial direction in-the angular quadrature set 

11** array: ETA(M), M=l, MM - direction cosines with respect to the 

axial direction in the angular quadrature set. 

T 
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C THE EVENT PROGRAM 
COMMON /BULKBU/ ACll•Ll•L2tL3tL4tLS•L6tL7tL8•L9tLl~ 

1 •Lll•Ll2•Ll3•Ll4•Ll5tLl6•Ll7•Ll8tLl9•L20 
2 •N!NtNOU•IGM•lM•JMtMMtNENMMtl~EGtJREGtNREGtLMAX 
3 tNIZ4.NEVF 
4 tDUMMYC64000> 

DIMENSION LAil> 
EQUIVALENCE CA<l>•LAClll 
LENGTH=64000 
DO 5 I=l•LENGTH 

5 AII>=O.O 
NIN:S 
NOU=6 
L1 =24 
L2=Ll+ll 
NERR=O 

C<><>RE~O 1$$ ARRAY 
CALL FID0<21IERRtNINtNOU> 
LlP=Ll+lO 
WRITE CNOUtl 005) !LAC I> t!=Ll tllPl 

1005 FORMATC•OPARAMETERS INPUT FROM CAROS ••••••• 1 1 
"I• IGM = 1 ,T3t3X,•NUM8FR OF ENERGY GROUPS• 
"I • !M =•,I3•3X,•NUM8ER OF RADIAL INTERVAL• 
.. I ' JM =•,I3t3X.•NUMBER OF AXIAL INTERVALS• 
" I • MM =•,I3t3X,•NUMBER OF DIRECTIONS' 
"I • NEWMM=•,I3t3X,•NEW NUMBER OF DIRECTIONS• 
"I 1 IREG =•,I3t3X,•~ OF REGIONS IN RADIAL DIRECTION• 
.. I I JREG = 1 ,I3·3X9 1~ OF REGIONS IN AXIAL DIRECTION• 
" I 1 NREG = 1 ,I3t3X,•NUMBER OF REGIONS' 
"I• LMAX = 1 ,I3t3X,•MAXJMUM ORDER OF SCATTERING• 
"I • NIZ4 = 1 ,I3t3X,•LOG #FOR SCATTERING SOURCE TAPE• 
"I ' NEVF = 1 ,13t3Xt•LOG #FOR EVENT VALUE TAPE•> 

ISC:LMAX+l 
LM=CLMAX"ILMAX+3ll/2 
LMPl=LM+l 
KIM=2"LMAX+l 
WRlTECNOUt999l ISC,LMtLMPltKIM 

999 FORMAT<•o ISC=•,r3.4X,• LM=.•,I3t4Xt• LMPl=•tI3,4Xt 
l 1 KTM=••l3l 

L3=L2•IGM 
!,,4=L~•IM•l 
L5=L4+JM+l 
L6=LS•IREG 
L. 7:oL6 •.I REG 
L8=L7+JREG 
L9=L8•JREG 
LlO=L9+MM 
Lll::LlO+MM 
L12=Ll l +MM 
L13=Ll2+NEWMM*LM 
ll4:ll3+LMPl<>NREG 
Ll5=Ll4+NEWMM*NREG*IGM 
Ll6=Ll5+NEWMM*ISC"I5C 
Ll7=Ll6+KIM 
Ll8=Ll7+~1tWMM 

Ll9=Ll8+IM"JM*LMP1 
L20=Ll 9+ IREG 
LAST=L.20+JREG 
WRITECNOUtlOlO> LAST,LENGTH 

1010 FORHATC•O**'tl6'' DATA LOCATIONS REQUIRED VS. 
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AVAILABEL••I6l 
IF (LAST .GT. LENGTH) CALL ERROR< •LAST•,LASTl 
CALL fID0<2•IERR,NIN,NOUl 
NERR=NERR+IERR 
IF<NERR .GT. 6> CALL ERROC•DATA•tNERRl 
WRTTECNOU•l020l 

1020 FORMATClHltlOX,• WEIGHT•.sx.• MU•,9x,• ETA•.sx. 
l •RADIUS•,1x,•HEIGHT•l 

CALL ¥10T8CACL9l tMMtACLlOl •MM,ACLlll •MMtACL3l ,YM+l, 
1 ACL4> ,JM•1,o,o.o.o.o,o,Nou> 

WRITECN0Utl030l 
]030 FORMAT(lHltlOX•' CST•.ax.•IRLO•,ax.•IRUP•.ax.•rZLO•· 

1 sx,'!ZUP•l 
CALL WOT8CA<L2>,IGM,ACL5l,IREG•ACL6l,IREG,ACL7loJREG, 

l ACLSltJR(G,o,o.o.o.o,o.NOU) 
CALL PEACE CA CL.2l •A CL3l •A CL4l ,A CLSl •A <L6l •A (L 7l •A CL8l, 

l ACL9l 7ACL10l ,ACLlll •A<Ll2l •A<Ll3l tACL14l ,ACL.lSl1 
2 ACL16l ,ACLl 7l tACL18l •A<Ll9l ,A CL20l •LMtLMPb ISCoKIMl 

STOP 
END 

SUBROUTINE PEACECCST,R,z,IRLO,IRUP.IZLO,IZUP,WGT,XMU, 
l ETA•PL•T,w,PNtB•CPtSStAREA,HEIGHT, 
2 LM•LMPl•ISC•KIMl 

COMMON /BULKBU/ ACll•Ll•L2•L3,L4,L5•L6,L7,L8•L9tL10 
1 tLll•Ll2tLJ3,Ll4,Ll5tLl6,Ll7•Ll8•Ll9•L20 
2 ,NIN,NOUtIGMtlM•JMtHM,NEWMM,IREGoJREGoNREG,LMAX 
3 ,NIZ4,NEVF 

DIMENSION CSTCll,R(ll,ZCll,IRLO(ll•IRUP<l>•lZLO(ll• 
l IZ.UP(JJ,WGT(lJ.XMUCll•ETACll 

DIMENSION PLCNEWMM•LM>•TCLMPltNREGloWCNEWMMoNREG•IGMl1 
l PNCNEWMMolSCoISCl,SCKIHl 7 CPCNEWMMl•SSCIM,JM,LMPll 

DIMENSION AREACIREGJ,HEIGHTCJREG> 
CALL PCONCXMUtETA•WGT•PLoPN,R,CPtNEWMM•ISC•LMAXl 
WRITE C NOU,] OSO l 

1050 fORMATClHl•• TESTING PCON•l 
CALL WOTCPL•LM•NEWMM•l•'ANGL••'PLMC•.• 

C ELIMINATE ZERO WEIGHT DIRECTIONS. ~ REO~DER 
C THEN REFLECT XMU ~ ETA WITH RESPECT TO THE 

N=O 
DO l 0 M= 1 •MM 
IF CWGTCMl .EQ. O.l GO TO 10 
N:N+l 
WGT!Nl=WGTCMl 
XMll C N l =-xMU 01) 
ETA !Nl =-ETA (Ml 

10 CONTINUE 
WRITECNOU•lOOOl 

1000 FORMATCIHl•' MU~ ETA AFTER REFLECTED•) 
WRTTE CNOUol 010 l 

I) 

THE DIRECTIONS 
ORIGIN. 

1010 FORMATClHO•lOX•• WEIGHTt.8X,• ~u•,9x,• E.TA•) 
CALL WOT8CWGT.NEWMM•XMU•NEWMM1ETA•NEWMM, 

l o,o,o,o,o,o,o,o.o.o,Nou> 
CALL PCONCXMUtETA•WGTtPL•PN•S•CP.NEWMM•ISCtLMAXl 
WRITECNOU•l020l 

1020 fORMATClHl,• DISCRETE VALUES OF PLMCTHETAl*COSCM*PSil •) 
CALL WOTCPL•LM,N[WHM•lt'ANGL•••PLMCt,1 t) 
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cooCALCULATE THE EVENT VALUE FOP EACH GROUP 
cooNOTE THAT THE GROUP NUMBER IS.IN REVERSE ORDER 

00 20 IG=l•IGM 
READ<NIZ4l <<<SS<I•J•Lll•I=l•IMl•J=l•JMltll=l•LMPll 

cooAVERAGE SCATTERING SOURCE OVER REGION 
00 23 L=l • IREG 

c 

c 

ILOW=IRLO<L> 
!UP =IRUP(Ll 
IUPMl=IUP-1 
AREA<Ll=3.14159°<R<IUPl* 0 2 - R<ILOW)oo2> 
00 23 K=l•JREG 
JLOW=IZl,.O!l<l 
JUP =IZUP<K> 
JUPMl=JUP-1 
HEIGHT<K>=Z<JUPl - Z<JLOWl 
NR=JREGOCL-ll+K . 
DO .23 LL=l •LMPl 
T<LL•NR>=O.O 
DO 25 J=JLOW,JUPMl 
DO 25 I=ILOW,IUPMl 

25 T<LLtNR>=T<LL•NRl + SS<I,JtLLl 
T<LLtNRl= T(LltNRl/!HEIGHT(K)OARfA<Lll 

23 CO.NT INUE 

00 26 NR=ltNREG 
00 26 M=ltNEWMM 
W(M,NR•IGl=T!ltNRl 
DO 27 LL=l tLM 

27 W{M,NR1IGJ=WCM•NR•!Gl + PL<M,LLl*T<LL•l•NRl 
W<M 9 NRtIGl=W<M,NR,IGl/(4.0*3.141590CST<IGll 

26 CONTINUE ' 

20 CONTINUE 
WRITE CNOU, 100 lJ 

1001 FORMAT <•0 AREA OF RADIAL REGION•> 
WRITE <NOUtl002l <AREA<L>•L=l•IREGl 

1002 FORMATC4X,1PE12.5) . 
WRITE <NOUtl003l 

1003 FORMAT <•O HEIGHT OF AXIAL REGION•> 
WRITE <Nou.10021 (HEIGHT<Kl•K=ltJREG> 

cooREVERSE ENERGY GROUP NUMBER OF EVENT VALUE FUNCTION, W 
IGMHLF=IGM/2 
~n 30 IG-ltIGHHLF 
Kl=IGM+l-IG 
DO 30 NR=ltNREG 
DO 30 M=l•NEWHM 
OUM=W<M,NRtIG) 
W<M,NR•!Gl=W<MtNRtKl) 
W<M,NRtKll=DUM 

30 CONTINUE 
NREGMJ=NREG-3 
DO 40 IG=l•TGM 

cooWRITE THE EVENT VALUE FUNCTION ON TAPEt NEVF BY GROUP 
WRTTE <NEVFl ( (W CM,NFh IGl •M=l tNEWMMl tNR=l ,NREGM3l 

cooPRINT THE EVENT VALUE FUNCTION BY GROUP 
WR1TE<NOU•l030l TG . 

1030 FORMAT(lHl••THE EVENT VALUE FUNCTION OF GROUP•,J4J 
CALL WOT<W<l,J.,I~l,NREGM3,NEWMMolo•ANGL'•·'REGN• 9 • t) 

40 CONTINUE 
RETURN 
END 
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SUBROUTINE PCON CEMU.ETA•W•PL.PN.A.CPtMMoISC•!SCTl 
DIMENSION EMUCll .ETA(l) ,wc11,PL<MMoll •PN(Mt~•rsc,i1, 

l A<ll•CP!ll 
C --- PCON CALCULATES A<L•M•D> TERMS FOR INSCATTER INTEGRAL 
C USING VARYING ORDER RECURSION FORMULA 
c REFERENCE ~Q. a.s.1 - A8RAMO~ITZ & STEGUN 

!FM = 2<>ISCT+l 
A(lJ : l.O 
DO 1010 I=2•IfM 

1010 A!Il = FLOATCI-ll<>ACI-ll 
DO 1030 M:},MM 
El = o.o ... 
IF CWCMI .EQ.O.Ol GO TO 1015 
El = SQRTCl.O-EMU<MJ<>EMUCMl-ETA(M}<>fTACM)) 

1 O l 5 CP <MI = AT AN ( El /ETA ( M l l 
tF CETA<Ml.LT.0.01 CP!Ml = CP<MJ+J.1415927 
PN ( M • l • 1 l = l • 0 
PNCM•2•ll = EMUCMl 
PN!Mt2•?> = SQRTCl.0-EMUCMl<>EMUCMll 
If <ISCT.LE.ll GO TO 1030 
ROOT= l.O/PNIM•2•2> 
00 1020 N=2tlSCT 
El = l.O -1.0/fLOAT!Nl 
E2 = El+l.O 
PNtM,N•l•l> = E2<>EMU(Ml*PN<M.Ntll-El<>PNCM.N-l1il 
00 1020 J=l•N 
Il = N-J+l 
12 = N+J-1 
El = 12 
E2 = 11 

1020 PN<M~N+l•J+ll = ROQT<>(fl<>PN<M•N•JJ-E2<>EMU<Ml<> 
1 PN<M•N•l•Jl l 

1030 CONTINUE 
LL = O. 
DO 1040 L=2•15C 
DO 1040 K=l•L 
LL = LL+l 
DO 1040 M=l•MM 
PLIM•LL) = PNIM•L•t<J 
If IK.EQ.ll GO TO 1040 
El = SQRTl2.o<>A<L-K+ll/ACL+K-l)) 
E2 = K-1 
PL!MtLLI ~ El<>PL<M•LLl<>C05(E2<>CPtM)) 

1040 IF <ABSIPL<M1Llll.LE.l.OE-5l PL<M,LLI = O.O 
RETURN 
ENO 
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A.3 Subroutines of the Modified MORSE Code 

In the modified MORSE code, the ·random walk subroutines COLISN 

and NXTCOL were rewritten in order to incorporate the angular probability 

biasing and the path length biasing techniques into the MORSE co9e. 

Also, the subroutine REGION was introduced to track particle flight 

trajectories so that path length biasing can be performed. The 

subroutine INSCOR was written to read the point value tape, the event 

value tape, or both the point value tape and the event value tape. 

Finally, two SOURCE subroutines were written. The first one generated. 

source particle locations according to the source distribution which 

was biased by the step importance function, and the second one generated 

source particle locations according to the source distribution which 

was biased by the DOT adjoint flux. 

The listings of these subroutines are presented here in the 

following order: SOURCE, INSCOR, COLISN, NXJCOL, and REGION. 
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. ' SUBROUTlNE SOURCE<rG.u.v.w.x.y,z,wATEtMEDtAGtISOURt 
1 ITSTR,NQT3•DDF•!SB•NMTGl 

C SOURCE DISTRIBUTION BIASED BY A STEP FUNCTION 
Rl=)O,O 
RTOL=lSO.O 
C=lOOO.O 
XJ=(C-1.0l*Rl*Rl/IRTOL*RTOLl+l.O 
XK=C*Rl*Rl/IRTOL*RTOL*XJl 
RAN=FLTRNF<Ol 
IF<RAN.GT.XKl GO TO 10 
RAD:SQRT<RAN*XJ/Cl*RTOL 
WATE=WATE*XJ/C 
GO TO 20 

10 RAD:SQRTCRAN*XJ*RTOL*RTOL-(C-1.0)*Rl*Rl) 
WATE=WATE*XJ 

20 THETA=2.0*3.14159*FLTRNF(Ol 
X=RAD*COS<THETA) 
Y=RAD*SIN<THETAl 
Z=+Q,00.01 
I.ALL GT1socu,v,w) 
'W=ABS<WJ 
RETURN 
END 

SllBROUTINE SOURCE<IG.u,v,w,x,y,z,wATE•MEOtAG•ISOLIR, 
1 ITSTR•NQT3tDDF•ISBtNMTGl 

C SOURCE DISTRIBUTION BIASED BY DOT ADJOINT FLUX 
REAL *4 M 1' M2 
Ml=0.13155 
M2:Q,021675 
Pl=0.954236 
P2=Q.040994 
RNl=FLTRNF <OJ 
IF< RN 1 • GT. P 1 l GO TO 1 O 

C RADIAL ZONE l IS SELECTED 
RN2,,FLTRNF(Ol 
RAD=8.0*SORT(RN2l 
WATE=WATE*0,00298086 
GO TO 111 

10 PlP2=Pl+P2 
IF <RNl .GT. PIP2l GO TO 30 

c RADIAL ZONE 2 rs SELECTED 
RN3=FL TRNF < 0 l 
IF<RN3 .GT. 0.48165l GO TO 25 

C SELECT FRUM ~vEXP<-MSl 

21 ETAl=EXPRNf(OJ 
ETA2=EXPRNF(Ol 
S=<ETAl•ETA2l/Ml 
!F<S .GT. 42.0l GO TO 21 
GO ro 26 

C SELECT FROM EXP<-MS) 
25 ETA=AMOO<EXPRNFIQJ,42.0*Mll 

S=ETA/Ml 
26 RAD=B.O+S 

WATE=WATE*0.2533732*EXP!Ml*Sl 
60 TO 111 

c RADIAL ZONE 3 rs SELECTED 
30 RN4=FLTRNf(0) 
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IF<RN4 .GT. o.399111 GO· TO 35 
C SELECT FROM S*EXPl-MSJ 

31 ETAl=EXPRNf(Q) 
ETA2=EXPRNFIOJ 
S=IETAl+ETA21/M2 
IF(S .GT. 100.01 GO TO 31 
GO TO 36 

C SELECT FROM EXPl-MSl 

c 

35 ETA=AHOD<EXPRNFIOJ,100.0*M2l 
S=ETA/M2 

36 RA0=50.0+S 
WATE=WATE*63.343297*EXPIM2*Sl 

111 THETA=2.0*3.14159*fLTRNFIOl 
X=RAD*COS{THETAl 
Y=RAD*S!NITHETAl 
Z=•0.0001 
CALL GTISOIU,V,Wl 
W=ABS<W> 
RETURN 
ENO 

SUBROUTINE INSCOR 
INCLUDF NEXT LINE IF PATH LENGTH BIASING IS EMPLOYED 

COMMON /STEAK/ EVENTl146tl2•141 
COMMON /ANGUS/ IGM,NRGtNEWMH,NPAtPOL12Sl,IPOLST(25l 

1 ,JOHN,XMUll46ltETAl146l 
C INCLUDE NEXT LINE IF ANGULAR PROB. BIASING IS EMPLOYED 

c 

c 

c 

2 tCDfll46tl2•l4l 
IGM:.14 
NRG:l8 
NEWMM=l46 
NABC=l3 

INCLUDE NEXT LINE IF PATH LENGTH BIASING IS EMPLOYED 
REWIND 14 
REWIND NABC 
READINABCl 
NM3=NRG-6 

IXMU(MltM=l•NEWMMl, IETAIMl,M=l•NEW~Ml 

DO 100 JIG=l,JGM 
INeLUO! N(AT LlN~ 1~ ANGULAR PROB. BIASING IS EMPLOYED 

READINABCl <ICDFIMtl•IIGl•M=l•NEWMMl•I=l•NM3J 
INCLUDE NEXT LINE IF PATH L.ENGTH BIASING IS EMPLOYED 

READll4l llEVENT<MtI•IIG>•M=l•NEWMMl,l=l•NMll 
CONTINUE 100 

c DETERMINE THE COSINES OF POLAR ANGLES POLIN) FROM ETA 
AND THEIR STARTING LOCATIONS IPOLSTtNl IN NEWMM 
IPOLSTCN) IS THE STARTING LOCATION lN THE ~UAORATURE 
SET OF THE NTH POLAR ANGLE 

c 
c 
c 

N=l 
POL Ill =ETA Ill 
IPOLSTClJ=l 
DO 10 M=2tNEWMM 
]F <ETA IHI .EQ. POL INl l GO TO 10 
N=N+l 
POLINl=ETAIMl 
IPOLSTINl=M 

10 CONTINUE 
NPA=N 

c NPA rs THE TOTAL NUMSER OF POLAR ANGLES 
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WRITE<6,JOSl 
105 FORMAT<•OPOLAR ANGLES• POLfNl •l 

WRITE!6,J06l <POLIN> ,N:l,NPAl 
106 FORMAT<2X,1P8El4.5l 

WRITE<6·107l 
107 FORMAT I •OINDEX OF STARTING POLAR ANGLES, .IPOLST !Nl 1 l 

WRITE 16, l 081 I I POL ST <Nl ,N:J ,NPAl 
108 FORMAT12X,8I14l 

RETURN 
END 

SUBROUTINE COLISN!IG.u.v.W,WATE.IMEDtNREGl 
C THIS ROUTINE IS CALLED AT EACH COLLISION 
C IT CONVERTS INCOMING GROUP NO., DIRECTION COSINES ANO 
C PARTICLE WEIGHT INTO POST COLLISION PARAMETERS. 

COMMON /ANGUS/ IGM,NRGtNEWMM,NPA,POL<25l ,JPO.LST (25) 
l ,JOHN,XMUl146l,ETA!l46l 
2 •CDF<l46,12,141 

COMMON /USER/ JUNK<22J ,NMTG 
COMMON /NUTRON/ DUM!l3l•X•Y•Z 
COMMQN/LOCSIG/ISTART,JSCCOGtINABOGtIGABOG,IFPORGt 

1 IFNGP•IFSPOG,IDSGOG•IPRBNG,IPRBGGtlSCANG,ISCAGG, 
2 ISPORGtlSPORT,INPBUf,ISIGOG,JNFPOGtIABSOGtITOTSG, 
3 NGP, NOS• NG.G 'NOSG, INGP' Il'WS, NMEO' NELEM, NMIX ,NCOEF, 
4 NSCT,NTS,NTG,NDSNGP,NOSNGG,IAOJ,NMEtLOC,INGS,INSG, 
5 Il,IO,KKKt!XTAPEt!D[L•ITEML,ITEMGtIRSG,IRDSG,JSTR, 
6 IPRINt!FMU,JMOMtIDTFtTSTAT,IPUN,NUStNGN,tHT,IN0S, 
7 !NUSN,INGN,INGNPtINNNt!GGG 

COMMON SlGTllJ 
DIMENSION SICK !SJ ,PDF (51 •A <Sl •B 151 tC !Sl tKNOX <SJ 
DIMENSION NSIG!lJ 
EQUIVALENCE <SIGT!ll tNSIG<ll l 
CALL GTMED<IMEO,MEOl 
IGMED=<MED-ll 0 ISPORG•IG 
PNAB = SIGT<IGMED + INABOGl 
WATE = WATEOPNAB 
IF !IG-NGPl lOt lOtlS 

10 IH=TG 
NDSK=NSIGIINNN+IGl 
IS=tMED-JlOI5PORG•IFSPOG+NSIGCINGS+IGl 
NAODPG=O 
ITE=NSIG(lNGS•lHl 
GO TO 20 

15 NADOPG=IPRBGQ-IPRSNG 
IH=IG-NGP 
N05K:NSTf,(fGGG+1Hl 
!TE:NSIG<INSG•IHJ 
JS=!MEO-ll 0 ISPORG+IOSGOG+ITE 

20 IF<LOC >2s.2s,35 
25 C9=0. 

R = FLTRNFIOJ 
DO 30 I=l•NDSk 
C9=C9+SIGT<IS+Il 
IF<C9-Rl30,40•40 

30 CONTINUE 
I = NOSK 
GO TO 40 

35 INO=LOC +NTG 0 !NREG-ll 
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CALL GTIOUT<rs.1,NREG.NDSK.JG,WATE.IND) 
40 IG=IG •I-1-NUS 

IHO=IG 
C CHECK IF POST COLLISION ENERGY BELOW CUT-OFF ENERGY 

IF <IHO.GT.IGMl RETURN 
C SELECT OUT GOING DIRECTION 

IF!NSCTl45t4St50 
45 CALL GTISOfU,V,W) 

RETURN 
SC II=!MEO-ll*lSPORG+IPRBNG+< ITE +I-ll*NSCT+NAODPG 

IF <SIGT<lI+ll .LT.O.l GO TO 45 
DO l J=loNSCT 
IF (J-ll 2t2.3 

2 SICK!Jl=SIGTfII+J) 
GO TO 1 

3 SICK<Jl= SlGT(J+IIl-SIGTfII+J-ll 
1 CONTINUE 

DD 60 J=l•NSCT 
IJ=fMED-ll*ISPORG+ISCANG+! ITE +1-ll*NSCT+J+NAODPG 
FM :SIGT ( I3l 
SINPSI :SQRT fl.O-FM *FM l 
CALL AZIRN<SINETA,COSETAl 
STHETA = 1.0-U,.,.U 
IF!STHETAl70,70t65 

65 STHETA =SQRT (5THETAl 
COSPHI= V/STHETA 
SINPHI= W/STHETA 
GO TO 75 

10 COSPHI=l.O 
SINPHI=O. 
STHETA=O. 

75 B!Jl=V*FM+U*COSPHI*COSETA*SINPSI-SINPHI*SINPSI*SINETA 
C!Jl=W*FM+U*SINPHI*COSETA*SINPSI+COSPHI*SINPSI*SINETA. 
A<Jl=U*FM-C0SETA 0 SINPSI*STHETA 
S=l,0/SQRT!A!Jl*A(Jl+8(Jl*B<Jl+C!Jl*C(J)l 
A!Jl=A!Jl*S 
B!Jl=B<Jl*S 
C!Jl=C!Jl*S 

C PICK A POLAR ANGLE NUMBER NFLAG NEAREST TO C!Jl 
APPLE=3.0 
DO 80 N=ltNPA 
ORANGE=A65fPQ~(Nl-C(J)) 
If !ORANGE .GE. APPLE> GO TO 80 
APPLE=ORANGE 
NFLAG=N 

80 CONTINUE 
C DETERMINE THE BEGINNlNG AND THE END LOCATIONS OF THE 
C AZIMUTHAL ANGLES CORRESPONDING TO THE SAME POLAR ANGLE 
C IN THE QUADRATURE SET 

IBGN=IPOLST!NFLAGl 
IF (NFLAG .GE. NPAl GO TO 81 
IEND=JPOLST<NFLAG+ll-1 
GO TO 82 

81 I END=MEWMM 
82 CONTINUE 

C COMPUTE OMEGAROL FROM A(J), AND B!Jl• THEN PICK 
C XMUfKFLAGl WHICH IS CLOSEST TO OMEGAROL. 

SINPHE=Y/SQRT<X*X+Y 0 Yl 
COSPHE=X/SQRT<X*X+Y*Y) 
ROL:SQRT!A!Jl*A(Jl+B!Jl*B!Jll 
SINKAI=B!Jl/ROL 



'· 

97 

COSKAI=ACJ)/ROL 
RMU:ROLo<COSKAI°COSPHE + SINKAI*SINPHEI 
G=3. 
DO 85 K=IBGN,IENO 
H=ABSC RMU-XMUCKl l 
IF CH .GE. G I GO TO 85 
G=H 
KFLAG=K 

85 CONTINUE. 
PDFCJl = COFCKFLAG,NREG1IHOI 
KNOXCJl = KFLAG 

60 CONTINUE. 
C IMPORTANCE SAMPLING THE ANGULAR PROBABILITY 

C9=0· 
SUM:O. 
DO 90 J=l•NSCT 
SO=SICKCJl 0 POFCJl 

90 SUM:SUM+SO 
R=FLTRNFC0l 
R=R*SUM 
DO 95 J=l•NSCT 
C9=C9+SICKCJl*PDFCJ) 
IF CC9-Rl 95,95,99 

95 COMTJNUE 
J=NSCT 

99 WATE=WATE~SUM/PDFCJl 
U=ACJ) 
V=BCJI 
W=CC.JI 
.JOHN=KNOXCJI 
RETURN 
END 

SUBROUTINE NXTCOL 
C THIS ROUTINE IS FOR BIASING OF NEXT COLLISION SITE BY 
C EVENT VALUE FROM DOT CALCULATION 

COM~ON /STEAK/ ~VENTC146,12•14l 
COMMON /ANGUS/ IGM,NRG,NEWMM,NPA,POLCZ5l,IPOLSTC251 

l tJOHNtXMUC14ol 
COMMON /RIBEYE/ NEWREGC20ltARGC20l,XXC20ltYYC20l• 

i zzc201,csETc201,rzoNE<201,ME0<20J 
COMMON /APOLLO/ AGSTRT,QOF•DEADWTCSl,ETA.ETATH,ETAUSO, 

1 UNJP,VINP•WNIP•WTSTRT1XSTRT,YSTRT1ZSTRT1TCUT.XTRAClOl• 
2 ro.r1.MEDIAtIAOJM•ISBIAS•ISOUR.rTERS,ITIME·ITSTR1 
llOCWl~1LUCFWL•LOCEPR•LOCN~C•LOCFSN,MAJGP•HAXTTM.MEDAL6• 
4 MGPREG,MXREG,NAtB,NDEADCS),NEWNM,NGEOMtNGP0Tl•NGPOT2, 
5 NGPOT3,NGPOTG,NGPQTN1NlTS1NKCALC•NKILL1NLAST,NMEM, 
6 NMGP•N~OST•NMTG.NOLEAK•NORMF,NPAST,NPSCLC13l,NQUIT• 
7 NSIGLtNSOUR,NSPLT,NSTRT,NXTRAClOI 

COMMON /NUTRON/ NAME•NAMEXtlG•IGOtNMEDtMEDOLD•NREGo 
1 u.v.w.uoLD.VOLD·WOLO.x,y.z.xoLD·YOLOtZOLD.WATE,OLDWT, 
2 WTBC•IBLZN•TBlZO•AGE•OLDAGE 

C014MON VE.LI 1) 
DIMENSION PROBC20l,Q(20l 

cooo TF ANGULAR PROB. BIASING IS ALSO EMPLOYED, INCLUDE 
cooo THE FOLLOWING 3 LINES. 

DATA NM/Q/ 
IF !NAME .EQ. NM) GO TO 99 
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NM:NAME 
cooo PICK A POLAR ANGLE NUMBER NF(AG NEAREST TO WOLD 

APPLE=3.0 
DO 80 N:l,NPA 
ORANGE=ABS<POL<N>-WOLDl 
lF <ORANGE .GE. APPLE> GO TO 80 
APPLE=ORANGE 
NFLAG=N 

80 CONTINUE 
coo~ DETERMINE THE BEGINNING AND TME END LOCATIONS OF THE 
cooo AZIMUTHAL ANGLES CORRESPONDING TO THE SAME POLAR 
cooo ANGLE IN THE QU~DRATURE SET 

!BGN=IPOLST<NFLAGl 
!F <NFLAG .GE. NPA> GO TO 81 
lENO=IPOLST<NfLAG+ll-1 
GO TO 82 

81 IENO=NEWMH 
82 CONTINUE 

cooo COMPUTE RHU FROM UOLD•AND VOLO, THEN PICK XMUCKFLAGl 
cooo WHICH IS CLOSEST TO RMU. 

SINPHE=YOLD/SQRT<XOLD*XOLO+YOLOoYOLO) 
COSPHE=XOLD/SQRTCXOLD*XOLD+YOLDoYOLO> 
ROL=SQRT<UOLD*UOLO+VOLD*VOLO> 
SINKAI=VQLD/ROL 
COSKAI=UOLO/ROL 
RMU:ROLO(COSKAIOCOSPHE + SINKAJOSINPHEl 
G=3. 
DD 85 K=IBGN,JEND 
H=ABS< RMU-XMU<Kl l 
IF <H .GE· G l GO TO 85 
G=H 
JOHf\/=K 

as CONTINUE 
cooo IF ANGULAR PROB. BIASING IS ALSO EMPLOYED, INCLUDE 
cooo THE FOLLOWING LINE. 

99 CONTINUE. 
WTBC=WATE 
CALL REGION<XOLD•YOLD•ZOL~•UOLD•VOLD•WDLD~IGO•MEOOLO, 

1 IBLZN,NREG•IRG•IESCAPl . 
lF<IESCAP.GE.l> GO TO 999 

C IESCAP EQUA!.S TO l WHEN DIFFICULTi OCCURR[D IN !HACKING 
C THROUGH THE GEOMETRY IN SUBROUTINE REGION 
C THUS TREAT THE PARTlCAL AS AN ESCAPE 
c IRG rs THE NUMBER OF REGIONS THE TRAJECTORY W1LL GO 
C ~HROUGH BEFORE REACHING THE EXTERNAL VOID 

NR=NEWREG C 1 > . 
M=JOHN 
lFCARGClRG) + 0.000001! 55,999,999 

55 PEXT=EXP<ARGClRGll 
Qll>=EVENTCM.NR1lGOl*<l.O-EXPCARGCll ll 
00 100 I=2, IRG 
NR=NEWREG<Il 
Qlll=EVENT<M.NR,IGOl*CEXP<ARG<l-lll-EXPCARG<Illl 

100 CONTINUE 
QSUM=O.O 
00 110 l=l.XRG 

110 QSUM=QSUM+Q<Il 
fNORM=QSUM/ll.O-PEXT> 
OD 120 I=lolRG 

120 PROB<Il=Q<ll/fNORM 
PROB C IRG+ 1 > =PEXT 
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IRGPl=IRG• 1 
C IMPORTANCE SAMPLING THE NEXT COLLISION POINT 

C9=0. O· 
SUM::O.O 
00 130 I=l,IRGPl 

130 SUM:SUM•PROBCll 
R=fLTRNFCOl 
R=R<>SUM 
DO 140 J;l,1RGP1 
C9:C9+PROBCll 
IF !C9-Rl l4Q,140ol45 

140 CONTINUE 
I=IRGPl 

C*** •I• IS THE ITH REGION ALONG THE PATH WITHIN WHICH THE 
C**~ NEXT COLLISION TAKES PLACE 

145. IF CI .GT. IRGl GO TO 999 
C PARTICAL ESCAPES W~EN I IS GREATER THAN IRG 

IF !I.GT.ll GO TO 150 
DELARG:-ARG I 1 l 
FREEPH=AMODCEXPRNFCOl,DELARGJ 
DIS::FREEPH/CSET!Il 
X=XOLD +UOLD*DIS 
Y=YOLO +VOLD*DIS-
Z=ZOLO +WOLO*OlS 
GO TO 160 

ISO OELARG=-ARGCIJ+ARGCl-ll 
FREEPH=AMODCEXPRNF!OltDELARGl 
OIS::FREEPHICSETCil 
X=XXCI-ll+UOLO*DIS 
Y=YYCI-ll+VOLD*DIS 
Z=ZZ<I-ll+WOLD*OIS 

160 IBLZN=IZONECll 
NMED=MEDCll 
NREG=NEWREG < l l 
WATE=WATE*FNORM/EVENT<M,NREG,IGOl 
RE.TURN 

999 WATE=O.O 
NPSCLC8l=NPSCLC8l+l 
CALL BANKR < 8 l 

C ESCAPE 
RETURN 
END 

SUBROUTINE REGION I Xl •Yl •Zl ,u, Vt Wt IGtMEDIUM, IBLZ •NREGN• 
1 IRG• IESCAPJ 

COMMON /RlBEYE/ NEWREGCZOl,ARGC20l•XXC20l·YY!~Ol• 
1 ZZC20l •CSETC20l t!ZONEC20l tMED!20l 

REAL*B x9,w9,wp,xP.RIN.ROUT,PINf,OIST•DISTOtS 
COMMONIPAREM/XB I 3 l •WB ( 3), WP I 3l tXP < 3l tR 1111, ROUT, PINF • 

1 OIST,IR,IOBG,IRPRIMtNASCtLSURf,NBO•LRltLRO•KL~OP, 
2 LOOP.JTYPE,NOA . 

COMMON /ORGI/ DISTOtMARK•IBR 
COMMON/GOMLOC/ KMA,KFPO,KLCR.KNBDtKIOR•KPIZtKRCZ.KMIZ, 

l KMCZ•KKRltKKR2•KNSRtKVOLtNA0DtlOATA•LTMA•LFPOtNUMRt 
2 IRTRU,NUMS,NIR 

COHMON N"1!ll 
COMMON/APOLLO/OUMC28l,JO 
DATA PN/1.1 
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DATA NC/0/ 
MllP('.1-<:0 
IESCAP=O 
lCB Ill =XI 
X812l=Yl 
>1813>=Zl 
WBlll=U 
W0(2l=V 
WB13l=W 
NMED = MEOJUM 
MEDll>=NMED 
NEWREGIJl::NREGN 
OIST=O.O 
IR=lBLZ 
IZONElll=IR 
NASC=-1 
DlSTO=PINf 
IRG=l 

20 !FCNHE0-1000> 40,30,40 
30 SIGT::O. 

GO TO 50 

100 

40 CALL NSIGTA<lG•NMEO,TSIG,PNl 
SIGT :: -TSIG 
CSETCIRGl=TSIG 

SO CALL GllS•NNl~MAl,NNIKFPOl•NNIKLCRl,NNIKNBDl•NNl~lORl• 
NNIKKRl>•NNIKKR2ll 

IFIIRPRIM.EQ,-3 .OR.IRPRIM.EQ.Ol GO TO 110 
ETAUSD=S 
IR=IRPRIM 
IZONEIIRG+ll::IR 
NEWREGCIRG+ll=NNIKRIZ+IR-ll 
MEOC!RG+ll=NNIKM!Z+IR-1> 
NMEO=MEO I IRG+ 1 l 
IF CNMEO.LE.Ol MARCH=-! 
Ifl!RG.GT.l> GO TO 60 
ARGCIRG>=SIGT*ETAUSD 
GO TO 70 

60 ARGC!RG>=ARGCIRG-ll+SIGT*ETAUSD 
70 XXIIRG>=XBlll+WBlll*DlST 

YYCIRGl::XBl2l+WB12l*DIST 
ZZtlRG>=XB(3)+WBl3l*DIST 
JF (MARCH .EQ. -1 > RETURN 
lRG::lRG+l 
GO TO 20 

110 NC=HC+l 
C SOME DIFFICULTY HAS OCCURRED IN TRACKI~G THROUGH THE 
C GEO~ETRY, TREAT THE PARTICLE AS AN ESCAPE 

IESCAP=l 
IFINC.GT.Sl CALL ERROR 

C IF THIS OCCURS MORE THAN S TIMES, THE JOB IS 
C TERMINATED 

WRITEC!OolOlOl IRPRIM 
1010 FORMATl8HOIRPRIM=•l6ol5H IN REGION**** l 

RETURN 
END 



APPENDIX B 

COORDINATE TRANSFORMATIONS 

The purpose of this appendix is to describe how the components 

of the direction vector n are transformed from the cylindrical 

coordinate system to those of the rectangular coordinate system, and 

vice versa. 

The direction vector n at a point P(x,y,z) can be expressed in 

terms of its components in the cylindrical coordinate system as 

( B-1 ) 

where eR' e¢ and ez are the unit direction vectors in the cylindrical 

coordinate system. From Figures 7, page 36, and Figure 17, it can be 

seen that 
QR = Q•e = COSl/J - E: (B-2) R 

Slz - Q•e - cosy - l; (R-3) z 

Q2 2 2 
= 0. QR ¢ p 

± (11
2 . 2) 

1/2 
Q¢ = - 11R p 

101 
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Figure 17. The Direction Vector 5 and Its Components. 
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Substituting QP = siny and QR = £ into the above equation gives 

= ±(1 
2 2 1/2 cos y - € ) 

= ±(1 

The position vector of the point P is 

" " " P = xi + yj + zk 

" " " = R COS$ i + R sin$ j + zk. 

The tangent vectors to the R, $, and z curves are given respectively 

b aP aP and ~Pz where 
y aR' a;p' 0 

" " aP = aR COS$ i + sin$ j 

aP ,.. ,.. 
a~ = -R sin$ i + R COS$ j 

aP " 
az = k. 

The unit vectors in these directions are( 24 ) 

e = 
R 

aP 
aR 

1~:1 
,.. " 

= COS$ i + sin$ j = 

( 2 .. 2 )1/2 cos $ + sin $ · 

,.. " 
COS$ i + sin$ j 

" 

(B-4) 

(B-5) 

+ R COS$ j = " ,.. 

+ R2 2,i,)l/2 .COS "' 
-sin$ i + COS$ j 

(B-6) 
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(B-7) 

Substituting Equations (B-2) through (B-7) into Equation (B-1) yields 

- " ... 2 2 1/2 ... ... ... 
Q = £(cos¢ i +sin¢ j) ±(1 - s - £ ) (-sin¢ i +cos j) + sk 

-L 2 2 " L 2 2 " 
= (£ cos¢ +11-s -£ . sin¢) i + (£ sin¢ ±11-s -£ cos¢) j + sk. 

Hence, the components of Q in the rectangular coordinate system is 

- L 2 2 
= £ COS$ +11-~ -£ sin~ 

... 
Q = Q • j 

y 

(B-8) 

(B-9) 

= s (B-10) 

where sin¢ = Y and cos¢ = __ x_ 
/x2+y2 

Equations (B-8), (B-9), and (B-10) are the relationships for transfor­

mation of the direction vector Q at the point P(x,y,z) from the cylindrical 

corrdinate system to the rectangular coordinate system. Note that for 

each set of cylindrical components sand£, these are two corresponding 

sets of rectangular components Qx' Qy' and Qz. In a DOT calculation 
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with R-Z geometry, s and e: are respectively the direction cosines 

with respect to the Z-axis and the R-axi s. 

Given the rectangular components nx' Q ' and nz of the y 

direction vector n at the point P(x,y,z). The transformation of n 
from the rectangular coordinate system into the cylindrical components 

sand e: in the cylindrical coordinate system is performed as follows. 

From Equation (B-10), s is simply equal to nz. Furthermore, 

from Figure 17, 

where 

and 

Substituting the above 

cosx 

COS<ji 

= n (cosxcos~ + sinxsin~) 
p 

Q Qy 
= x si nx Q Q ' 

p p 

x 
sin~ 

y 
= -
llJ N x y x y 

quantities into Equation ( B-11), 

Q Q 
E: = Q [~ x + 1 y J 

p Q !??" Q /22 
P /x-+y- P lx-+y-

gives 

( B- 11 ) 

. ( [3- 1 2) 

Equation (B-12) along with Equation (B-10) provides the transformation 

for the direction vector n from the rectangular coordinate system to 

the cylindrical coordinate system. 



APPENDIX C 

COMPARISON OF x* AND W 

In this appendix, a comparison of the point value x* and the 

event value W is presented. Three particle trajectories are chosen, 

and their importance functions in different regions along the 

trajectories will be discussed. All three trajectories are for 

neutrons of group one energy and are shown in Figure 18. The corre­

sponding x* and W in different regions are presented in Table 8. 

It can be seen from Table 8. that in the same region W is 

smaller than x* by one to two order of magnitude. This is not 

surprising because the value of a particle entering a collision is 

reduced by the absorption probability and the collision process 

before the particle emerges with the same energy group and direction. 

The relative x* and 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 trajectories I and II, 

it can be seen that the W is a stronger importance function than x*. 

Hence, W would encourage more deep penetration than x*, particularly 

for trajectory I. Finally, for trajectory III, W suggests that 

regions 7 and 7' are about a thousand times more important than 

regions l and l'. However, x* suggests that the value of a particle 

approaching the duct is roughly ten times· of the value leaving the 

duct. 
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Figure 18. Particle Trajectories in the Geomet,ry of the Standard 
Problem. 
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TABLE 8 

COMPARISON OF x * AND wa 

Trajectory x* * x RELATIVE w 

I. 

I I. 

I I I. 

Region 4 5.41-8b 2.41-10 

Region 5 4.83-7 8.93 3.73-9 

Region 6 2. 59-6 . 4. 79+ 1 8.35-8 

Region 10 1. 72-7 1 . 24-9 

Region 11 l. 05-6 6.10 9.30-9 
" 

Region 12 5.47-6 3. 18+ 1 1 •. 05- 7 

Region 1.37-10 1.17-12 

Region 7 4.29-9 3. 13+1 1 . 46-10 

Region ]" 6.42-10 . 4.69 2.20-10 

Region 1 .. 1. 38-11 0. 10 3.40-12 

ax* and W have the :dimensions of response/neutron. 

bRead as 5.41 x lo-8. 

!~RELATIVE 

1 . 55+ 1 

3.46+2 

7.50 

8. 47+1 

1 . 25+2 

1. 33+2 

2. 91 



APPENDIX D 

PLOTS OF ADJOINT DOT CALCULATIONS 

The plots of adjoint fluxes· of the adjoint calculations with 

axial adjoint source and off-axial adjoint source are presented in 

this appendix. Figures 19 through 26 are adjoint flux plots from 

the adjoint DOT calculation with axial adjoint source, and Figures 

27 through 34 are adjoint flux plots from the adjoint DOT calculation 

with off-axial adjoint source. 

109 
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Figure 19. Total Adjoint Flux Coritour of the DOT Calculation With Axia7 Adjoint Source. 



II ..... s 

2 

10-s 

ORNL·DWG 75-7932 

; 

' " 
" " " .. 

" 
' 

" 
" .. 

" 

" 
" .. 

" 
" " " " 

" " " " 
" . 

! "'"' 
" 

e 

"' 
" 

b " 

; " "' 
"c " 

l!l " "c " 

0 S.O 10 IS 20 2!: 30 3S 110 llS SO SS. 60 6S 70 7S 80 8S 90 95 JOO IOS 110 11S 120 12S 130 13S 1110 lllS ISO ISS 
z coo 

Figure 20. Total Adjoint Flux Versus Z-Axis in the Duct of the DOT Calculation· 
with Axial Adjoint Source. 

....... 

....... 

....... 



ORNL-OWG 75-7933 

5 

C>IH) !!XII> 

5 

5 
C) 

( 

5 
C) ,, 

C) 

C) 

C) 

C) 

C) 

~ 

' C) 

~ 

5 
IS 

c 
C) 

M 

' 
C) 

M 

"' C) c 
C) :: 

C) 
~ C) 

c 

' 
2 

10-11 
0 5.0 10 IS 20 25 30 35 llO ij5 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 lijO lijS 

R !CMl 

Figure 21. Total Adjoint Flux Versus Radius at the Bottom Surface of the Cylinder of 
the DOT Calculatior with Axial Adjoint Source. 

_, 
_, 
N 



113 

ORNL-DWG 75-7930 
160. r 
ISO. --~-------------------------------------------------------------------, 

I 

140. I .. .. I .... 
130. .. .. 

10-5 .. .. .. .. .. .. .. .. 
• .. .. • .... 

•••••• .................. +. 
.. 

I 120. 
~· 

I 

:! .t 
•• I 

110. , .. • • , .. 
10-6 •• : .. • •• • • • 100. .. • • •• • 

l" ........ • • • 
I .. •••• x .... •• )C I 90. • i: I 

·' x I 

u .. I .. • ,.,. 
~ I 10- 7 

)C 
x 

t- 80. ... xx x 

~· x x x 
I x x x xx 

I <..:> ,. 
>t< X X X >O<X 

x x 
I 

70. .... + w ... xx 
I • ... ... ~ ++ 

60. ?a 
.,,. 

10-s 
... 

~ + ++ 
~ * .... + 
~ + + + 

* ++ ·• so. + + + .. x +++ I 

~ * 
.... + ; + ... x + • 

~ x # ... ,.. 
* # 10-9 • ... x + .. .. .. x + • • 

30. • 
""' x .t • • 
+t x • • • + • • ... l * ~ 

20. +.x + • (!) 

~x * ~ (!)(!) 

+.x + • 10-10 • 
10. ~x + ~ (!) (!)C!l 

* • ~ 
(!) 

" .• ~ 0 
(!) 

0 
(!) 

0 so 60 70 80 90 100 110 120 130 140 ISO 160 
RADJUS fCMl 

Figure 22. Total Adjoint Flux Levels of the DOT Calculation with Axi a 1 
Adjoint Source. 



~ 
u 

t-
:r: 
L'.l 

w 
:c 

114 

iso. --~----------r--------------------------------------------------------! 
I 
I 
I 

14.0. - * 
130. 

120. 

110. 

100 

90. 

80. 

70. 

60. 

so. 

4.0. 

30. 

20. 

10. 

0 
0 

• •" " • . ... 
•• 

"' " 

I 
I 
I 

~--~-----;-------------~-----------------------------------------;1 

' I . I 
ti< I .,,. I 

.. : y y : 
:.. 7 yY I 
I< I 10- y y T y I 

~ ! y y y y y yV y : 
IC I yyYYYY'I" I 
k y"ft yY Y I 

~ yyyY : * 
k-u•~-----~------------------------------------------------------~-~ ~ y : zZ : 
J: Y I Z I 

: 10-B z, z z zz : 
: zz z z z : 

J. I z 2 Z z I 
fY I z Z z z I 

;: ________ J..z!!:~~-------------------------------------------------·{ 
n Z1 ~ I 
1:Y $ I J( I 

ii'I' ~ J( • : 

% 10-9 J( X JtX X I 

I J( • ~ : 

XV' ' xx-x ' '\Y Z I JtX •' 

ll'f---~ ---- - ~- - - - - - -.-# :!-___ -- - - --- --- - --·--- ---- -- -- -- --- - - - - - - - --- - - - -<t 
Jl:Y Z I jt • I 
Jy '7 I I: ... I 

,:.. l I • • I 
~ ... z l 10-10 ++ + + ++ 
JllY Z X ... 
Jl.y z I~ • 1' • f 

•..,_l _ - - - - - - #<- - - -- - - - --- - - - - - - - -+ _t_ - - ----- - - - -- - - --- - - -- --- - - --- - - ---l 
.... 2 Jt .. .. . . t 
:V 2 l<: ~ ~ I 
rtl a I .... 11 • 
ly Jo: I ~ 10- ~ :y 1 I ,, 

~ 0 30 40 so 60 70 80 90 
RADIUS CCMJ 

100 110 120 130 14.0 150 160 

Figure 23. Group l Adjoint Flux Levels of the DOT Calculation with 
Axial Adjoint Source. 



.. 

., 

s: 
u 

w 
..._ 

150 

1110. 

115 

----------------------------------------------------------------------, 
' I 
I 
I 
I 

' K I 
•• I 

130. 6 XX I 

io: . . ·· " : 
xXJl'kXX It X I 

120. ..-•x••••••• "Jl' • • : 
~*~~------~--------------------------------------------------------~ 
'• I . y I 

110 ~ : y ! 
~ : -7 'If' ...... : 

00 It : lQ yY y y 1 • ... • 
~ : yYYyyWY : 
JC 'vvvvY'fYYY ' 

::: } 17'"~~".':j------------------------------;~:.-a··--:--:----;;-- ~-'.-i 
p : z z zz z : 

70 f :: : z zzz z z z z z .71! z :· 

60: ~-----·;7: r- ~-z-~ : ____ - - - - - - -- ------- - -- ---- --_:9·- -- --- :- --;;-- «-~ ~--~ 
'I" z : 10 " "" " : 

so. t ~ l ! ,. " " " lC< " " " "" " i 
'
0l f -J-----j---,-. ~-·-~: __ --------------------i-~:r o: ··: · ;--.--_". __ : i 

30 t ~T z I z .. ... I 
• JO' Z I K- .. .... .. I 

~y z I X ••• I 

..... z :1 ,,. t ::: u~f------:f------ ---:.:~~--------------------~ ~ -:i ~ -~ ~ ----;- --~ -~ -j 
rfl ~ I + 0 ... Cl I 

:--Z x: ~ C>0 I 

o ~'1 l~I I~ I ·¥o.,, 
8
1: ~o I I I I _L.,.J_ o --ro---~o ~o 50 60 lOO 110 120 130 1110 150 

RADIUS lCMI 
160 

Figure 24. Group 5 Adjoint Flux Levels of the DOT Calculation with 
Axial Adjoint Source. 



6 
w 
:c 

150. 

140. 

116 

--~------------------------------------·-------------------------------, 

"" 

I 
I 
I 
I 

" "' 
10-

6 
" "" " 

130. " • " "" " " I I J( J(X X X X I 

I 
x•XJlXW.Jll•JlJ(1CX'J(Xll(X I 

120. __ ·=k· : y yr 
110.L ~-- - -- - - - -:- - - - -- -- - - - - -- -:-:-:-::-~ - -:1 o;1 ~ --~ -y- ~ - - ;- - - _.,_ - -- --- -1 

I
i k I y yY y y '\'" y y y y * 

~ v.,.....v"T z 
100.f- ~ ., y 10-8 'O. -a 

I "" z z zzZ z 

90. t g _ ------i;#1_z_"._ ~ _z_~_z_~-~-:- ~ _ :_~z--~ __ : ______ ----------------;-i ·~- ~ 
60.Q.._ rt .£ : 10-9 ll " " : 

t t l ll "Jt ll 1<" ll x x x xx " : 

70. ~ i """' x ., 

60 t ~--/-----i-1-:~~ ----------------------- ---UJ~~;<:?-.- -·~ --_ !_._ __ ·_ ~ -- ~ 
• ~ z ~f. • • • • ... • •• • : 

~ z ( .... • • • 
so o l(t Z Jt I 4. • I 

ifrz i: •4 -11 • 
llYZ It I 4

4 10 • • e I 

40.t ~-----!--~----~!---------;-·-c6-~--~--~--~--:--------------------;-~ 
3Q • t j~ ! : • ~ 1 Q-12 II lC lC II X 

~'fl f : t ~· x )( )()( x ' 
M'fZ X I f 6 )( XX I 

20. ~a I. : • • ,. x ·~ 
ID. t' ~ -- -r---r-:------.-,·-- --- -,--;w-------- ------~~~~~:----::---~--1 

•'P. I I f f + + I --, 

~ I. '• • x .· ... • • j J 
0 :) __ ;_J __ J_l ~~L_J!_ _ _J_ __ I~_· L_J_J __ J__L._J __ A -

0 10 20 30 4U 50 60 70 eo 90 100 110 120 130 JllO 150 160 
RADIUS (CMJ 
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Figure 26. Group 14 Adjoint Flux Levels of the DOT Calculation with 
Axial Adjoint Source . 
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figure 27. Tota1 Adjoint f1ux Contour of the DOT Ca1cu1ation with 
Off-Axia1 Adjoint ~ource. 
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Figure 33. Group 10 Adjoint Flux Levels of the DOT Calculation with 
Off-Axial Adjoint Source. 
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Figure 34. Group 14 Adjoint Flux Levels of the DOT Calculation with 
Off-Axial Adjoint Source. 



APPENDIX E 

NEUTRON CROSS SECTION FOR CONCRETE 

This appendix contains the 22 group P3 neutron cross.section set 

for the concrete used in the standard problem. The compositions of 

the concrete are presented in Table 9 along with the percentage of 

the atomic density for each ·element. 
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TABLE 9 

CONCRETE COMPOSITIONa 

Element Composition (atom/b-cm) Atomic Density in Percent 

H 
b 1. 065(-2)· 

c 1.310(-4) 

0 4.084(-2) 

Na 1. 071 (-3) 

Mg 1. 620(-4) 

Al 2.822(-3) 

Si 1.332(-2) 

K 8.280(-4) 

.Ca 2.426(-3) 

Fe 5.428(-3) 

aDensity of composition = 2.62 gm/cc. 

bRead as 1.065xlo-2 atom/b~cm. 

13.71% 

o. 17% 

52.58% 

1.38% 

0.21% 

3.63% 

17. 15% 

1. 07% 

3. 12% 

6.99% 



CROSS SECTIONS AS READ FOR CONCRETE COEFFICIENT (P 0) 

GP ABS XSEC 111u•F rss TOTAL FROM GRUU P T RA NSF ER PROBAB lll T l ES 
I l.642£-C2 o.o 1. 26 7F-O l 5.867E-02 
2 l.96 lE-02 o.o 1. 274E-Ol 5o465E-02 7.829E-03 
3 1. 60lE-02 o.o lo l95E-Ol 4.!>74E-02 l.789E-02 2o352E-03 
4 l.125E-02 o.o l.l99E-Ol 4.f>97E-02 2.182E-02 3.450E-03 6.510€-03 
5 5. 02 41:-0 3 o.o 1. 347E-O1 6.llZOE-02 2. <134E-02 3o591E-03 2.955E-03 s. 891E•03 
6 4.848E-03 o.o l. 579E-O l 7.1121E-02 2.630E-02 6.289E-03 2.739E-03 5. ll6E-O 3 2. 789E-03 
7 l.624E-03 o.o l.991E-Ol l.l9!>E-Ol 4.083E-02 l. 241E-02 4. 56 lE-O 3 4. 362E-03 7.462E-03 5.447E-03 
8 5.522E-C4 o.o 1. 500E-01 7. 051 E-02 4.357E-02 8.173E-03 4.092E-03 2. 849E-03 4.303E-03 2. 811E-03 4.032E-C3 

9 3. 31 SE-04 o.o l.2l 6E-Ol 3.103E-02 l.8lSE-02 z. 280E-03 2.172E-03 7.433E-04 7. 248E-04 1. 019E-03 7. 504E-O 4 
l.lllE-03 

10 1. 894E-04 o.o 1. 68flE-Ol 9. 0 i 3E-O 2 5.520E-02 2. 891E-02 7.15CE-C3 7. 203E-03 3. 855E-03 3.231E-03 5. 78 8E-03 
2.019E-03 4.900~-03 

11 6. 530E-05 o.o 2.1911E-Ol l.~39E-Ol S. 4(> 7E-02 t. 4 IOE-02 l.05bE-02 1.212e-02 6. 805E-03 s. 746E-03 5.695E-03 
7.186E-03 4.491E-03 5.835E-03 

11 'o.895E-05 o.o 2. 82JE-Ol 2. l 59E-0 I 4.900E-07. t.O'•OF-02 9.223F-03 1. 4 IOE-02 6. 426E-03 5.S83E-03 4.521E-03 
4.!!112€-03 3.856E-03 3. 378E-03 4. 3'•'·f-C3 

13 S. 700E-05 o.o 3. 751E-Ol 3.145E-OI 5. 808E.-02 1. 379E-02 l.133E-C2 1. 02 7E-02 5. 482E-03 4. 82 $E-O 3 3. 33 7E-O 3 
3.l99E-03 3.551E-03 1.834E-03 1.866E-O 3 2. 723E-03 

14 2. 392E-O'r o.o 4, 231E-Ol 3.~i>2F-O l 5. 90 3E-02 7.973E-03 2.937F-03 2.032E-03 l.376F-03 t. 132E-03 8, 896E-Olt N 
7.212~-04 6.289E-04 5,412E-04 2.llllF.-C4 2.075E-04 2.872E-04 00 

15 t.Ol9E-03 o.o 4. 946E-Ol 3. 779E-O 1 4. 792E-02 1.228E-03 2.022E-04 7.455E-Q5 4.007E-05 3.211E-05 2.672E-05 
l.8l3E-O 5 l.897E-05 l.522E-05 l.21 lE-05 4.393E-06 3. 897E-06 4.061E-06 

16 2. 575E-04 o.o "• 734E-Ol 3.,7lE-Ol 9.793F.-02 7.l84E-03 2. 13 ~E-04 3. 408E-05 1. 295E-05 6.945E-06 5.578E-06 
4.b l9E-06 3.135E-06 3.293E-06 2.643E-06 2. 103E-06 1. 601!:-07 6. 703E-07 6.890E-07 

17 5. 233E-04 o.o 4. 763E-Ol 3.326E-01 8.664E-02 1.21oe-02 1.078E-C3 3.201E-05 5. 227E-06 1. 943E-06 1.042E-06 
8.371E-07 6. 932E-07 4. 705E-07 4. 94 3E- C1 3. 96 7E-07 3.l56E-07 1.140E-07 1. 004E-O 1 
1.030::-01 

la 9.0IHE-04 o. 0 4. 768E-Ol 3.14 7:::-:>l 9. 739E-02 l.857E-02 3.222E-03 2. 736E-04 8. l23E-06 t.326E-06 4.931E-07 
2.6~5E-07 2. 124E-07 l.759E-07 1. 1'HE-C7 1. 254E-07 1. 007E-07 8. 00 7E-08 Z.892E-08 
2.54 7E-08 2.610E-08 

19 1.595E-03 o. 0 4.777E-OI 3. 332F-O I 1.218E-Ol 3.263E-02 7. 7l6F.-03 l. 339E-03 l.l37E-04 3.375E-06 5. 51lE-O1 
2.049E-07 1.099E-07 8. 826E-08 7. 309f.- c 8 4. 960E-08 5.212E-OB 4. 183E-08 3. 327E-08 
1. 207E-08 l.058E-08 l.0115E-OB 

20 2.779E-03 o.o 4. 792E-01 3. 15 5 E -0 l 9.731E-02 2.492E-02 ll.281F-03 l. 958E-03 3. 398E-04 2. 685E-05 8. 56SE-07 
1. H'IE·O 7 5.200E-U8 2.789E-iJ8 2.240E-C8 1.855E-08 1.259E-08 1. 323E-08 l.06 lE-08 
II. 443E-O 9 3.0SOF.-09 2.6116E-09 2 .·752E- C'l 

21 lt,574E-03 o.o 4.813E-Ol 3.lj9E-Dl l. l04F.-Ol 2,BBt>E-02 9.163E-03 3. 044E-03 7.199E-04 l, 249E-04 t.06 IE-OS 
J. l49E-07 5. 14 2!:-08 l.912E-Oll 1. 02 5F-08 e. 235E-09 6. 8l9E-09 4,628E-09 4. 8t>2E-09 
3.902E-09 3. l04E-09 1.l21E-09 9.874f- IO l.012E-09 

22 2.oose-02 o.o 4. 'l73E-Ol 4.744E-Dl l. bOBE-0 l 5.058E-02 l.680E-02 5. 334E-03 1. 772E-03 4.191E-04 7. 27 2E-05 
6. l 74E-O 6 1.1133E-07 2,993F-Oti l. ll3F.-G8 5. 'i69E-09 4. 794E-09 3.970E-09 2.694E-09 
2.830E-09 2.272E-09 1. 807f-09 6. 527E-10 5. 748E-10 5. 891E-10 

.. , 



CROSS SECTIONS AS READ FOR COfll CRETE COEFF !C!EfllT 2 (Pl) 
GP ABS ICSEC NU•F J SS TOTAL FROM GROUP TRANSFER PROBAB!LIT !ES 

1 o.o o.o I. 26 7E-01 I. 3bRE-() l 
2 o.o o. 0 l. 274E-O l l.258E-Ol 6.785E-04 
3 o.o o. 0 l.195E-Ol l.OblE-Dl-7.944E-03 l.9BOE-03 

" o.o o.o l.199E-Ol 9.999E-02-5.470E-03 2.330E-03 2.087E-03 
r; o. (1 o.o l. 347E-Ol l.313E-Ol-l.lb5E-02 3.98 lE-OJ 2.435E-03 l.405E-03 
6 o.o o.o 1. 579E-<H l.b22E-Ol-l.Ol9E-02 4.lb3E-03 2.299E-03 l.404E-03 e. l OSE-04 
7 o.o o.o l.991E-Ol 2.ll4E-Ol-9.40dE-03 4.029E-03 4. 364E-a3 2. 383E-03 l.455E-a3 e. 398E-04 
8 a.o o.o 1. 5aaE-O l l.Zl2E-Dl-3.28bE-a2 5.393E-al 3.2t.4F.-a3 l.99aE-03 l.086E-a3 6.636E-04 3. B29E-04 

9 o.o o.o l.216E-Ol 7.63aE-:>2 7.26aE-03-6. 734E-04 l.077E-a3 6.504E-a4 3.966E-04 2.l65E-04 l• 32 2E-Olt 
7.632E-05 

10 o.o o.o l.68AE-Ol l.3981<-ll l.6b7F.-02-l.552E-02 7 .93 lE-O 3 4. 52 OE-03 2. 729E-03 l. 664E-03 9.aB5E-04 
5.549E-04 3.202E-a4 

11 o.o o.o 2. 19RF-Ol l.b37E-01-2.212E-03 l. 935F.-02 1. 520E-02 9. l8.3E-03 5.l99E-03 3. l39E-03 1. 914E-O 3 
l.045E-03 6.303E-04 3.btl3E-04 

12 o.o o.o 2. 823f.-•)l l.t102E-Ol-l.6BBE-03 l.5L5E-a2 l.132F.-a2 8. B51E-a3 5. 342E-03 3. 02 5E-ll3 l.826E-03 
l.ll4E-03 6.asaE-04 3.713E-04 2.14~E-a4 

ll o.o o.o J. 751E-O.I l.7llE-01 5.44<;E-02 l.701E-02 7.414E-a3 5.541E-OJ 4. 332E-03 2.blSE-03 l.48aE-03 
8.939E-D4 5.4SOE-04 2.97bE-a4 l.B.l 7E-04 l. 049E-04 

l lo o.o o. 0 lt.231E-Ol 3.2llE-O l 6. 44 3E-02 6.308E-03 l.6!l8F.-a3 1. 36aE-04 5. 500E-04 4.300F-04 2. 596E--01t 
l.4<>9E-04 R.874F-05 5.4 llE-05 2.951,r--05 I. 804E-05 l.04lE-05 N 

15 o.o o. 0 4. 94bE-Ol 3. lC.tlE-01 5. 744E-02 3.726E-04 3.087F.-C5 B. 262E-06 3. 6a2E-Ob 2.692E-ab 2. l04E-06 \.0 

1.2 70E-Oo 7.l91E-a7 4.342E-07 2.641JE-07 1. 445E-07 B.828E-08 5. 095E-ae 
lb o.a o.o 4. 734E-Ol 3.1711£:-01 l. 299E-O I '•• 51,llF-03 2. l>'l UE - 05 2. 23 SE-Ob 5. 9t13F.-07 2. 608E-07 1. 94 9E-O 7 

1. ,2 4E-O 7 "· 19U~-ou ,.207f.-Otl 3.145[-08 l.917E-08 l.04lE-08 6. 393E-09 3. 689E-09 
l1 0.0 o.a 4. 763E-C•l l.809E-O 1 l.17SE-al 9.404E-03 3.02 lE-04 l. 78 4E._06 l.478E-07 3.95oE-ae l. 725E-08 

l.289E·08 t. 008E-08 6.0ll3E-a9 3.443E-C9 2.aaae-09 l.268E-O'l 6.922E-la 4.22BE-la 
2.439E-la 

18 o.o o.o 4. 7b8E-N 2.5b3E-D 1 l.352E-al l.828E-02 l.323E-03 4. 249E-05 2. 5 lOE-07 2. a79E-08 5. 56 5E-09 
2.426E-09 l.812E-a9 l .418E-a9 8.556E-la 4.844E-10 2.925E-la I. 784E-10 9.736E-ll 
5.946E-ll 3. 4HE..:ll 

19 o.o o. 0 4. 77 7E-O l 2.tlllE-Ol l.b'l lE-01 3. 716E-02 4.450E-03 3.220E-a4 l. a34E-05 6.108E-a8 5.a61E-09 
1. 3 54 E-0 9 5.905E-10 4.4l3E-la 3.45aE- 10 2.ae2E-LO l.l79E-La 7.119E-l l 4.341E-11 
2. 370E-l l 1.44BF.-l l 6.841E-12 

20 o.o o.o 4. 792E-Ol 2.Sf>bE-0 l l.351E-Ol 2.68l>E-02 5.22bE-a3 6. 259E-a4 4. 529E-O 5 1. 45 5E-a6 a.591E-09 
7.ll9E-10 I. 905E-la 8. 306E- l l 6. 206E- 11 4.B53E-11 2.929E-l l 1. 65 BE-11 9. 784E-l 2 
5. lDOE-12 l.342E-12 o.o a.o 

21 o.o o.o 4. 81 3E-0.1 2.5Gtlt·O l l.531F.-Ol 3.401E-a2 5. 98dE-a3 l.165E-a3 l.396E-Olt l.alaE-05 3. 24 4E-O 7 
l.916E-09 l.587E-10 4.248E-ll 1. 65<!E- ll 1. 383E- ll 1.aa2E-11 5.390E-12 2.01se-12 
o.o o.o o.o o.o o.o 

22 o.o o. 0 4.973E-Ol 4.821,F-D l 2.033E-Ol 5.02oE-02 9. H4E-OJ I. 72 IE-03 3. 34%-04 4.0llE-a5 2.902E-06 
9.322E-O 6 5. 5a6£:-1a 4.562E-ll l.22LE-ll 5. 32 2E-l 2 3.978E-12 3.11ae-12 l.877E-12 
6.l30F.-13 a.a a.a a.o a.o o. a 



CROSS SECTIONS AS READ FOR CONCRETE COEFFICIENT 3 (P2) 
GP ABS .XSEC. NU*FISS TOTAL FRO.II GROUP TRANSFER PRO BAB IL IT I ES 

' o.o o. 0 l. 26 7E-Ol t.11·nE-O l 
2 o.o o.o 1. 274E-Ol 1. 531 E-0 l 3.l41F.-03 
3 o.o o.o 1. l 95E-O 1 t. 304E-:H 4.882E-03 2.704E-03 
4 o.o o. 0 l.199E-Ol lo 192E-Ol 4.181E-03- 5.360E-03 1.363E-03 
s o.o o. 0 1. 347E·O1 1.477E·O! 1. 30~E-02 3. 715F-03 1.508E-03 lt.025E-04 
6 o.o o.o 1.579E-Ol 1.naE-:n 1.174£:-02 4. 2 l 9E-0.3 1.360E-03 4.042E-04-3.330E-05 
7 o.o o.o 1. 99lE-Ol 2.034E-:>!1. l.631E-02 l .073E-02 2.700E-03.5.611E-04-9.437E-05-3.314E-04 
8 o.o o.o 1. 500E-O 1 l.093E-:U 3. 338E-02 4.878E-03 1. 839E-03 It. 851E-04-1.468E-04-2. 898E-04-2~ 95 7E-Olt 

9 o.o o.o 1. 216E-Ol 8.~77E-02-2.489E-03 5. 208E-03 7. 60 5E-04 2.437E-04 2. 2 73E-05-6. 96 5E-05"-8. 27 ZE-0 5 
-7.373E-:>5 

10 o.o o.o 1. 68 8F.-O l 1. 265 E-:H l .066E-02 1.811e-02 7.213E-03 2. 24 3E-03 4. 592E-04-2. 469E-04-4. 8l 3E-04 
-4.651E-°'4-3.799E-04 

11 o.o o.o 2.198E-Ol 1.b50E-()1 3. 929E-·02 1. 738E-02 1.091E-02 ~. 420E-03- 8. 3 l 7E-O 5-1. 07 BE-0 3-1. 27 3E-O 3 
-l.109E-03-8.e56E-04-6.490E-04 

12 o.o o.o 2.823E-Ol 1. b ~() E-l'l 5. 82 2E-02 3. 927E-O 3 5. 436E-"C4- 1. 04 2E-O 3- 2. 449E-03-2. 590E-03-2~ 19 9E-O 3 
-l.733E-l3-l.217E-03-8.834E-04-6.046E~04 

I) o.<;> o.o 3. 75 lE-Ol l.155E-Jl 2. 094E-02-8. L 39E-03- 8. 285E- C 3- 7. 4 7JE-03- 6. 656E-03-5. 064E-03-3. 59 2E-O 3 
-2.5b9E-a3-1.822E-03-l.177E-03-8.161E-04-5.381E-04 

14 o.o o. 0 4.23lE-01 2. 589E-C: 1-3. 405E-03-l. 4 75E-02-6. 3?.4F.-03- 3. 564E-03-2. 897E-03-2. 4l 9E-03-t. 66 5E-O 3 
- 1. 0 90 E-: 3-7 .4 3 lE-04-5. 086E-04- 3. 183£:- 04- 2. 16 5E-O 4- 1. 4C'•E-04 w 

15 o.o o.o 4.946E-01 3·. 020 e-: 1-1·l53E-02-2. 96 7E-03-4. 970E-04-1. 855E-04- 9. 966E-O 5- a. 00 7E-O 5-6. 63 2E-O 5 0 

-4. 5 03E-C 5-2. 9 14E-O 5- 1. 971E-05- 1. 34 lE-C 5- 8. 344E-06- 5. 655E-06- 3. 656E-06 
lb o.o o.o 4. 734E-O 1 3.J41E-: l 5. 96 BE-03- l. 5 16 E-02- 5. 30 lF.- 04- 8. 694E-O 5- 3. 235E-O 5-1. 73 5E-05- l. 394E-O 5 

- 1. lS'tE-Ci 5.- 7. 834E-06-5. obs E-06- 3 .426E- 06- 2. 33 lE-06-1. 4 50E-06- 9. 82 BE-0 1-6. 35 4E-O 7 
IT o.o o.o 4. 763E-Ol 2. 854E-C l 2o323E-02-2.550E-02-2.616E-03-7,994E-05-1.306E-05-4.858E-06-2.606E-06 

-2. 093E-:· 6-1. 73 3E-06- 1. l 76E-06- 7. 60 7E- C7--5. 14 JE-07- 3. 499E-07- 2. 177E-C 7-1. 4 7 5E-07 
-9.53bE-:•8 

18 o.o o. 0 4, 768E-01 2.659E-11 6 .136E-02-3.04l E-02- 7. 513E-03-6. 778E-04- 2. 030E-05-3. 316E-06-l. 23 3E-06 
-6. & 12F•1 7-5. 3 lOF-0 7-4. 39 7E-07· 2. 984E- 0 7- 1. 9 30E-O 7- 1. 3 05E-O 7-8. 87 7E-O 8-5. 52 4E-O 8 
-3.74JE->B-2.420E-08 

19 o.o :>.o 4. 777E-Ol .2.a5oE-•H 7.bllE-02-4.433E-02-l.b99E-C2-3.276E-03-2.633E-04-8.437E-Ob-1.378E-06 
-s.12 iE-'~ 7-2. 748E-07-2. 207E-07-1. 82 7E- 0 7- 1. 240E-07- a. 02 lE-O 8- 5. 42 3E-08-3. 68 9E-O 8 
-2.l95F-,8-l.555F.-OB-l.005F-08 

20 o.o o. 0 '+• 792E-Ol 2.~&H-11 6. llOE-02-3. 727 E-02- 1. 78 2E- 02- lo. 717E-O3- 8. 441E-04-1. 20bE-05-2. 14 l E-0 6 
-3. ~ 9 7 E-) 7-1. 300E-o 1-b. 9.73E-08- 5. bOOE- c 8- 4. 63 7E-08- 3. 14 7E-08-2. 036E-O 8-1. 316E-O 8 
-9.3blE-l9-5.825E-09-3~947E-09-2.552E-CS 

21 o.o o.o 4. 813E-O1 7..bb5F.-·)l 8. 556E-02- 3. 7 lbF-02- l.952E- C2- 7. 22 2E-03- l. 776E-03-3. 1U·C:-04-2.65 lE-05 
- 7 .a 7 2E-) 7-1. 286£:-07-4. 779E-06- 2. 56 3E-C 8-2. 059E-08- l. 7 05E-08- l. 15 7E-O 8- 7. 48 3E-09 
-5.059E-J9~3.441E-09-2.141E-09-1.451f-09-9,381E-10 

22 o.o o.o 4.973E-Ol 3. 288E-·J l 6. 6 34E-03-7. 87bE-02- 3·. 65 2E- 02-1. 2BOE-O 2- 4. 3 70E-03- l. 044E-O 3-1. Bl 7E-04 
-1. ~43E-{) 5-4. 58 3E-07- 7. 483E-08- 2. 7.3 2E-C8- l. 492E-08- 1. 19 BE-0 8-9. 92 4E -09-6. 73 5E-09 
-4. 3>C.F.-0 9-2. 946E-O 9- 2. 00 3E-09- I. <'4 7E- 0 9- 8. 44 7E- l 0- 5. 46 lE- l 0 



.. 

c~o.ss S!'CT roNS _A}; __ RFAD 

GP ABS. XSEC. NU.•F ISS 
l o.o o.o 
') o.o o. 0 
3 o.o o. 0 
4 o.o o.o 
5 o. ri o.o 
6 o. :> o.o 

·7 o.a o.o 
8 o.o o.o 

9 o.n o.o 

10 o.o o. 0 

ll o.o o.o 

12 o.o o.o 

13 o.o o.o 

14 o.o o.o 

15 o.o o. 0 

16 o.o o.o 

17 o.o c.o 

18 o.o o.o 

19 o.o. o. 0 

20 o.o o.o 

21" o.o o. 0 

22 ·o.o o.o 

f ClR CONCRETE 

TOTAL 
·1.2" ~E-Ol 
l. 274F-O l 
l.19~·F-Ol 

l.19H-Ol 
l. 34 lE-Ol 
l. <;7SF-Ol 
l.991£-01 
1. 500E-O 1 

l.2t6E-Ol 

1.688:-01 

2. 1911!=-0l 

2. 823E-Ol 

3. 751!'-0l 

4. 23 lf-Ol 

4. 946E-O l 

4. 734E-O l 

4. 76 3F.:-O l 

4 •. 768E-Ol. 

4.777E•Ol 

4.792E-Ol 

4. 813F-O l 

4. 973E-Ol 

FROM GROUP 
lo 1163E-:> l 
l.696E-Ol 
·l.4BE-O l 
l.251E-O l 
l.437E-Ol 
l.45t1F-OI 
l.524E·Ol 
7.447E-02 

.. 

CCEFFICIENT 4 (P 
3

) 
TRANSFER !'ROBABILITIES 

2. 565E-03· 
8.311E-03 3.1162E-04 
9.960E-03-6.l72E-04-9.273E-04 
1. 5 78E-02 6. 987E-04- l. 248E- 03-1. S76E- 03 
I. 7tl7F-02 l. 2 I IE-03- l. 312E-03- I. 573E-03- l. 300E-03 
1. sooe-02-1. 901>E-O 3- 2. 22 lE-03- 2. 8511E-OJ- 2. 3 73E-03- l. 689E-03 
l .032E-02 5. 283E-04-2.034E-03- 2. 368E-03- l. 8 72E-03-l. 365E-03-9.00 lE-04 

6.6 75E-02-2 .849E-O 3-1. 261E-03-3.653E-04-6. 339E-04- 5. 839E-04-"• 20 lE-04-2. 95 3E-0" 
-1.901E-:>4 
7.983~-02 2.043E-03 l.688E-02 7.146E-04-3.396E-03-3.560E-03-2.890E-03-l.948E-03 

-l.33tE-03-8.398E-04 
8.848E-02 l.460E-03 l. 748E-03-4.414E-03-8. 747E-03-8.081E-03-6.108E-03-4.310E-03 

-2.654E-03-l. 736E-03.- l .060E-03 
6. Oft9E-O 2-l. ll 3E-02- l. 704E-02- l. M3E-02- 1. 478E-02- 1. 094E-02- 7. 23 2E-03-4. 774E-O 3 

- 3. l 05E-O 3-l. 795E-03- 1. l35E-03-6. 74 lE:-04 
9.';QSE-0 2-J. 9HE-02-3. 345E-02- 1. 852E-02- l. 46.lE-02-1. l 82E-02- 7. 550E-03-4. '+8 9E-O 3 

-2.7~5E-03-l.71t4E-03-9.728E-04-6.020E-04-!~514E-04 . . 
9. ~ 01 E-0 2-8 .6 74E-02- 1. 854E-02- 5. 42 3E- Cl- 2. 437E-03- 1. 836E-03- l. 44 lE-03-8. 78 6E-O 4 

-5.~14E-04-3.044E-04-l.863E-04-l.02~-04-6.251E-05-3.615E-05 
l.943E-Ol-8.075E-02-l.271>E-03-l.075E-C4-2.884E-05-l.258E-05-9.407E-06-7.356E-06 

-4. 44 lE-06-2. 5l 5E-06-l. 519E-06- 9. 262E-O 7- 5. 051E-O 7-3. 089E-07-l. 783E-07 
1. 94 l E-0 1-1;5qqe-o1- 1. 422E-02-9. 407E-O 5- 7. 817E-C6- 2. 093E-06- 9. 12 l>E-0 7-6. 82 OE-0 7 

- 5. 3 HF-0 7-!. 2 l 9E-O 7-1. 822E-07- l. 10 lE-07-6. 710E-0,8- 3. 663E-O 8-2. 23 7E -08-1. 2'11E-08 
2 .2 l 9E-:> 1-l .21>9E-O 1-2. 860E-02- l. 0 36E-O 3- 6. 240E-06- 5. l 73E-07- l. 365E-O 7-6. 0 36E-O 8 

-4.511E-08-3.527E-08-2.129E-08-l.205E~c0-1.219E-09-4.438E-09-2.422E-09-l.480E-09 
-8.537E-l0 

2. 2981:-:> 1-1. 067E-O1-5.0 ll>E-02-4. 456E-03- 1. 4 70E-04- 8. 162E-O 7- 7. 278E-O e-1. 94 SE-08 
-8.492E-09-6.344E-09-4.962E-09-2.994E-09-l.696E-09-l.024E-09-6.243E-10-3.408E-10 
-2.oa2e-10-1.201e-10 

2.219E-Ol-1.335E-Ol-9.344F-02-l.•39E-C2-l.112E-03-3.612E-05-2.13dE-07-l.771E-08 
-4.740E-:>9-2.067E-09-l.545E-09-l.207E-O'i-7.289E-l0-4.l26E-l0-2.492E-lO-l.5l9E-10 
-8 •. 29.1E- I 1-5. 06 7E- ll- 2. 9 73E- II 

2 .l'l'IE-D 1-1.0 70E-01-7 .145E-02- 1.1> 75E-02-2. 14 lE-03- 1. S 79E-04-5. 088E-06-3.007E--08 
-2. 492E-09-6 .668E-l0-2.907E- l0-2. l7 3E- l0-1. 698E-10- l. 025E-l 0-5. 80'•E-l l-3.~05E-l l 
- 2. l 37E-ll-l. l6 7E-11-6. 596E-12- 2. 79 3E-12 

7.lOOF-01-1.000F-O l-8.402E-02- l.911F-02-3.957E-03-4. B44f-04-3. 529F-05-l. l 35E-06 
-6./05E-09-5.551>E-IO-l.487E~I0-6.482E-ll-4.842E-lt-3.7B8E-ll-2.281>E-ll-l.294E-ll 

-7.254E-12-2.999E-12-5.326E-13 O.O O.O . 
5.547F.-02-2. 302E-Ol- l. 30lE-01- 3. lOSE-02-5. 858E-OJ- l. l61E-03- l.400E-04-l.Ol 5E-O 5 

- 3. 263E·O 7-1. 927F-09-1. 597E-10-4. Z73E- 11- l. 86 3E- ll- I. 392E-l l-l. OBdE- l l-6. 5 JOE-12 
-3.719E-t2-2.246F-12-l.369E-12 0.0 O.·O O.O 

w _, 



CROSS SECTIONS FOR CONCRETE 
GROUP SIGT SIGST PNUP PNA6S GAMGEN NU•FIS OOWNSCATTER PROBABILITY 

l.267E-Ol 1.127!'-0l o. 0 0.8894 o.o o.o o.5205 0.0694 0.0209 0.0578 0.0523 o. 024 7 0.0483 0.0358 
O.OC99 0.0435 o. 0516 o. 0365 0.0242 o. 0025 0.0000 0.0000 
0.0000 0.0000 o. oooc 0.0000 o. cooo 0.0000 

2 l.274E-Ol l. 079E-Ol o.o 0.8467 o.o o.o o. 5064 0.1658 0.0320 0.0274 o. 04 74 0.0692 0.0260 0.0010 
0.0261 0.0416 0.0313 o. 0 l 73 0.0019 o. 0000 0.0000 o. 0000 
0.0000 0.0000 O. 00.0C c.oooo o. 0000 

3 l.195F-Ol l. 035E-Ol o.o 0.8661 o.o o.o 0.4518 0.2109 0 .034 7 0.0265 0.0422 0.0416 0.0098 0.0559 
0.0695 0.0.373 o. 01 77 o. 0020 o. ooco 0.0000 0.0000 o. 0000 
0.0000 0.0000 O.O•lCO 0.0000 

4 l.199E-Ol 1.086!;-01 o. 0 o. 9062 o.o o.o 0. 4 32 3 o. 2700 0.0579 0.0420 0.0262 0.0067 0.0297 0.0524 
Q.0449 0.0327 o. 00 50 0.0001 0.0000 0.0000 o.cooo 0.0000 
0.0000 0 .oooo o. oooc 

5 l. 347!'-0l l. 2 '>7E-Ol o.o 0.9626 o.o o.o o.5257 0.2028 o.o 'l5 7 0.0315 0.0057 o. 0297 0.0443 o. 0 349 
Q.0747 0.0048 o. 000 l 0.0000 0.0000 o. 0000 o. 0000 c.oooo 
0 .oooo 0.0000 

6 1. 579F-Ol 1. 5 3 lE• 0 l o.o o. 9693 o.o o.o Q.5110 0.2668 0 .o ~34 0.o142 0.0471 0 .044 5 0.0365 0.0216 
0.0041 o.ooo l o.ooo 0 o. 0000 0.0000 0.0000 0.0000 0.0000 
0.0000 

1.99 lE-0·1 1.975E-01 o. 0 o. 99.l I:! o.o o.o 0.60~~ 0.2201 0.0115 0 .o 362 0.0644 0.0325 0.0244 0 .004 5 
0.0001 0.0000 0.0000 0.0000 0.0000 o. 0000 o. 0000 o. 000:) 

R 1. 500E-Ol l .495E·Ol o. 0 C.9964 a.a o.o 0.4717 0.1254 0.1934 0.0101 0.0943 0.0367 o. 0076 o.ooo 2 
__, 
w 

0.0000 0.0000 0.0000 0.0000 o. 0000 0.0000 0.0000 N 
9 l.716E-Ol l.213E-Ol o.o o. 9973 o.o o.o 0.25~9 0.4553 0. l lt. 3 0 .o 761 o. 0 84 7 0.0114 0.0003 0.0000 

o.ocoo 0.0000 o. oooc 0.0000 o. 0000 o. 0000 
10 l.688F-Ol l.686E-Ol o. 0 0.9988 o.o l).Q 0. 5346 0.3242 o.0617 0.0672 0.0120 0.0002 0.0000 0.0000 

0.0000 o. 0000 o. 000 c 0.0000 0.0000 
l 1 2.19RF-Ol 2.l97E·Ol o.o 0.9995 o.o o.o o. 7004 0.2231 0.0628 0.0134 o.oco3 o. 0001 0.0000 0.0000 

0.0000 0.0000 o.ooo c 0.0000 
12 2.82 3!:-0 l 2. 8 2 2F- 0 l o. 0 0.9997 o.o o.o 0.7651 0.2058 0.028 3 0 .ooo 7 0 .ooo l 0.0000 0.0000 0.0000 

o·.oooo 0.0000 0.0000 
13 3. 751E-Ol 3.750E-Ol o.o 0.9998 o. t) o.o 0.8386 o. 15 74 0 .~03 3 0.0006 0.0001 0.0000 0.0000 o. 0000 

0.0000 0.0000 
1 ... 4.7.3lF-Ol 4.229E· Ol o.o 0.9994 o.o o.o o. 866 l 0.1133 0.0170 0.0025 0.0006 0.0003 0.0001 0.0000 

o.ocoo 
15 4.946E-Ol 4.936E·Ol o. 0 0.9979 O.J o.o 0.7655 o. l 984 0.0251 0 .0065 0.0021 0.0001 0.0003 o. 000 l 

16 "'· 734E-Ol 4. 731E-Ol o.o Q.9995 o.o o.o 0.75411 0.1!131 0 .039 2 0.0163 o. 0041 o. 00 15 0.0009 
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