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ABSTRACT 

When r a d i a t i o n  s h i e l d s  a r e  penetrated by ducts ,  t h e  gamma rays r e -  

s u l t i n g  from t h e  rad ia t i -ve  capture  of low-energy neutrons i n  the  duct 

wall8 can be p r i n c i p . 1  con t r ibu to r s  t o  t h e  t o t a l  d.ose along the  duct .  I n  

order  to c a l c u l a t e  t h e  e f f e c t  of these  capture  gamma rays,  t h e  d i s t r i b u -  

. t ion of low-energy iieutroris i n  the ducts  must be known. This r epor t  

p resents  ca l cu la t ions  of low-energy neutron d i s t r i b u t i o n s  i n  concrete- 

walled ducts  by a method i n  which a n  albedo model and a Monte Carlo tech-  

nique were used. 

ducts  s o  t h a t  comparisons could be made with t h e  Simon-Clifford a n a l y t i c  

approximation. 

s i m i l a r  to those used i n  a Tower Shielding F a c i l i t y  experiment. When an 

albedo s i m i l a r  t o  that t o  be expected for a pure thermal-neutron source 

was  used., t h e  r e s u l t s  agreed ve-ry closely with .the TSF d a t a .  A d i g i t a l  

computer code was w r i t t e n  t o  perform t h e  ca lcu la t ions .  

Orie s e r i e s  of ca l cu la t ions  was performed f o r  s t r a i g h t  

Another s e r i e s  was for three-legged rec tangular  ducts 

. 
iii 
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CHAPTER I 

INTRODUCTION 

The genera l  problem of p r o t e c t i o n  a g a i n s t  nuc lear  weapons i s  qu i t e  

complex,with the  e f f e c t s  t o  be  considered f a l l i n g  n a t u r a l l y  i n t o  t h r e e  

ca t egor i e s :  

thermal r ad ia t ions ,  (2)  the  e f f e c t s  of delayed r a d i a t i o n s  ( f a l l o u t ) ,  and 

(1) b l a s t  e f f e c t s ,  inc luding  those  due t o  b l a s t  waves and 

( 3 )  t he  e f f e c t s  of i n i t i a l  nuc lear  r ad ia t ions ,  def ined  as those r ad ia -  

t i o n s  emitted wi th in  one minute a f t e r  de tona t ion .  The b l a s t  e f f e c t s  a r e  

s i m i l a r  t o  those encountered v i t h  convent ional  weapons except i n  degree; 

therefore ,  design procedures which take  i n t o  account nuc lear  wezpon b l a s t  

pro-bection a r e  similar t o  those used f o r  convent ional  weapon b l a s t  pro-  

t e c t i o n .  The e f f e c t s  of f a l l o u t  and i n i t i a l  r a d i a t i o n s  are, o f  course, 

unique t o  nuc lear  weapons and a r e  of concern i n  regions where no damage 

from blast  e x i s t s .  For example, unprotected persons hundreds of mi les  

from the p o i n t  of de tona t ion  may rece ive  l e t h a l  doses from f a l l o u t  

r a d i a t i o n .  Because of t h i s ,  f a l l o u t  r a d i a t i o n  has  received a g r e a t  deal 

of a t t e n t i o n  i n  t h e  pas-t few years,  t he  major e f f o r t  cons i s t ing  i n  a 

s e r i e s  of moments-method c a l c u l a t i o n s  performed by Spencer a t  the  Nabional 

Bureau of Standards. Spencer 's  r e s u l t s  have been reformulated i n  such 
1 

'L. V. Spencer, S t r u c t u r e  Shie ld ing  Against F a l l o u t  Radiation 
from Nuclear Weapons, Nat iona l  Bureau of Standards Monograph 42 
m2). 

1 
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293 
a way t h a t  rointine c a l c u l a t i o n a l  procedurrs  f o r  designing s t r u c t u r e s  

t o  sh i e ld  aga ins t  f a l l o u t  r a d i a t i o n  are now ava i l ab le .  

The e f f e c t s  of i n i t , i a l  nuc lear  r ad ia t ions ,  on t h e  o the r  hand, have 

only r ecen t ly  received a t t e n t i o n .  This i s  l a r g e l y  due t o  t h e  fact, t h a t  

i n i t i a l  r ad ia t ions  are important only f o r  r a t h e r  s p e c i a l  cases .  If, f o r  

example, the  poss ib l e  Coi-nbiEations of weapon s i ze ,  a l t i t u d e  and d is tance  

of detonation, and c h a r a c t e r i s i i c s  o f  Lne p r o t e c i i v e  s5ruc tures  ( o r  lack 

o f  a s h i c t u r e )  a r e  considered, it w i l l  be found t'nat f o r  only a l imi t ed  

number of combinations a r e  the  i n i t i a l  r ad ia t ions  a s i g n i f i c a n t  problterfl. 

'23nj.s i s  because as the  weapon s i z e  increases ,  t he  b l a s t  damage a r e a  i n -  

c reases  more r ap id ly  than the area covered by high iniLta1. radiat i -on 

levels. Corsaquently, ini.tial~ r ad ia t ions  a r e  s i g n i f i c a n t  only for s m a l l  
4 

weapons or f o r  high b l a s t  l e v e l s  around l a r g e  weapons. Since Ynere 

appears t o  be l i t i l e  incent ive  f o r  a prospec t ive  eneny t o  use small. 

weapons eit,her aga ins t  the genera l  publ ic  (because l a rge  area coverage 

would be required)  o r  aga ins t  hardened m i l i t a r y  i n s t a l l a t i o n s  (because 

high blast ,  1evel.s would be needed), a primary area cf  concern, insofai-  

as i n i t i a l  radiatAon dose p ro tec t ion  i s  concerned, i s  f o r  l a r g e  weapons 

2Design - and Review of S t ruc tu res  f o r  P ro tec t ion  from Fa l lou t  
Gamma Radiation, Office o f T i v i 1  DefGe-ev. Oct. 1, m). 

3Fallo1it S h e l t e r  Surveys: _II_- Guide f o r  Arch i t ec t s  and Engineers, 
Departinent of Defense, OTfice of C i v i l  Defense NP-10-2 m y =  

4S. Glasstone (ed.), __ The E f f e c t s  of Nuclear Weapons, Deparl-iment 
of t h e  Amiy Pamphlet No. 39-3 (Apri l ,  1 9 6 2 r  
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an5 heav i ly  sh ie lded  s t ruc tu res ,  such as missi le  bases  o r  m i l i t a r y  corn- 

mand pos t s .  

An i n v e s t i g a t i o n  of t h e  eff 'ec-t iveness of such s t r u c t u r e s  i n  

a t t e n u a t i n g  i n i t i a l  weapons r a d i a t i o n  w a s  r e c e n t l y  i n i t i a t e d  a t  O a k  R-idge 

Nat iona l  Lgboratory (ORNL) . 
r a d i a t i o n  i n t e n s i t i e s  i n s i d e  b a s i c a l l y  simple geometric shapes and cor -  

r e l a t i o n  with corresponding ca l cu la t lons ,  the  o v e r a l l  purpose being t o  

develcp experimental ly  v e r i f i e d  caLculat iona1 techniques which w i l l  

y l e l d  "handbook"-type design data f o r  i n t t i a l  r a d i a t i o n  p ro tec t ion ,  

Although, i n  general ,  simple s t r u c t u r e s  of  the type used a r e  anenable 

-to 1-ather s t ra ight forward  r a d i a t i o n  a t t e n u a t i o n  cal .culat ions,  R major 

d i f f i c u l t y  arises as a result of var ious  pene t r a t ions  through the  m a i . n  

sh i e ld ,  such as a i r  passages, conduits,  aid entranceways. Such pewL-  

t r a t ions ,  o r  ducts,  a l low 'fstream.i.ng'r of r a d i a t i o n  tlnrough t h e  s h i e l d  

and al.so inc rease  the production of secondary radiat i .ons wi th in  the 

sh i e ld .  Both of these  components are d i f f i c u l t  t o  calculate. 

The program c o n s i s t s  of measurements of 

The ORNL &xperimen-ts have shown t h a t  fas t -neut ron  dose sates 

i n s i d e  complex duc t  conf igura t ions  f a l l  o f f  r a p i d l y  as the  duc t  i s  

t raversed  (see Figs. 43 and 50 i n  Chapter IV) . Calcula t ions  of  the  

fas t -neut ron  dose rates along a s i n g l e  leg o€ ti duct  can be harrdled r e a -  

soyably well 'oy consider ing only two components: unscattered neutrons 

a--d neutrons that have been r e f l e c t e d  from t h e  walls only orxe. Tnis i s  

a r c s u l t  of t h e  s m a l l  f r a c t i o n  of dose rate which i s  inc iden t  on a sur face  
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t h a t  i s  r e f l ec t ed .  The ca l cu la t ion  of  the  unsca t te red  component i s  qu i t e  

s t ra igkt forward  i f  t he  angular  d i s t r i b u t i o n  of t h e  sou-rce a t  the  duct 

entrance i s  kno~m, and, although t h e  cal.cula-Lion of the s i n g l y  s c a t t e r e d  

component i s  more complex, i - t  c a n  be ha.ndled adequately i n  most cases  of 

i n t e r e s t  through t h e  use of the  albedo, o r  r e f l e c t i o n  c o e f f i c i e n t  model. 

Calcu.l_ations of t he  a t t enua t ion  of gamma rad?-ation inc iden t  on a 

duct  configi i ra t ion can be handled i n  a similar manner. 

t h e  to”ial. albedo ( t h e  integral .  of t h e  d i f r e r e n t i a l  albedo over all e x i t  

s o l i d  avlgleo) i s  even smaller f o r  gamma-ray dose rates than it i s  f o r  

fas t -neutron dose rates. Typical va lues  are 0.12 f o r  fas t -neut ron  dose 

rates and 0.06 f o r  gamma-ray dose rates, thereby rendering the  second 

and higher-order s c a t t e r i n g s  negligi.’ol.e i n  most cases .  

I n  most cases, 

A s i g n i f i c a n t  r e s u - l t  of the OIWL experiments was tha t  t he  dominant 

radriation component i n  many complica-Led duct  geometries i s  t‘ne g m a - r a y  

dose r a t e  r e s u l t i n g  from the  capture  of low-energy neu-trons i n  the  walls 

of t h e  duct. An important problem i n  t h e  c a l c u l a t i o n  o r  t h i s  component 

i s  t he  determinat ion of the s p a t i a l  d i s t r i b u t i o n  of  the  low-energy neu- 

trons,  which involves  the  processes  of t he  slowLng down of t‘ne hi.gher- 

energy neutrons and t h e  t r a n s p o r t  of  t he  low-enerm- neutrons themseives. 

The de-termination of t h e  d i s t r i b u t i o n s  of -the low-energy neutrons i s  t’ne 

problem with which t‘nis t h e s i s  i s  concerned. 

The coiripp3.exity of t he  usual gzome-Lries, i n  p rac t i ce ,  precludes the 

use of many of t h e  common neutron t r a n s p o r t  c a l c u l a t i o n a l  techniques.  
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One technique which can be  and i s  used f o r  t h i s  type of ca l cu la t ion  

i s  the  random-sampling, o r  Monte Carlo, process.  This process  can be 

used t o  obta in  complete desc r ip t ions  of fas t -neutron dose r a t e s  and 

gamma-ray dose r a t e s  by following each p a r t i c l e  t o  i t s  death. I n  

p rac t i ce ,  it i s  uneconomical t o  use the  e x i s t i n g  codes f o r  a problem as 

complex as the  low-energy neutron problem because excessive machine t i m e  

i s  required t o  follow a neutron completely through the  slowing-down and 

capture  processes.  Each c o l l i s i o n  with t h e  w a l l  can r e s u l t  i n  a l a rge  

number of  nuclear  i n t e r a c t i o n s  before  re-emission, i f  re-emission occurs 

a t  a l l .  

r e s u l t  i n  re-emission and poss ib ly  terminates  so  deep i n  the  w a l l  that; 

l i t t l e  cont r ibu t ion  i s  made t o  t he  g m a - r a y  dose r a t e .  

It i s  c e r t a i n l y  wasteful  t o  fol low a h i s t o r y  which does no t  

An a l t e r n a t i v e  procedure i s  the  use of the  albedo concept t o  

fol low the  t r a n s p o r t  of t he  low-energy neutrons down the  duct .  

un l ike  the  albedos f o r  fas t  neutrons and gamma rays, which are defined 

on t h e  basis of dose-rate r e f l e c t i o n ,  t he  albedo f o r  low-energy nev- 

trons, vhich i s  defined on the  b a s i s  of number r e f l ec t ion ,  i s  high (on 

the  order  of 0.7 o r  0.8). 

neutron and gamma-ray dose r a t e s  give reasonable r e s u l t s  by consider ing 

only one re€ lec t ion ,  t h e  albedo f o r  low-energy neutyons r equ i r e s  considera- 

tion of orders  of s c a t t e r i n g s  h igher  than the  f i r s t .  If the  albedo were 

low and t h e  geometry simple, d i r e c t  numerical i n t eg ra t ions  could be 

However, 

Consequently, while t h e  albedos f o r  fast-  
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5 performed over a l l  possible l oca t ions  of each s c a t t e r  po in t .  

many s c a t t e r i n g s  must be considered, and when 1,he geometry becomes 

extremel-y complicated, these  i n t e g r a l s  become so  complex t h a t  t'ne solu-  

t i o n s  a r e  usua l ly  more e f f i c i e n t  i f  the random-sampling technique i s  

used. 

i s  the  random-walk technique, rat'ner t'nan the  technique of random 

sampling of  t h e  mul t ip l e  i n t e g r a l s  d i r e c t l y .  

was se l ec t ed  f o r  computing the  thermal-neutron fluxdistributions reported 

i n  t h i s  study. 

But when 

T'ne technique o r d i n a r i l y  used i n  p a r t i c l  e-transmission problems 

It i s  thi  s technique t h a t  

"C. W. Te r r e l l  -- e t  a l . ,  Radiation Streaming i n  S h e l t e r  Entrarice- 
ways, Amour Research Foundation, A R F - L L m J Z y X .  

6H. Kahn, "Random Sampling (Monte Carlo)  Techniques i n  Neutron 
Attenuat ion Problems-1, I '  Nucleonics, g. 28 (May, 1.950). 



C-R I1 

TKE ALBEDO--RANDOM !dALK MODEL 

The problem of i n t e r e s t  i s  -tibat of p red ic t ing  t h e  thermal-neutron 

f I.uxes at var ious  pos i t i ons  i n  a nrultilegged. concrete-walled duct,  which 

are due t o  a neutron r a d i a t i o n  f i e l d  of a r b i t r a r y  energy d i s t r i b u t i o n  

inc iden t  on the  mouth of t h e  duct.  It i s  assumed t h a t  t'nis problem can 

be represented by t h e  t r a n s p o r t  of p a r t i c l e s  down the duct according t o  

an  albedo model. When used f o r  ca l cu la t ions  of fas t -neut ron  o r  gamma-ray 

doses,  t h e  d i f f e r e n t i a l  a lbedo i s  def ined as the  fract-ion of the dose i n c i -  

dent on a semi-Lnfinite plane su r face  t h a t  i s  r e f l e c t e d  i n t o  a p a r t i c u l a r  

s o l i d  angle  element. In general ,  tbe albedo must be a func t ion  of t h e  

inc iden t  d i r e c t i o n  and energy, th.e w a l l  material., and t h e  ex i t  d i r e c t i o n .  

P r a c t i c a l  consid,erat ions of c a l c u l a t i o n a l  complexity- q u i t e  oftcxi lead t o  

s implifying assumptions, such as t h e  use  of an  albedo which i s  an average 

of t h e  d i f f e r e n t i a l  a lbedo over t h e  inc iden t  p a r t i c l e  energy spectrum o r  

-the use of an a lbedo which has no dependence on t h e  inc iden t  d i r e c t i o n  

(and, t h e r e f o r e  no dependence on t h e  ex i t  azimuthal  angle) .  

lem considered here ,  both assumptions given above will be made; s p e c i f i -  

ca l ly ,  it w i l l  be asswried that  t h e  albedo i s  constant  and t h a t  it i s  

indepei-ident of t h e  inc iden t  d i r e c t i o n .  I n  t h i s  case t h e  albedo i s  def ined 

on t h e  b a s i s  of t h e  number of p a x t i c l e s  r e f l e c t e d  r a t h e r  than on the  

f r a c t i o n  of dose r e f l e c t e d .  The fol lowing sec t ions  d.escribe t h e  

mathematical model chosen to r ep resen t  t h e  phys ica l  case and the 

For t h e  prob- 
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j u s t i f i c a t i o n  of 'chis choice.  

Mathematical Model 

The b a s i c  equation governing p a r t i c l e  t ransmission problems i s  

t h e  t r anspor t  equation. 

e s s e n t i a l l y  solve t h e  i n t e g r a l  form of t h e  equation, '  which may be 

represented as 

I n  such problems random-sampling procedures 

where 

p = a vec tor  in phase space, having posi-t;ion axd momentum 

coordinates  , 
~ ( p )  = f l u x  or p a r t i c l e s  a t  p, 

K(p',p) = a k e r n e l  descr ib ing  tLe p r o b a b i l i t y  of a p a r t i c l e  

su f fe r ing  a s c a t t e r i n g  c e l l i s i o n  a t  p '  and moviizg 

from p '  t o  p without o , s l l i s ion ,  

S(p) = flux a t  p due t o  uncal l idef i  p a r t i ? l e s  from t h e  

'See, f o r  instance,  C. D. Zerby, A Monte Carlo Calcu la t ion  - o€ 
A:' r -Sca t te red  Neuirons, ORPJL-2277 ( 1956), App. A, pp. rl-64; o r  
i3. Davison, Neutron Transport  Theory (Oxford A t  the Clarendon Press, 
1957) , pp. -for der iva t ions  of iritc'gral formulat ions of t h e  

-____s- 

t r an sp o rt e quat  i on. 



The above equat ion i n  t h e  complete form descr ib ing  a p a r t i c u l a r  

problem may be exceedingly complex. The source term, i n  general ,  w i l l .  

involve an i n t e g r a t i o n  over p, and the  ke rne l  may be even more complex, 

even i n  simple geometries. 

If the  source and ke rne l  are known, the  above eqidation inay be 

solved by i t e r a t i o n .  

with the  s t a r t i n g  approximation Q0(p) = S ( p ) .  

It i s  informative t o  do t h i s  f o r  a few i t e r a t i o n s ,  

'I"n~ns, 

It m y  be noted t h a t  Ol(p) i s  the f'lw a t  p due t o  p a r t i c l e s  

reaching p a f t e r  having one c o l l i s i o n  ( t h e  i n t e g r a l  term) p lus  the flux 

of uncol l ided p a r t i c l e s .  I t e r a t i n g  again, 

This gives  t h e  flux a t  p due -to p a r t i c l e s  having had t w o  o r  less c o l l i -  

s ions.  

equiva len t  t o  t h e  N e  unann s e r i e s  so lu t ion  : 

This i t e r a t i v e  so lu t ion  of  the t r a n s p o r t  equation i s  therefore  

j = O  
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i;Jhere I . ( p )  represenis  t he  flux a t  p from the  j t h  order  of sca t t e r ing .  - J 

The random-walk procedure i s  a s t a t i s t i c a l  arialog-de of t he  actual  

phys i ca l  process  and g;ives es t imates  i o  tlie I 's i n  the  fall.owing manner. 

The charac te i - i s t ics  of a source p a r t i c l e  ( i . e . ,  p o s i t i o n  and momentum) are 

j 

chosen using randomly d i s t r i b u t e d  v a r i a b l e s  and appl icable  d i s t r i b u t i o n  

func t ions .  The p a r t i c l e  starts from tne  source region ?vitli t'nese charac- 

t e r i s t i c s  and cont inues t o  a col l is i .on p o i n t  determined by the  kno1.m 

p r o b a b i l i t i e s  of i n t e r a c t i o n .  New c h a r a c t e r i s t i c s  are then chosen again, 

us ing  the  appropria'ie d i s t r i b u t i o n s .  

a con t r ibu i ion  t o  Il(p) by colli .ding with a detectclr loca ted  a t  the 

A t  t i i i s  p o i n t  t he  p a r t i c l e  may make 

p o s i t i o n a l  coordinates  of p. By following 1 l a r g e  nu-rher of  p a r t i c l e s ,  

addinE t h e i r  cont r ibu t ions  t o  var ious  de t ec to r s ,  agd t'nen divid-ing by 

t h e  number of p a r t i c l e s ,  es t imates  o l  each 1 may be obtained. I t  

should be noted t h a t  tlie probabS 1.ity dens i ty  func t ions  ( p .  d. f e ' s) from 
J 

which t h e  samplings are taken correspoiid T O  t he  S(p) and K(p' ,p)  of 

Eqs .  1 through 3.  

The Tom of the  t r a n s p o r t  equar;ion which app l i e s  t o  the albedo 

model may be descr ibed as follows. A duc i  of arbiLi-a,ryj shape has a posi.- 

Lion on i t s  sur face  represented as 2, a p o s i t l o r  vec tor .  The cosine of 

t he  pol-ar angle, defined as the angle  a t  the  p o i n t  - r oe';ween the  normal 

t o  t h e  sur face  and an a r b i t r a r y  d i r ec t ion ,  w l l l  be desls:naL,ed p. Let 

A(;,p) dp be the  cu r ren t  of p a r t i c l e s  e n t e r i n g  the  duct  w a l l  a t  - 1- and i n  

dp about p. F(2) i s  t'ne cur ren t  of p a r t i c l e s  leav ing  2, and a(r)  - i s  

tile p r o b a b i l i t y  of re-emission of a p a r t i c l e  en te r ing  the  sur face  a t  - r. 

Then 
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Associat ing p' and $', t h e  cosine of t h e  p o l a r  angle  and t he  azimuthal angle, 

respec t ive ly ,  with a direet i -on measured from a po in t  r', t h e r e  exi .s ts  a 

r e l a t i o n  G such that p = C ( 3 , r ' , p ' ,  @ ' ) .  

the  p o i n t s  r and r '  are shown i n  the  sketch below. 

c 

The p o l a r  angles  8 and 8'  a t  

- - 

Then 

- dQ 
ilsl - where - (p , r )  i s  t h e  p r o b a b i l i t y  pe r  s t e r a d i a n  of a p a r t i c l e  a t  r being 

emit ted into dR &out p. A o ( 5 p )  a i s  t h e  current, inLo the  sur face  a t  

r and dp about 1-1 due t o  uncollidecl p a r t i c l e s  from t h e  smrce. If Eqs. 

4 and 5 a r e  solved by ibe ra t ion ,  a sequeace of F ' s  i s  generated which 

approaches F. Fo i s  set  t o  zero, s ince  t h e r e  can be tm emergent flux a t  

- r uncol l ided from the source. 

j 

F l ( r ) ,  the cur ren t  of s h g l y  sca t t e red  

p a r t i c l e s  leav ing  5 i s  then 



1.2 

A s  before ,  repeated i t e r a t i o n s  give hj-gher-ordered approximations t o  

F ( r )  . Knowi-ag F ( r ) ,  - t he  f l u x  of p r t i c l e s  can be obtained by i.ntegraL- 

ing  over t h e  duct w a l l s  and adding t h e  unsca t te red  cont r ibu t ion  from t h e  

source.  

The d e t a i l s  of how -Lhe procedure out l ined  above i.s actua1l.y handled 

i n  t h e  computer code are  as follows 1 

A source plane i s  defined from which a , l l  par t ie l -es  origi.nat2, 

3.ocated at, t h e  mouth of a duct which may have eithel-  a rec'iangul-ar c ross  

sec t ion  oi- a cross  sec t ion  def ined by t h e  zeros o€ a general  qiiadratlc 

func t ion ,  i .e . ,  ax2 + by2 4- cxy + d x  -I- ey i f, with a/b > 0 and a 0. 

Tne duct m y  have mul t ip l e  right-angl-e bends when t h e  rec tangular  c ross  

sec t ion  i s  used. The soiirce rmy be e i t h e r  loca ted  a t  a po in t  or 

uniformly d i s t r i b u t e d  on t h e  source plane.  'The angular  d i s t r i b u t i o n  of 

t h e  p a r t i c l e s  I.eaving t h e  source plane may be spec i f i ed  ( i n  terms of a 

p r o b a b i l i t y  dens i ty  func t ion)  as a power series i n  t h e  cosine of -the 

po la r  ang1.e of emission ( t h e  angle  between the  parti.c?.e d i r e c t i o n  and 

t h e  normal to t h e  su r face ) .  The paI- t ic le  unriergoin-g t h e  random walk 

has no c h a r a c t e r i s t i c s  a s soc ia t ed  with i.t a t  any t ime o ther  than i t s  

pos i t i on ,  d t r ec t ion ,  and weight, which i s  u n i t y  upon emission from the  

source plane.  Upon a c o l l i s i o n  with a w a l l  sur face ,  the weight of t he  

p a r t i c l e  i s  changed by a constant  f a c t o r  (corresponding t o  the al-bedo, 

or p r o b a b i l i t y  of re-emission, a s soc ia t ed  w i t ? ?  t h e  a c t u a l  w a l l  and the  

phys ica l  p a r t i c l e  whose behavior i s  being simulaLed). A d i r e c t i o n  of emission 



i s  then se l ec t ed  which i s  assumed 

d i r ec t ion .  It i s  t 'nerefore no t  a 

t o  be independent of the  inc iden t  

func t ion  of the  azimuthal angle  and, as 

before ,  i s  s e l e c t e d  from a p r o b a b i l i t y  dens i ty  func t ion  expressed as a 

power s e r i e s  i n  the  cosine of the  p o l a r  angle  of emission, Fl.uxes a t  

var ious  pos i t i ons  along the  duct, are computed from t h i s  random walk by 

one of two procedures.  

t i s t i c a l  es t imat ion.  I n  t h i s  technique, a t  every s c a t t e r  poi.r;t, inc luding  

the  source poin t ,  an es t imate  i s  made o f  the  f l u x  cont r ibu t ion  t o  a s e r i e s  

of po in t  de t ec to r s .  This i s  ca l cu la t ed  using the known p r o b a b i l i t y  o f  th.e 

p a r t i c l e  reaching each of t hese  d e t e c t o r  l oca t ions  f rom the  w a l l  scatter 

polint,. An a l t e r n a t e  procedure i s  t o  add t r a c k  lengths  f'r.3m t he  p a r t i c l e  

t r a c k  which occur i n  each of  a seri.es of f i n i t e  volume de tec to r s .  The 

f lux  i n  a p a r t i c u l a r  de t ec to r  i s  the  sum of a l l  t he  t.rack Lengths which 

occurred i n  i t  divided by t he  vol.ume of t h e  detector. Die d e t e e t x -  which 

has proved t o  be the  most s a t i s f a c t o r y  Pcr the  problem under considera- 

t-ion i s  a de tec to r  w1iir.h i s  tbirA ii:. t3-;? dimznsion paralI.el t c ;  the duct 

center l i n e  and :.&ich cxetipies .the e n t l r e  cross seTtion of the  duct.. The 

i'lm which i s  obtained from t,his de t ec to r  i s J  of' c~u1-'se9 an average f l u x  

over the vol.ime of t he  detector,  bu t  s ince  t h e  f l u x  does not, vary rzpidljr  

along a plane normal t o  the ceriter l i n e  t2ni.s average f l u  l i s  a 

f a i r l y  good measure of tlze f lax along the duct  ?enter li.ae. The 

p a r t i c l e s  a r e  followed uti1 they  comp1etel.y traverse the ductz  re -en ter  

t he  source plane, o r  exceed a predetermined n-mber of w a l l  sca- t te r ings .  

One technique which can be used i s  t h a t  ijf sta- 



Appl i cab i l i t y  t o  the Physical  - Case 
-_I 

The a p p l i c a b i l i t y  of t he  mathematical model descr ibed above t o  a 

physical- case may be e s t ab l i shed  i n  seve ra l  ways. One possib3-e procedure 

would be -Lo vary the  value of .the albedo and i t s  angular  d i s t r i b u t i o n  

u n t i l  t h e  calculat l .on agreed with experimental  resii1.ts. This by i t s e l f  

might provide some actual. knowledge or understanding of t h e  behavior 

which could extend the  number of problems t h a t  could be solved.  

Combined with a c e r t a i n  amount of i n f o r m t i o n  from other  sources, it 

can be a u s e f u l  technique.  

A p re fe rab le  procedure would be t o  s tudy t h e  physical. behavi-or 

of a s i n g l e  wal l - sca t tey ing  process,  poss ib ly  by experimental  techniques 

or by d e t a i l e d  Monte Cal-lo ca l~cu la t ions  of the  conventional. type,  i n  

order  i o  e s t a b l i s h  t h e  v a l i d i t y  of -various assumptions aild t o  e s t a b l i s h  

t h e  natu-re of t he  changes which must, be made f o r  d i f fe re l i t  phys ica l  

conf igura t ions .  The corrTbi.nation of t h i s  d e t a i l e d  examination of a s i n g l e  

wa l l - sca t t e r ing  process, which r e s u l t s  i n  a n  albedo model, with a ca l cu la t ion  

which uses  Lhe albedo model. i n  t h e  co r rec t  geometry would c e r t a i n l ~ y  seem 

t o  be a more economical and v e r s a t i l e  ca l cu la t iona l  technique than the 

f u l l - s c a l e  Monte Carlo tal-culation. 

k t a i l e d  inves-Ligations 07 t h e  type descr ibed above are under way 

a t  ORITL, bu t  t h e  knowledge avai.J.able a t  t h i s  po in t  i s  derived sub- 

s t a n t i a l l y  from experimental- experience.  Consider now the  ini'oymatioii 

a v a i l a b l e  which i s  app l i cab le  t o  t h e  phys ica l  cases  of i n t e r z s t .  The 
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cases  t o  be considered will be r e s t r i c t e d  t o  concrete-walled ducts  having 

an a r b i t r a r y  c ros s  s e c t i o n  (man-sized rec tangular  cross sec t ions  a r e  of 

the  most i n t e r e s t )  and an a r b i t r a r y  number of bends which a r e  subjected 

t o  t h e  r a d i a t i o n s  p re sen t  i n  a i r  a t  d i s t ances  on the  order  of a mile 

from a f i ss ion- type  nuclear  weapon. Actual ly ,only t h e  w a l l  ma te r i a l  and 

t h e  neutron spectrum have s u b s t a n t i a l  e f f e c t  on the  na ture  of t he  

albedo. 

The d i s t ances  of i n k e r e s t  are far enough from the  source t h a t  the 

lower energy regions of  the  neutron d i f f e r e n t i a l  energy spectr im are i n  

equi l ibr ium; i .e . ,  -the shape of the  neutron spectrum below, say 100 keV, 

i s  not  changing s i g n i f i c a n t l y  with d is tance .  This shape may be con- 

s ide red  loosely as cons i s t ing  of  a 1/E spectrum between thermal energy 

and 100 keV plus a thermal group. A s  this spec-trum t r ave r ses  the duct,  

d r a s t i c  changes would no t  be expected to occur. The most. no t i ceab le  

change will be that t'ne number of thermal neutrons relat , ive t o  the  1./E 

region will increase,  s ince  the  r a t i o  of s c a t t e r i n g  t o  absorpt ion c ross  

sec t ion  f o r  neutrons of thermal and in te rmedia te  energ ies  i s  l a r g e r  f o r  

concrete  than f o r  air .  The spectrum of  fast neu.t;rons might undergo 

rather d r a s t i c  changes, but this should not a f f e c t  the lower energy 

regions t o  a g r e a t  ex ten t  u n t i l  extremely long duct.s are traversed., i n  

which case i n t e n s i t i e s  would be so low t h a t  a l l  dose r a t e s  would be 

i n s i g n i f i c a n t  i n  most prac- t ical .  cases.  

If the  phys ica l  case could be adequately simulated by cons idera t ion  
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of the  t r a n s p o r t  from a pure thermal-neutron source, 

of t h e  albedo woiild be  r a t h e r  s t ra ighiforward.  The i n t e g r a l  albedo, o r  

t o t a l  p r o b a b i l i i y  of r e f l e c t i o n ,  would be on the  order  of 0.7; the as- 

simption of  independence wj t h  r e spec t  t o  inc iden t  d i r e c t i o n  i s  probsbly 

adequate, although the  valse of iiie albedo does change somewhat ( s e e  

Appendix F).  The assumptjon of independence with respeci t o  the e x i t  

azimuthal angle  i s  probably q u i t e  good, and t h e  a n g d a r  d i s t r ibu t lo r -  

should be f a i r l y  f l a t ,  probably a func i ion  whl4-i could be a-lequstely 

represented as a sum of ail isoiropic component and a component propor t iona l  

t o  ihe cosine of t he  p o l a r  angle. This s ta tement  on iiie na ture  of t he  

angular  d i s i r i h u t i o n  can 'oe, a t  leasi  par+,> a l l y ,  j u s t i f  Led as Yo I lows: 

The aligular d i s t r i b u t i o n  would be neer ly  i so t rop ;c  T o r  thr case wnere ;he 

f t r s t  c o l l i s i o n s  occur exac t ly  on tho $all surface. (The cont r ibu i ion  t o  

the  d i s t r i b u t i o n  from s i n g l y  sca%tered  p a r t i c l e s  i s  precisely i s o t r o p i c  

if i s o t r o p i c  scatteriflg i n  the Iaborst t i ry  system i s  assmed.) 

sca t te r t r ig  s m r c e s  a r e  d-stribbtefi  w;lfL~rml y w',t,n d i s  tdrice 'ir t o  thc. w b l l  

'die r e s u l t ? n g  outward cur ren t  s'nmld resemble a, c )sine ai s t r ib i i f ion  

(Tmnbert's law). The distri 'nut;or of s c a t x r i n g  sour  aes From t h c  t h t - r m a l  

source outs ide  tile w a l l  will j i c  somewhere betweerl ihese t w r ,  extremes; 

therefore  the  conclusions as s t a t e d  above are drawn. 

the spec l f i  ca t ion  

Ti tr-e 

Returning to considerat ion of the  ac iua l  PELI cron spectr-a!, exper-; -* 

ments a t  the  Tower Shie ld ing  Facility (TSF) have shown that a s p e c t x u  

of thjs genera? nature i nc iden t  o n t o  a concrete  sur face  W i l l  r e s J l t  in 

an almost, corLstant dens i ty  of neutrcns wiih energ ies  belTw 0.b cV as 
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a func t ion  of t h e  d i s t ance  i n t o  Yne w a l l .  Actually,  t h i s  d i s t r i b u t i o n  

has  a s l i g h t  peak a t  a pene t r a t ion  d i s t ance  of  about 5 em, b u t  t l e  net; 

result is an almost cons tan t  d e n s i t y  far d i s t ances  ori t he  order  of 20 

o r  30 em. This s p a t i a l  d i s t r i 'ou t ion  r e s u l t s ,  of' course, f rom t h e  slowigg 

down of intermediate-energy neutrons combined. wLLh the  t r a n s p o r t  of the 

thermal neutrons.  I n  any case, t h i s  s p a t i a l  d i s t . r i bu . t im  :rimy be assumed 

t o  r e s u l t  i n  an angular  distribixtA.on of the o u t g o h g  cur ren t  q u i t e  

closely resembling the  cos ine  d i s t r i b u t i o n .  As  t o  thn va1.v.e of  t h e  

albedo, there seems t o  be no reason tc expect t h e  albedo of  intermediate-  

energy neutrons t o  be d r a s t i c a l l y  different from that  of t he  pure thermal 

neutrons.  

I n  summary, i-t i s  concluded that; t h e  spat;:i.al dis-t,ri.'outi.on of' t h e  

thermal-neutron f l iur  i n  a concrete-walled duc t  mzy be c?.l.cidated by a. 

random-walk process  which u t i l i . z e s  a t  every w a 1 . l  col l . is i .on mi 2deal ized 

albedo model. The albedo rnay be sss-txned to have tk: val.ut? on t,he order  

of that  found f o r  thermal neukrons and t o  have 

p ropor t iona l  t o  the cos ine  of the  p o l a r  angle. 

ar?giil%r d.istri.but.ioa 



The albedo model descrrihed i n  t h e  previous chapter  was incorpo- 

r a t e d  i n t o  a d i g i t a l  computer code which was used both on t h e  Control 

Ihta Corporation (CUC) 16&A computer a t  ORNJ, and on the I n t e r -  

nat ional  Business Machines (113M) 7090 cornputer a i  t h e  Union Carbide 

CenLral &ta Processing F a c i l i t y  i n  b l i  Ridge. A d e t a i l e d  descr ip t ion  

of t he  code and i t s  use i s  given i n  Appendices A, B, and C. 

A l a rge  number of ca l cu la t ions  performed with the corflputer code 

were f o r  s t r a i g h t  ducts ,  both ci l -cular  and rec tangular  i u  c ross  sec t ion .  

The results are presented below, a long  w i t h  comparisons of ihe  ca lcu la-  

'Lions w i t h  a n  a n a l y t i c  approximation given by Simon and Clifford. '  

A l l  the  s t r a igh t -duc t  r e s u l t s  a r e  presented as p a r t i c l e  f l u x  ( p r t i -  

cles/cm2) along t h e  cen te r  l i n e  of t h e  duct normalized t o  an  incoming 

cur ren t  of 1. particle/cm' a t  t h e  source plane. 'The f l u x  was obtained 

by t o t a l l i l i g  t h e  p a r t i c l e  t r a c k  lengths  i n  each of a s e r i e s  of de t ec to r  

volumes occupying the  e n t i r e  c ross  s ec t ion  of t h e  duct and having a 

thickness of 0.5 PJL, and then d iv id ing  by t he  volixne of t h e  de t ec to r .  

duct and Lo have r, d i s t r i b u t i o n  of angular  cur ren t  propor t iona l  t o  the  

- 

"A. Simon and C. E. Clifford, "'i??e Attenuation of Neutrons i n  Air 
Ducks i n  Shie lds ,"  Nuclear Science and Engineering I, l>6 (1956). 

_I-I__ 

18 
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cosine of t h e  angle  measured from t h e  l i n e  noma1  t o  the source plane.  

(This  corresponds t o  an i s o t r o p i c  flux ou t s ide  t h e  duct;  i . e . ,  t he  number 

of neutrons p e r  u n i t  s o l i d  angle  a r r i v i n g  a t  the duct, mouth is cons tan t  

f o r  a l l  d i r e c t i o n s .  ) 

Calcula t ions  f o r  Cy l ind r i ca l  Ducts - 

The c y l i n d r i c a l  duc t  ca l cu la t ions  were f o r  a duct  length  of 30 f t  

and diameters vtzl-ying from 0.5 t o  6.0 ft. Albedos of 0.12 and 0.8 and 

albedo d i s t r i b u t i o n s  of i so t rop ic ,  eosine,  and cosine2 were used. 

The calculat ,ed f luxes  f o r  a s t r a i g h t  G .  5 - f t - d i . a  c y l i n d r i c a l  duc t  

and an albedo of 0.8 are presented  i n  Figs.  1 and 2 €or i s o t r o p i c  and 

cos ine  d i s t r i b u t i o n s ,  r e spec t ive ly .  The e r r o r  points shown i n  t hese  

fi,gures and f o r  all subsequent d a t a  from t'ne computer code c a l c u l a t i o n s  

r ep resen t  i-20, where a i s  t h e  s tandard  devia t ion ,  o r  square roo t  of the 

variance.2 It ea2 be shown tlnat t h e r e  i s  a 95% p r o b a b i l l t y  that a newg 

independent c a l c u l a t i o n  would be within t h e  e r r o r  bars, 

- 

The r e s u l t s  of t h e  c a l c u l a t i o n s  f o r  1 - f t . -d im ducts  using albedos 

of 0.12 and 0.8 and i s o t r o p i c  and cosine d i s t r i b u t i o n s  a r e  shown i n  Figs, 

3 through 6. Here t h e  d a t a  represent  s c a t t e r e d  fluxes only, as opposed 

'See Appendix A f o r  t he  de f i r i i t j on  of var iance  and methods f o r  
ob ta in ing  t h e  es t imate  of t h e  var iance.  
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Fig.  1. Total Neutron Flux CaLculated f o r  0.5-ft-diam Cylindrical 
Duct Using a n  Iso-ti*opic Albedo of 0.80 (10,000 H i s t o r i e s ) .  
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Fig. 2 .  Total Neutron F7.u.x C a l c u l a t e d  for 0.5-ft-diam Cyl indr . ica l  
Duet Using a Cosine Albedo of 0.8 (4,000 Histories). 
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t o  total .  f l uxes  given in Figs ,  3. and 2 and i n  most  of t he  p l o t s  that f o l -  

low. 

i s o t r o p i c  d i s t r i b u t i o n  and a cosine d i s t r i b u t i o n  of t he  albedo. The two 

curves a r e  v i r t u a l l y  i d e n t i c a l  f o r  d i s t ances  wlkhin 4 f t  of t he  source, 

b u t  f o r  g r e a t e r  dis'cances the  i s o t r o p i c  albedo g ives  a much l a r g e r  flilx. 

Figures  5 and 6 d-emonstrate q u i t e  we l l  t he  d i f f e rence  between an 

To ta l  f l uxes  f o r  a 1.38198-ft-diLm duct  ( c ros s - sec t iona l  a r e a  of 

1 . 5  ft;") and. an albedo of 0.8 a r e  shown f o r  i s o t r o p i c  and cosj-ne d i s t r i -  

bu t ions  i.n Figs.  7 and 8, respec t ive ly .  Figures  3 and 10 are s i m i l a r  

except t 'nat t he  diameter i s  1.95441 f t ,  r e s u l t i n g  i n  a c ross - sec t iona l  

area of 3.0 ft2. The ca l cu la t ions  f o r  these  fou r  cases  were performed 

f o r  later comparisoiis (pages 41, 48- 57) wi-tl-i ca l cu la t ions  f o r  r e c t -  

aiiguI.ar ducts  havi-ng c ross  sec t ions  of 3 by 0.5 f t  and j by 1. f t .  

To ta l  f l uxes  f o r  a 6-ft-diwn duct  afid. an albedo of 0.8 are given 

f o r  i so t rop ic ,  cosine,  and cosine2 d i s t r ibu t i -ons  i n  Figs .  11_, 12, and 1.3, 

r e spec t ive ly .  In t hese  cases,  .where the  ca lcu la t ior i  extends t o  only f i v e  

diameters from t he  source, tile angular  d i s t r ib i i t i on  of t h e  albedo has 

l i t t l e  e f f e c t  on t h e  resu-lts. The d i f f e rence  between t h e  i s o t r o p i c  

and cosine' d i s t r i b u t i o n s  i s  l e s s  than a f a c t o r  of 2 a t  any po in t .  

Calcu la t ions  - f o r  liec tangular  Ducts 

The ca l cu la t ions  f o r  s t r a i g h t  rec tangular  ducts  were performed 

f o r  duct  c:r"oss sec t ions  of 3 by 0.5 f t ,  3 by 1. ft, and 3 by 6 f t  and a 

duc t  length  of 30 f t .  Figures  1 4  through 20 show the  r e s u l t s  f o r  t he  
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Fig. ‘1. Total Neutron F l u  Calculated for 1.382-ft-diam C y l i n d r i -  
cal Duct Using an Isotropic  Albedo of 0.8 (10,000 Histories). 
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cal k c - t  Using a Cosine Albedo of 0.8 (10,000 H i s t o r i e s ) .  
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Fig.  9 .  T o t a l  Neutron Flux Calculated f o r  1.9544-ft-diam C y l i n d r i -  
cal  Duct Using an Isotropic Albedo of 0.8 (10,000 His to r i e s ) .  
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Fig. 10. T o t a l  Nmtron  Fl.ux Calcih.ated for 1.95hk-ft-diam 
Cylindrical Duct Using a Cosine Albedo of 0.8 (10,000 H i s t o r i e s ) .  
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Fig.  11. Total Neutron Flux Calculated f o r  6 - f t -d im Cyl indr ica l  
Duct Using an I s o t r o p i c  Albedo of' 0.8 (4,000 His to r i e s ) .  
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Fig. 12. Total. Neutron Flux Calcula ted  f o r  6-ft-d-iarn Cylindrical. 
Due-t Usring a Cosine Albedo of 0.8 (l . ,OOO I€i.s?;ories). 
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Fig. 13. T o t a l  Neutron Fl.ux Calculated fo r  6-ft-diam Cyliridrical  
Duct Using a Cosine2 Albedo of 0.8 (4,000 H i s t o r i e s ) .  
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Fig.  14 .  'Total Neutron Flux Calculated f o r  3 by 0.5 f t  Rectangular 
Diet Using an  I s o t r o p i c  Albedo of 0.12 (4,000 H i s t o r i e s ) .  
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Fig. 15. T o t a l  Neutron Flux Calculated for 3 by 0.5 ft Rectangular 
Duct Using a Cosine Albedo of 0.12 (4,000 His tor ies ) .  
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Fig. 16. Total Neutrou Flux Calculated f o r  3 by 0.5 ft Rectatlgular 
Duct Using an  Isotropic Albedo of 0.4 (4,000 Bi.stories).  
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Fig. 17. Total Neutron Flux Calculated for 3 by 0.5 f t  Rectangular 
Duct Using a Cosine Albedo of 0.11 (4,000 H i s t o r i e s ) .  
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Duct Using a n  Isotropic Albedo o f  0.8 (4,000 Hi-stories).  
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Fig .  20. Total Neutron Flux Calculated for 3 by 0.5 ft Rec tang i i l a r  
Duct Using a Cosine2 Albedo of 0.8 (4,000 His tor i -es ) .  
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3 by 0.5 f t  c ros s  sec t ion ,  wi th  Figs .  14  and 15 presen t ing  the  t o t a l  

fluxes’ f o r  an albedo of 0.12 and i s o t r o p i c  and cosine d i s t r i b u t i o n s ,  

Figs .  16 and 17 t h e  f luxes  f o r  an albedo of 0.4 and i s o t r o p i c  and cosine 

d i s t r i b u t i o n s ,  and Figs.  18, 19, and 20 the  f luxes  f o r  an albedo of 0.8 

and i s o t r o p i c ,  cosine,  and cosine2 d i s t r i b u t i o n s .  

F igures  21, 22, and 23 give t h e  r e s u l t s  f o r  a 3 by 1 f t  c ros s  

sec t ion ,  an albedo of 0.8, and d i s t r i b u t i o n s  of i s o t r o p i c ,  cosine,  and 

cosine2, r e spec t ive ly .  

through 23 except that a 3 by 6 f t  c ros s  sec t ion  w a s  used. 

F igures  24 through 26 correspond t o  Figs .  21 

As presented  here,  t h e  r ec t angu la r  duc t  data have only l imi t ed  

s ign i f i cance ,  b u t  they are used i n  comparisons given i n  l a te r  sec t ions .  

C ompari s on s with 
__I 

an - Analyt ic  Approx h a t  i on 

One of t h e  primary purposes i n  performing t h e  s t r a igh t -duc t  

c a l c u l a t i o n s  w a s  t o  enable  comparisons With ca lcu la t ior i s  based on an 

equat ion repor ted  by Simon and Cl i f ford .  

which w a s  used f o r  t h e  comparison w a s  der ived f o r  very long s t r a i g h t  

c i r c u l a r  duc ts  with an azimuthal ly  independent albedo expressed a$ a 

sum of i s o t r o p i c  and cosine d i s t r i b u t i o n  components as fol lows:  

3 
The Simon-Clifford equat ion 

a = a ’ ( A  + 2B cos0) , 

%?imon and C l i f fo rd ,  loc.  c i t ,  
-_ I  
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where 

a := d i f f e r e n t i a l  albedo (pe r  unit  cos ine) ,  

CX' := t o t a l  albedo, 

A := f r a c t i o n  of al'oedo represented by an i s o t r o p i c  d i s t r i b u t i o n ,  

B := f r a c t i o n  of albedo represented by a cosine d i s t r i b u t i o n  

(A -1- B -= I ) ,  

0 = p o l a r  angle  of emission, measured from the  normal. t o  t he  

r e f l e c t i n g  surface.  

The albedo i.s an average over the  inc iden t  neutron spectrum and the re fo re  

does not  incl-ude an energy dependence. The Simon-Clifford equation 

using t h i s  albedo i s :  

f -  -- 
4B6 a > - a '  a' ) , i: 1 - a '  

a' Q = @ o  1 + A  

where 

,l = d i s t ance  along th? cenLer l i n e  of  t he  duct, 

@ = neutron flux a t  1, 

Oo = i incollided neutron f lux  a t  1, 

6 = rad ius  a t  Y'ne duct,  

and a ' ,  A, and B are as descr ibed above. 

der ived  f o r  a plane i s o t r o p i c  soiirce a t  the  duc t  mouth, bu t  when given 

i n  t he  form of  Eq. 2, i t  app l i e s  as well t o  t he  cosine source used f o r  

the  ca l cu la i ions  of  t h i s  paper.  

The e q u a t i m  w a s  a c t u a l l y  
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Sca t t e red  fluxes obtained with Eq. 2 f o r  a 1 - f t - d i m  c y l i n d r i c a l  

duc t  and i s o t r o p i c  and cosine albedos of mabmitude 0.22 are compared with 

s c a t t e r e d  f l u x e s  from the  Monte Carlo c a l c u l a t i o n s  i n  Fig. 27, i n  which 

a l l  t h e  da t a  are normalized t o  u n i t  p a r t i c l e  flux from t h e  source plane.  

For an i s o t r o p i c  albedo t h e  two c a l c u l a t i o n s  (Upper curve and t r i a n g u l a r  

p o i n t s )  agree,  wi th in  the  20 l i m i t s  of t he  Monte Carlo ca lcu la t ion ,  from 

about 3 t o  12 f t .  Beyond 12 f t ,  t h e  s t a t i s t i c s  of t he  Monte Carlo 

c a l c u l a t i o n  are very poor and probably n o t  meaningful. For a cosine 

albedo (Lower curve and c i r c u l a r  p o i n t s ) ,  the agreement i s  w-it,’zin t h e  

2 u  l i m i t s  beyond about 5 f t .  Since the  albedo i s  s m a l l ,  t he  imsca t te red  

f l u x  accounts f o r  most of t he  to ta l .  f l u  ( o v e r  85% with the  i s o t r o p i c  

albedo and more than 85% with the  cos ine  albedo) ,  so  that Eq. 2 may be 

expected t o  y i e l d  r e s u l t s  t h a t  are c o r r e c t  t o  within aboiit 5% ?ieyorid 

2 f t  ( o r  two diameter:, from t he  source) .  

Figure 28 corresponds t o  Fig.  27 except that the albedo i s  0.8. 

With t h i s  l a r g e  albedo, the s c a t t e r e d  f l u x  i s  as much as 80 o r  85% of 

the  t o t a l ,  so  t h a t  e r r o r s  i n  c a l c u l a t i n g  t‘ne s c a t t e r e d  component a r e  

s i g n i f i c a n t .  It can be seen that Eq. 2 does descr ibe  the actiml behavior 

w e l l  a t  l a r g e  d is tances ,  but it does n o t  l i e  wi th in  t h e  20- limits of t he  

Monte Carlo c a l c u l a t i o n  except f o r  d i s t ances  beyond 10 f t .  

10 ft, t h e  Monte Carlo c a l c u l a t i o n s  i n d i c a t e  t h a t  e r r o r s  on t‘ne order  

o f  15% ( i s o t r o p i c  albedo) t o  50% (cos ine  albedo) might be expected i n  

the t o t a l  flux c a l c u l a t i o n  by Eq. 2. 

Even a t  
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Figures  29 and 30 show r e s u l t s  of total .  f l u x  ca l cu la t ions  wit'n 

Shown an i s o t r o p i c  albedo of value 0.8 i n  fou r  d i f f e r e n t  geometries. 

in Fig. 29 are the  Monte Carlo ca l cu la t ions  f o r  a 3 by O . 5 - f t  r e c t -  

angular  duc t  and f o r  a 1.381.98-?t-diam c y l i n d r i c a l  duct.  Also shown 

a r e  the uncol l ided f lux  and t h e  r e s u l t s  of Eq. 2 f o r  t'ne c y l i n d r i c a l  

duct.  The uncol l ided f l u x  i s  no t  shown f o r  t he  rec tangular  duct, b u t  

i t  i s  no t  too  d i f f e r e n t  from t h a t  f o r  t he  c y l i n d r i c a l  duct, especia1l.y 

a-i; l a r g e  d is tances ,  s ince  the  -two ducts  are of equal c ros s - sec t iona l  

area. The r 6 t i o  of the  unscat-  

t e r e d  fluxes f o r  t he  c y l i n d r i c a l  duc t  t o  those f o r  the  rec tangular  duct, 

i s  approximately 16, 4.5, 2, and 1.2% f o r  d i s t ances  of 2, )-I, 6, and 8 

ft, respec t ive ly .  The p red ic t ion  of Eq. 2 agrees  wit'nin 2a with the 

rec- tangular  duc t  r e s u l t s  f o r  d i s t ances  greatey than 8 f t  and x*iith the  

c y l i n d r i c a l  duct r e s u l t s  f o r  d i s t ances  g r e a t e r  tiia!i 12 ft.. Equat,ion 

2 g ives  an underestimate of  the c y l i n d r i ~ c a l  duct  results between about, 

2 and 10 diameters from the  source i n  almost. every case.  A s  w i l l  be  

seen, t he  rectangu-lsr  duct. r e s u l t s  are c o n s i s t e n t l y  lower t'rian t h e  

c y l i n d r i c a l  duct  r e s u l t s  and tiiei-eby are i n  b e t t e r  agreement with Eq. 2* 

(See Appendix E f o r  proof of t h i s . )  

Figure 30 presen t s  similar r e s u l t s  f o r  t-wo l a r g e r  ducts ,  a 3 by 

1 f t  rec tangular  duct  and a 1.9541+l.-ft-diam cyl indr ica l .  duct.  

t a t i v e l y  the  commerits about Fig. 29 apply t o  these  da t a  as well .  I-t 

may be noted from both Fig.  29 and Fig.  30 "clnat t he re  i s  an ind ica t ion  

t h a t  t he  rec tangular  duc t  results are approaching a lower asymptotic 

value for t'ne i s o t r o p i c  albedo than Eq. 2 p r e d i c t s .  

Quali- 
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C E N T E R - L I N E  D I S T A N C E  ( f t )  

Fig. 30. Total Neutroii Flux Using an  I so t rop ic  Albedo of 0.8: 
Comjmri-son of Calculations for a 1.9541i1-ft-diam Cylindrical Duct, 
zi 3 by 1-ft Rectangular Duct, and an Analytic Approximation. 
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Figures 31 and 32 are comparable t o  Figs. 29 and 30 except t h a t  

a eosine albedo d i s t r i b u t i o n  i s  used. 

b e t t e r ,  bu t  this i s  p a r t i a l l y  because t h e  s c a t t e r e d  flux i s  not as 

l a r g e  a f r a c t i o n  of the  t o t a l  flux as it i s  with the  i s o t r o p i c  albedo. 

Agreement with Eq. 2 i s  somewhat 
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C W T E R  iV 

DUCTS WITH BENDS 

Calcula t ions  
_I 

Most of Yne ca l cu la t ed  results presented  i n  t h i s  s ec t ion  were 

obtained f o r  t he  three-legged ?&-slab d e t e c t o r  conf igura t ion  descr ibed 

i n  Appendix C. 

s ec t ion  shown i n  Fig.  33 ( d e t e c t o r s  1 through j l t  on ly ) .  

coni'i.e,urations,resembling a room conta in ing  a source on one wall and 

having a two-legged duc t  extending from an ad jacent  w a l l 7  were a l s o  used 

by adding de tec to r s  55 through 63 as shown i n  Fig.  33. The source i s  

d l s t r i b u t e d  uniformly on the  plane a t  x ::: 0 from z = 0 t o  I3 ( t h e  duct  

he igh t )  and e i t h e r  from y = 0 t o  3 f t  i n  the  case of t he  three-Legged 

duct  o r  from y = 0 t o  7.5 f t  i n  t h e  case of  t h e  conf igura t ion  c o n s i s t -  

i n g  of a room and two l egs .  

D u c t  he ights  oi' 1, 6, and 8 ft, were used w i t h  t he  c ros s  

Two o t h e r  

All da ta  are p l o t t e d  as p a r t i c l e  flux due t o  a uni.t, p a r t i c l e  

cu r ren t  source versus  t'ne d i s t ance  along the  cen te r  line of the  duct .  

Referr ing -to Fig.  33, it may be noted t h a t  d e t e c t o r s  1.3, l lc ,  arid 15 

and de.Lectors 34, 35, and 36 are no t  l oca t ed  on the  cen te r  l i n e .  The 

da-La from the  de t ec to r s  are p l o t t e d  i n  numerical o rder ; so  the  poin-Ls 

a t  6.25, 6.75, '7.25, 16.75, 1'7.25, and 17.75 f t  are n o t  a c t u a l l y  fl.ux 

a long the duct  cen te r  l i n e .  A s  before,  the e r r o r  bars above and 

58 
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below the  p l o t t e d  p o i n t s  r ep resen t  2a o r  2 s tandard devia t ions .  

Figures  34 t'nrough 36 p resen t  Lhe results for t he  three-legged duct 

geometry with a 3 by 1 f t  c ross  sec t ion  (duc t  he ight  = 1. f t ) .  

i s  f o r  cosine albedo of magnitude 0.24, while Figs.  35 and 36 a r e  f o r  

i s o t r o p i c  and cosine albedos, respec t ive ly ,  bo th  of mafgitude 0.8. 

Figure 34 

Figures  37 through 43 give the  ca l cu la t ed  f luxes  f o r  t he  same 

three-legged duc t  geometry bu t  f o r  a duct  he ight  of 6 f t  ( 3  by 6 f-t 

c ross  s e c t i o n ) .  A cos ine  d i s t r i b u t i o n  of t h e  albedo w a s  used i n  each 

case, Figs.  37, 38, 39, 40, and 41 using albedo values  of 0.12, 0.24, 

0.7, 0.8, and 0.9, respec t ive ly .  

Figures  42 and 43, both f o r  a cosirie albedo of 0.8, compare the  

r e s u l t s  of  two d i f f e r e n t  c a l c u l a t i o n a l  techniques.  The data shown i n  

Fig.  42 a r e  from a c a l c u l a t i o n  using the s1.ab de tec to r s  def ined i n  Fig. 33, 

while the  data given i n  Fig. 43 are from a ca l cu la t ion  using t h e  second 

geometry descr ibed i n  Appendix C and s t a t i s t i c a l  es t imat ion  of t he  flux. 

Exact ly  the  same h i s t o r i e s  are used i n  both  ca l cu la t ions .  This p a i r  of 

c a l c u l a t i o n s  demonstrates qu i t e  well t'nat s t a t i s t i c a l  es t imat ion  i s  no t  

I 

always des i rab le .  I n  t h i s  case, t'ne machine time required for t h e  

s ta t i s t ica l  es t imat ion  c a l c u l a t i o n  w a s  longer  by a f a c t o r  of 12  (ap- 

proximately 1 h r  compared with 5 min). The c a l c u l a t i o n  does reduce 

the  var iance f o r  a given number of h i s t o r i e s  and would be p re fe rab le  

i n  most cases  where the flux at; only one o r  two poin-Ls i s  required.  

'M. H. Kalos, "On tine Est imat ion of Flux a t  a Po in t  by Monte 
Carlo.  " Nuclear Science - and Engineering 16, 111 (1963) . 
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Fig. 36. To-tal Neutron Flux Calculated for Three-Legged 3 by 
1 ft Rectangular Duct Using a Cosine Albedo of 0.80 (4,000 Histories). 
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It should a l s o  be  noted t h a t  t h e  s t a t i s t i c a l  es t imat ion  technique r e s u l t s  

i n  a much smoother curve.. This i s  because the  d e t e c t o r  e s t ima tes  are 

no t  s t a t i s t i c a l l y  independent; es t imates  are made t o  each d e t e c t o r  from 

every s c a t t e r  po in t .  An advantage of t h e  s t a t i s t i c a l  es t imat ion  ca l cu la -  

t i o n  i s  t h a t  t h e  answers are d i r e c t  estimates of the f lux as a f’unction 

of d i s t a n c e  down the  duc t  cen te r  l i n e .  

p a r t i c l e  f l u x  obtained with the  slab d e t e c t o r s  i s  one which i s  an 

average over t he  volume of t h e  de t ec to r ,  and, because of t he  way t h e  

geometry i s  set  up, s ix  of t h e  d e t e c t o r s  are not  l oca t ed  on t h e  duct 

cen te r  l i ne .  Comparison of t h e  two f i g u r e s  i n d i c a t e s  t h a t  the cen te r -  

l i n e  f l u x  i s  not  much l a r g e r  than the  average flux; t h e  2u limits of 

t h e  two c a l c u l a t i o n s  overlap.  

As mentioned previously,  t h e  

Figures 44 and 45 g ive  t h e  r e s u l t s  of c a l c u l a t i o n s  using t h e  same 

three-legged geometry, b u t  f o r  an  8-f t -high duct.  

used i n  both cases, Fig. 44 being f o r  an i s o t r o p i c  d i s t r i b u t i o n  and 

Fig.  45 for a cosine d i s t r i b u t i o n .  

An albedo of 0.8 w a s  

F igures  46 and 47 p resen t  data from c a l c u l a t i o n s  using the  n ine  

a d d i t i o n a l  d e t e c t o r s  (55-63) shown i n  Fig. 33. By adding these  d e t e c t o r s  

a 7.5 by 7.5 f t  room i s  formed with t w o  Legs of a duct lead ing  from 

the room. The c a l c u l a t i o n s  used a cosine albedo of 0.8 and duct heights 

of 6 and 8 f t  f o r  F igs .  46 and 47, r e spec t ive ly .  The da ta  f o r  de t ec to r s  

55 through 63 a r e  p l o t t e d  at the same cen te r - l i ne  posit,ions as d e t e c t o r s  

16 through 24, respec t ive ly .  
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Comparison with Experimental Data 

I n  a r ecen t  experiment performed a t  the  Tower Shie ld ing  F a c i l i t y  

measurements of r a d i a t i o n  i n t e n s i t i e s  were made i n  the  bunker-tunnel 

geometry shown i n  Fig. 48, 

cubes, each having a v a r i a b l e  concrete  s h i e l d  on one f ace .  

Shie ld ing  Reactor 11, which w a s  used t o  s imulate  weapon r ad ia t ions ,  w a s  

pos i t ioned  TOO f t  away on a l i n e  perpendicular  t o  t he  v a r i a b l e  face  of 

t h e  bunker shown a t  the  l e f t  of Fig. 48. Measurements of fas t -neut ron  

dose rates, gamma-ray dose rates, and thermal-neutron fluxes were made 

i n  t h e  two bunkers and i n  the  in te rconnec t ing  ~tm-nel. with varrl.ous com- 

b ina t ions  of t he  concrete  s h i e l d s  on Yne bunker faces .  

The two bunkers are 12- f t  concrete-walled 

The Tower 

'The measurements which are app l i cab le  t o  the duc t  problem d i s -  

Figure 49 cussed here  are those taken i n  t'ne in te rconnec t ing  tunnel. 

shows d a t a  obtained along t h e  cen te r  l i n e  of the  tunnel  Tvith t'ne bunker 

s h i e l d  f ac ing  t h e  r e a c t o r  open and the  o t t e r  bunker (top bunker) shielded 

with 20 i n .  of concrete.  It may be noted t h a t  t h e  fas t -neut ron  dose 

rate f a l l s  off q u i t e  rap id ly .  The gamma-ray dose rate also fa l l s  o f f  

r a p i d l y  u n t i l  t he  neutron-capture g a m a  rays  begin t o  dominate. 

Figure 50 shows corresponding d a t a  for an open top bunker and 

20 i n .  concrete  on t h e  face of t he  o the r  bunker. The p ropor t iona l i t y  

of t h e  gamma-ray and thermal-neutron d a t a  i n  t h i s  f i g u r e  again 

demonstrates the  importance of neu'crron captures .i.n the walls t o  the  

gamma-ray dose rates. 
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The thermal-neutron f l u x  data from Figs. 49 and 50 were cor rec ted  

f o r  t he  cont r ibu t ions  t o  the  measurements from r ad ia t ions  pene t r a t ing  

,the 20-in. concrete sh i e ld  on the  opposi te  bunker. "he cor rec ted  data 

were then compared with ca l cu la t ed  r e s u l t s  as shown i.n Fig. 51. The 

c i r c l e s  on the  f i g u r e  a r e  the r e s u l t s  of two of t he  Monte Carlo ca l cu la -  

t i o n s  (Figs. 43 and 4'7) a r b i t r a r i l y  normalized. Uotn of the ca l cu la -  

tions used aa albedo of 0.8 with a cosine d i s t r i b u t i o n .  

p l o t t e d  from l.8 t o  1.9.2 f t  a lang the  cen te r  l i n e ,  used a geometry 

mocking up .Yne bunker and two legs  of ,Vne timnel. The o.t'ner ca l cu la -  

t ion ,  p l o t t e d  from 6.8 t o  32.6 ft along -t'ne cen te r  l ine,  used a geometry 

represent ing  the  t'nree legs of t he  tunnel ( s e e  page 58 and Fig. 33 

f o r  desc r ip t ions  o f  t;%lese geometries).  

One ca lcu la t ion ,  



IJ NCLASS I F IE D 
O R N L  DWG 63-1427 

1 O0 

5 

2 

LT 
w 

( o - ~  

5 

2 

1 0 - ~  

CENTER OF OPEN TOP BLJNKER 
T H E R M A L  FLUX MEASURED FROM 
CENTER OF OPEN FRONT B lJNKER 

(ARBITRARY NORMALIZATION)  ---- T H E R M A L  FLUX MEASURED FROM 

- 
( E X P E R I M E N T A L  DATA CORRECTED FOR 
CONTRIBUTION FROM OPPOSITE B U N K E R )  

.......... 
.. ................. 

~ 

~ . - ~  
...... ... -- i .......... ... ................... WAIL 

..................... ............ 

0 4 8 12 16 20 24 28 32 36 

CENTER-LINE DISTANCE ( f t )  

Fig. 51. Comparison of Calculations Using a Cosine Albedo of 0.8 
with Thermal-Neutron FLUX Measurements Along a Three-Legged Duct. 



CHAPTER V 

S U 1 M Y f  C ONC LUS IONS, REC O M D A T  I ONS 

Smnary  

Experlmental d a t a  obtained a t  the  Tower Shie ld ing  F a c i l i t y  i n  

mult i legged duct  geometries i-ndicate t h a t  the  gamma rays  resu l - t ing  from 

the capture  of low-energy neutrons i n  tlne duc t  wal ls  can be an i i q o r t a n t  

con t r ibu to r  t o  the t o t a l  dose. I n  order  t o  c a l c u l a t e  t‘nese capture  

gamma rays, t h e  d i s t r i b u t i o n  of t h e  low-energy neutrons must be known. 

This study p resen t s  ca l cu la t ions  of low-energy neutron dis-tri’ou- 

t i o n s  using a simple alisedo, o r  r e f l e c t i o n  coefYicient,, model. Since 

Yne albedo f o r  t h e  low-energy neutrons i s  la rge ,  many r e f l e c t i o n s  must 

be taken i n t o  account. The Lechnique chosen t o  do V l e s e  c a l c u l a t i o n s  

i s  a Monte Carlo procedure, ’Lhe random--ml.k technique, which b a s i c a l l y  

c o n s i s t s  of random sampling from a s t a t i s t i c a l  analogue of the ac’i.ual. 

phys i ca l  process.  

A d i g i t a l  computer code w a s  w r i t t e n  t o  perform t h e  calculat ior is .  

One series of ca l cu la t ions  w a s  performed using s t r a i g h t  duct. geometries, 

-to permit comparison with the  Simon-Clif ford a n a l y t i c  approximation. 

Another s e r i e s  of ca l cu la t ions  was performed for three-legged r e c t -  

a n w l a r  ducts,  most  of which used a geometry s i m i l a r  t o  t h a t  used i n  

the  TSF experiment. Calcu la t ions  are presented using an albedo s i m i l a r  

82 
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t o  t h a t  which woiild be expected f o r  a pure thermal-neutron source. 

ca l cu la t ed  r e s u l t s  agree f a i r l y  w e l l  with the  experimental  da ta .  

The 

Cone lu s ions  

The machine program, as wri t t en ,  appears t o  be opera t ing  c o r r e c t l y  

and t o  be provid ing  useful information more e f f i c i e n t l y  than  o t h e r  tech-  

niques which can be appl ied  t o  t h i s  problem. Tlnis study has n c t  

proceeded to t he  p o i n t  where completely d e f i n i t i v e  s ta tements  can be 

made as t o  t h e  proper  albedo t o  use for an a r b i t r a r y  problem. It 

appears  t h a t  t h e  slowing down and trcwsport  of  low-energy neutrons,  

i nc lud ing  those  a t  thermal and in te rmedia te  energ ies ,  i n  concrete-  

wa l l edduc t s  a r e c l o s e l y  descr ibed by an albedo s imilar  t o  the  thermal- 

neutron albedo. The va lues  of the albedo which gave the best  compari- 

sons t o  t h e  a v a i l a b l e  experimental  d a t a  w e r e  on Yne order  of G.75 o r  

0.8 and u.sed a cos ine  d i s t r i b u t i o n .  Since t h e  best  estimates of t he  

appears tliat t he  e f f e c t i v e  albedo i s  s t rong ly  inf luenced by t h e  slowing 

down of' t he  intermediate-energy neutrons.  

The comparisons of t h e  s t r a i g h t  duc t  c a l c u l a t i o n s  with the formula 

der ived  by Simon and C l i f f o r d  (Eq. 2, page 48 ) help  e s t a b l i s h  the  

v a l i d i t y  of the Monte Carlo ca l cu la t ions ,  More importantly,  they  i n d i -  

c a t e  t he  areas where t h e  Simon-Clifford a n a l y t i c  approximation i s  n o t  

appl icable .  A good rule of thwxb seems t o  be t h a t  f o r  s t r a i g h t  duc ts  

t he  a n a l y t i c  approximation i s  adequate f o r  d i s t ances  g r e a t e r  than 10 
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source d i m e t e r s  rrom tine source.  This i s  i l l u s t r aCed  i n  Fig. 52, which 

shows a good agreement between the  a n a l y t i c  approximation and a Monte 

Carlo ca l cu la t ion .  I n  t h i s  case,  f o r  a. 3 by 1 f t  duct, 3grcernezt i s  good 

beyond about, s i x  source diameters,  assuming t'nat t'ns rec tangular  duct  c m  

be represented by a c y l i n d r i c a l  duc t  of equal  c ros s - sec t iona l  area. 

Figure 52 also inc ludes  r e s u l t s  from a c a l c u l a t l o n  wiYn a 3 by 1 

f t  duct  having a r igh t -angle  bend 6 f t  from tile source. 

of the flux by the  bend i s  demonstrated qui-be w e l l .  Tne behavior  ol" 

t he  f l u x  i n  rnultilegged ducts  does no t  seem amenable t o  simple a n a l y t i c  

representa t ion ,  as can be seen by re ference  t o  t h e  f igu re .  The f lux  i n  

t ,his and some of t he  ot'ner c a l c u l a t i o n s  with rnultilegged ducts  seems 

t o  behave approximately as an exponential ,  but, i t  can be seen t h a t  t h i s  

vould n o t  be Vne case w i t h  a duc t  having longer  legs .  Even i n  t h i s  

case, t h e  agreeiiient with a.n exponent,ial behavior i s  i iot  too  c lose  and, 

fu r the r ,  t he re  d.oes no-t seem t o  be a simple way t o  r ep resen t  t'ne shape 

of t h e  duc t  3.n the  exponent ia l .  

The reduct ion  

Rec omendat ions 

The technique descr ibed i n  t h i s  t h e s i s  has o f f e red  s u f f i c i e n t  

promise t o  j u s t i f y  further inves t iga t ion .  This d lv ides  l o g i c a l l y  i r - to  

t w o  areas: (1) improvement of t he  coinputer program and ( 2 )  detai l -ed 

s tudies ,  both experimental  a.nd t h e o r e t i c a l ,  of t h e  na ture  of the  albedo 

f o r  var ious  types of p a r t i c l e s .  
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Many r a t h e r  obvious improvements a r e  poss ib l e  i n  the computer 

code, p r imar i ly  because of t h e  inexperience of  the  author  i n  t n i s  

f i e l d .  Many f ea tu res  were included i n  Yne code e i t h e r  t o  s a t i s f y  t h e  

c u r i o s i t y  of t he  author  o r  t o  gain experience i n  t h e  use of a c e r t a i n  

technique. 

have a l ready  been removed and are not  shoTm i n  t h e  desc r ip t ion  of Vne 

code. 

Some which were included during t h e  development of the  code 

fin exmpl.e of a remaining unneeded f e a t u r e  i s  the  inc lus ion  of 

a s ing le  ba tch  var iance and a mul-tiple batch var iance.  

were o r i g i n a l l y  included i n  the  hope tha t ,  i f  one h i s t o r y  cont r ibu ted  

excess ive ly  t o  a de tec to r  score, t he  ba tch  var iance would be s i g n i f i -  

can t ly  l a r g e r  than the  s i n g l e  batch variance.  This may be the case, bu t  

the  infolmation gained i s  no t  worth the  wasted machine time. Since the  

batch var iance cal .culation i s  much f a s t e r  a.nd usua l ly  q-d.te c lose  t o  

the  more p r e c i s e  sI.ngle ba tch  variance,  and, furtheimore, sin,oe it i s  

n o t  really c l e a r  what t h e  meaning of t he  var iance i s  when appl ied  t . 3  

the  skew d i s t r i b u t i o n s  encountered i n  r ad ia t ion  pece t r a t ion  problems, 

t'ne s i n g l e  ba tch  var iance calculat io-n should be ?Liminated. TnTs w m l d  

enable e l imina t ion  of the submii t ice  VARTJNS as w e l l .  

These var iances  

Another a rea  i n  which the  code could be impmved would be the  

inc lus ion  of s eve ra l  opt ions covering c e r t a i n  f e a t u r e s  now i n  the  code 

and o the r s  which m i & t  be des i r ab le .  It w a s  e a s i e r  f o r  t he  author  t o  

change t'he code each time than t o  include options,  but t h i s  would not  
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be t h e  case  f o r  someone less familiar wi th  t h e  details  of' t h e  code. For 

ins tance ,  a d e s i r a b l e  opt ion  would be  t o  a l low obta in ing  t h e  results of  

t h e  c a l c u l a t i o n  on punched cards.  This would a l low easy r e i n s e r t i o n  of 

t he  information i n t o  t h e  machine f o r  r e p l o t t i n g  of t he  r e s u l t s  o r  for 

a r b i t r a r y  manipulations of t h e  data.  

A f u r t h e r  improvement would be t h e  provis ion  of more v e r s a t i l i t y  

i n  the  albedo desc r ip t ion .  

would take, s o  changes would have t o  w a i t  on more d e t a i l e d  albedo 

information. An a d d i t i o n a l  b i t  of information which could be useful 

would be the  neutron l o s s  i n  the duct  walls as a func t ion  of' d i s t ance  

down the  duct. This could be done by forming an a r ray ,  the subsc r ip t  

corresponding t o  t h e  d e t e c t o r  number, which would s t o r e  t h e  px - t ion  of 

the score sub t r ac t ed  a t  each s c a t t e r  point, ( t h e  d i f f e rence  betwsen the  

iricoming and outgoing p a r t i c l e  weights) .  

uxed as a source f o r  a gamma-ray dose c a l c u i a t i x .  

A t  p re sen t  it i s  n o t  c lear  what form t h i s  

T h i s  quant i ty  could then 'oc 

The d e t a i l ~ d  na tu re  of the albedo shoiild be s t id i rv i  for seve ra l  

ctises. The albedos of t h e  intermediate- ,xerrf  ncu-t,ro?s are of primary 

concern t o  t h i s  study. There i s  same inl'o-rmatiio? 33 zlbedos a t  tliernihl 

and a t  h igh  energies ,  b i t  v i r t u a l l y  none i n  between. I n  g e ~ e r a l ,  the 

neutron albedo can be divided i n t o  two primary coniponents: 

neutron i n  -- neutron ou t  albedo, and (21) a neutron i n  -- secondary 

gamma ray out  albedo. This  de ta i led  in.f'ormaT;ior, couid, i n  p r i n c i p l e ,  

be used i n  a nzociified ve r s ion  of t h e  mx'rLine program t o  c a l c u l a t e  

(1) a 
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completely zll doses r-ewuJ-ting from nextrons enter ing a duct ,  

would leave only the ga;nma-ray p-ec?olern? which i s  the simpler m d  which 

could also be 'nandled by the code, poss ib ly  by using an a n a l y t i c  

representa t ion  of the t;a.iim,-ray albedo. 
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APPENDIX A 

THE ALBEDO MONTE CARLO MACHINE PROGRAM 

The albedo Monte Carlo machine program w i l l  be descr ibed i n  two 

vers ions .  One vers ion  w a s  w r i t t e n  for use  on the IBM-7@0 computer. Its 

execution i s  q u i t e  fast  (on the  order  of 15 min f o r  4,000 p a r t i c l e s  under- 

going up t o  50 or 60 c o l l i s i o n s )  and i s  r e l a t i v e l y  simple, bu t  it uses a 

geometry subrout ine (see Appendix C )  which i s  w r i t t e n  i n  machine lan-  

guage (FAP). 

CDC-l6& machine and uses  a func t iona l ly  similar geometry subrout ine 

( see  Appendix C )  wr i t t en  l a r g e l y  i n  t h e  FORTRAN language. 

The o ther  major vers ion of t h e  program was w r i t t e n  for t h e  

Figure 53 i s  a func t iona l  block diagram which app l i e s  t o  c i t h e r  

of t he  programs. The i n s t r u c t i o n s  are divided i n t o  subrout ines  i n  such 

a way t h a t  major l o g i c a l  s t eps  are contained i n  separa te  subrout ines ,  

shown as boxes i n  t h e  block diagram. The main program c a l l s  t he  input  

and ou-tput subrout ines ,  and t h e  HISTOR and VARurJS subrout ines .  HISTOR 

i s  c a l l e d  for each p a r t i c l e  t o  be followed and r e t a i n s  control until t he  

death of t he  p a r t i c l e .  This rout ine  c a l l s  a s e r i e s  of subrout ines  which 

handle c e r t a i n  por t ions  of the ca l cu la t ions  requi red  f o r  t h e  determina- 

t i o n  of t h e  p a r t i c l e  h i s t o r y  and the  r e l a t e d  ca l cu la t ions  of p r t i c l e  

f l u x .  VARUNS ca lcu la t e s  an es t imate  of t h e  var iances  of each score i n  

two d i f f e r e n t  ways: f i rs t ,  by grouping the  p a r t i c l e s  i n  an a r b i t r a r y  
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number of batches f o r  t h e  ca l cu la t ion ,  and second, by t r e a t i n g  a l l  the  

h i s t o r i e s  as a s i n g l e  batch.  

FORTRAN l i s t i n g s  of t h e  main programs f o r  the  t w o  machines a r e  

given on the  following two pages. They d i f f e r  p r imar i ly  i n  the  COMMON 

and DINENSION l i s t i n g s ”  and i n  t h e  PROGRAM and END cards.  

the program i s  simple. %ne DO 100 loop c a l l s  the  HISTOR and VARurJS 

subroutines,  as ou t l ined  previously.  The DO 120 loop c a l l s  VARUNS for 

Functionally,  

the last t i m e  (statement 120) t o  include,  i n  the single ba tch  var iance,  

any h i s t o r i e s  left over i f  NHIST w a s  not an i n t e g r a l  mul t ip le  of NBATCH. 

This  loop a l s o  makes the f i n a l  c a l c u l a t i o n  of the  var iance ca l cu la t ed  i n  

batches.  This i s  done i n  s ta tement  115, r e w r i t t e n  i n  more conventional 

form as follows: 

i= I i= 1 

where 

n = number of‘ batches,  

i 
- 
x = mean of scores i n  t he  i t h  batch,  

uz = variance of the  o v e r a l l  mean score, 3. 

- 
2 

Here inaf te r  COMMON and DIMENSION l i s t i n g s  a r e  omitted from the  
1 

subrout ine l i s t i n g s ,  but, i n  operation, they must be i n s e r t e d  immediately 
following the  subrout ine name. 
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P R O G R A M  A L B E D O  M O N T E  C A R L O  
COMMON R A ~ A O D R ( 1 2 0 O l i A ~ ~ 6 ~ ~ A L T V A R ~ l L I ~ I ~ ~ A V E R J ~ l ~ f l ~ ~ 6 L ~ 9 O ~  , C ? J S C ( 4 D I 9  

2 0 C X ~ D C Y ~ D C Z ~ D E D W 8 ~ 0 E L T A X , n C o , H 1 I U 0 X ~ I l ~ P Y ~ I ~ A L L ~ L ~ S N O ~ l O ~ ~ ~  
~ L S N ~ ~ M L ( ~ O ) , N ~ A T C H , N C Y I N H C ~ N H ~ , ~ H I S T , ~ ~ I ~ T , ~ S ~ A T * ~ S K I L T ~ ~ U M D ~ T ~ ? S C ,  
4 P S Q ~ 1 0 0 ~ ~ S C E N D ~ S C N S C ~ 4 ~ ~ ~ S C N S K o , S t N S O ~ 4 ~ ~ ~ S C N S S ~ 4 O ~ ~ S ~ D ~ ~ l ~ ~ ~ ~  
5 S C R S Q ( 1 0 0 ) ~ S C S O R ~ S U M M N S ( 1 0 0 1 , S U M M S Q ( 1 0 0 ) r T I T L ( 2 U ) , T ~ H ( l ~ U ) ,  
6 V A R l l ~ O ) ~ W ~ W 8 ~ W S C O R , X D E T ( l O O ~ ~ X L ~ 9 ~ ~ ~ X P ~ S ~ l ~ ~ ~ ~ X S ~ X W l ~ X ~ 2 ~ X ~ 3 , X W 4 ,  
7 X Z E R O , Y D E T ( l O O ) ~ Y L ( 9 O ~ ~ Y S ~ Y W l ~ Y ~ ~ ~ Y W 3 ~ Y W 4 t ~ D ~ T ~  100) t Z L I 9 O ) r l S , Z W l r  
8 Z W 2 ~ C O N S ~ ~ E L W ~ R E L A X , N C S , P O N C S O  

C A L L  I N P U T  
KEV I N # O  

I H I S T # L E F T Y  
C A L L  H I S T O R  

DO 100 L E F T Y # I v N H I S T  

I F / N F S A T C H * (  I H I S T / N B A T C H ) - I H I S T ) I ~ O ~ ~ O ~ l O O  
80 DO90 K I M # I , N U M D E T  
90 C A L L  V A R U N S ( N B A T C H 9 K I M I  

K E V I N # K E V I N + I  

K A R L #  IHI S T - K E V  I N * N f 3 A T C H  

P A T # K E V  I N  
R # P A T - 1 . 0  
I F ( R 1 1 2 D p 1 2 0 ~ 1 1 5  

m o  C O N T I N U E  

oo 120 LORI#~.NUMDET 

115 A L T V A R ( L U R I I # t S U M M S Q I L O K I ) - S U M M N S [ L O R I ) / P A T ~ S U M M N S ( L O ~ I ) ) / ( P A T ~ ~ ~  
120 C A L L  V A R U N S ( K A R L , L O R I )  

C A L L  O U T P U T  
C A L L  PICTURE 
C A L L  E X I T  
END A L B E O O  MONTE C A R L O  



1.1; should be noted t h a t  a l l  var iances  ca l cu la t ed  i n  thLs code are 

var iances  of t he  mean, no t  var iances  of a s-ingle add i t iona l  rneasureiiient. 

In o the r  words, t'ne s tandard devia-Lion, o r  square roo t  of 'chis variarice, 

gives  the devia t ion  wikhin which t h e r e  i s  a 68% probabili.Ly of a new mean 

value f a l l i n g ,  i f  t h e  same number of h i s t o r i e s  i s  used again f o r  t he  new 

mean. Formal. d e f i n i t i o n s  of these  q u a n t i t i e s  a r e  given i n  Appendix G. 

The subrout ine INPUT f o r  t h e  IBM-7090 i s  given on t h e  following 

page. It i s  used pr imar i ly  for br inging  the parameters of tho  calcula- 

t i o n  i n t o  s torage,  and, f o r  purposes of i d e n t i f i c a t i o n ,  it i s  a l s o  used 

f o r  p r i n t i n g  some of these parameters.  

through statement 64 reformulate the parameters P$NCS( I ) .  

d i s t r i b u t i o n  ( i n  6, the  po la r  angle  of emission) i s  represented i n  the  

inpu t  as: 

The s ta tements  IfSUi'4C#F r- 0."" 

The ali3edo 

a = a (PI + i3" cos0 + ... + 'n+i cos%) ,  
0 

where 

M = d i f f e r e n t i a l  albedo ( p e r  u n i t  cos ine) ,  

a. = t o t a l  albedo (PSC), 

p.  = coe f f i c i en t  i n  series [P#NCS(I)], 
7. 

n = h ighes t  power of cos0 ( N C S ) .  

2Def in i t ions  of symbols used i n  t h e  machlne programs are given i n  
Appendix 13. 
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SUBROUTINE INPUT 
t FORMAT(OI7,F13.5t4F10~5) 
2 FORMAT ( 31 5 9  E 2 C -  5 9  E I 5 -  5t 2E lU .5 )  
3 FORMATt6EJ2.5) 

5 FORMAT(14F5.2) 
4 FORMAT(2IS~2EIO.4,2I5t3~1~~4) 

READINPUTTAPEl0,2,LSNOtNUMDETtNCS 
READINPUTTAPElOtltRA,WvH,PSC,RELAXtCONS 
R E A D I N P U T T A P E I O t 2 t N H I S T ~ N B A T C H t ? d S K I L T , D E D W 8  
R E A D I N P U T T A P E l O ~ 5 ~ X W I , X W 2 r X W 2 , X W 3 t X ~ 4 , Y W l , Y W 2 ~ Y W 3 , Y W 4 ~ Z W l , ~ W 2 ~ ~ E L ~  
R E A D I N P U T T A P E I O ~ 3 r ~ X O E T ~ I ~ ~ Y ~ E T ~ I ~ ~ Z O E T ~ I ~ t I # l ~ N U ~ D ~ T ~  

R E A D I N P U T T A P E I O I ~ , ( P O ~ C S ( ~ ) ~ I # ~ ~ N C P )  
CALL HOLLER(NHC,LETPAR,TITL,IU) 
R E A D I N P U T T A P E 1 0 ~ 4 t N C Y , I T O P Y ~ X Z E R O t D E L T A X ~ N O I N T  
READINPUTTAPElOySr(XPOS( I),T#ieVUMDET) 
CALL J O M I N I L S N O , X L ~ Y L , Z L , ~ L ~ M L ~ ~ L ~ A ~ ~ ~ )  
W R I T E O U T P U T T A P E 9 , 4 4 , I J 1 J # 2 , N C S I  

WRITEOtJTPUTTAPE9,43v IPONCSt 1 1 ,  1 # 1  tNCP1 

W R I T E O U T P U T T A P E 9 ~ 9 ~ N H I S T r R A , W , H , P S C , N B A T ~ H ~ N S K I ~ T , ~ E D W 8  

NCP#NCS+l 

44 FORMAf~1tl2,24X~8I10) 

43 FORMAT(8H ALBEDO#f7.4,8(1H+,F7-4t2HU 1 )  

9 FORMATI8H NHIST#I5*7tit RA#015,5H, W#F8,2,5H, H#F8*297Ht PSC# 
1F8.5,10H, NBATCH#I3,lOH, NSKILT#I3,9Ht DEDW8#Eli-4) 
SUMCOF#O. 
DO62I#I ,NCP 

IF(SUMCOF165,65t63 

D0641#2,NCP 

I F 

62 SUMCOF#SUWCOF+PONCS(I)/FLOATF(I) 

63 PONCS(31#PONCS(lI/SUMCOF 

6 4  PONCS(I)#PONCS(Il/FLOATFtI~/SUMCOF+PONCS~I-l~ 
65 
3 I 
8 5  DO 18 I#1*9 

PSC-0 0 8 1 3 1 9 32 t 85 
I F ( P SC-0 - 7 1 34 9 34 e 32 

18 CNSC(I)#I 
DO 39 I#iOtl4 

DO 23 I#J5r19 

DO22 1#20 9 40 

99 CNSC(Il#CNSC(I-l)+2. 

21 CNSC(I)#CNSC{I-l1+4e 

22 CNSC(I)#CNSC(I-l)+S. 
GO TO 96 

32 DO 1 1  I#lt9 
I !  CNSC(II#I 

D0121#10t40 
f 2  CNSC(I)#CNSCII-1)+2* . 

GO T O  96 
34 00351#¶ 140 
35 CNSC(II#I 
96 RETURN 

END 
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The subrout ine assumes t h a t  t he  s e r i e s  i s  no t  normalized properly 

and c a l c u l a t e s  the  fol lowing normalizing f a c t o r  ( c a l l e d  SUMC@' i n  t'ne 

subrout ine)  : 

The s e r i e s  i s  then normalized by d iv id ing  by S and mul t ip ly ing  and 

d iv id ing  t h e  i t l i  - term by i. Thus, 

i-i 
The it'n - t e r n  now conkains a f a c t o r  i cos 

p r o b a b i l i t y  dens i ty  furnction (p .d . f . )  . 
€ which i s  a proper ly  normalized 

That i s ,  

i -1 
i cos 0 d(cos0)  :I- 1 . 

C O S 0 = 0  

Sampling from the  o r ig ina l  s e r i e s  may now be done by sampling from a 

i cos This is done by 

rep lac ing  t'ne origina3. c o e f f i c i e n t  of 'die s e r i e s  by the  quanti t i e s  yi, 

i -I. 
0 d i s t r i b u t i o n  a f r a c t i o n  @,/is of t he  t i m e .  

where 



The f a c t o r  mul t ip ly ing  Q, i s  the  v a r i a b l e  S (SUMCOF), 

pi 
yi = is + yi-l, i = 2,3 ,... n . 

I n  order t o  sample from the  power s e r i e s  it i s  now only necessary t o  

p ick  a random nmber  R ( 0  < R < l), determine a j such t h a t  R < y 

j -1 
and then s e l e c t  from a d i s t r i b u t i o n  j cos 8 .  That t h i s  i s  the case 

may be seen i n  the  following example. Suppose t h a t  the  des i red  distribu- 

t i o n  i s  

- -  - j' 

a = ao(i t 4 case t 6 cos2e) . 

The i n t e g r a l  of t h i s  s e r i e s ,  from cos0 = 0 t o  1, i s  

1 

0 
= 5 0 .  

The cumulative probabilities yi, stored i n  P@NSC(I), are: 
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I 
5 

PPJNCS(1) = - = I  0.2, 

4- 0.2 = 0.6, 4 
PPJNCS(2) = - 

2 x 5  

-1- 0.6 = 1.0. PbNCS( 3 )  = - 6 
3 x 5  

Note t h a t  t he  new value of t he  h ighes t  c o e f f i c i e n t  i s  always 1. When 

s e l e c t i o n  from t h i s  series i s  desired,  t he  random number H i.s se lec ted .  

Then, 

i f  R - < 0.2 pick  f r o m  an i s o t r o p i c  d i s t r i b u t i o n ;  

i f  0.2 < R < 0.6 

i f  0.6 < H - < 1.0 

p ick  f r o m  a cosine d i s t r ib i i t i on ;  

p i ck  from a cosi-rie' d i s t r i b u t i o n .  

(The actual s e l e c t i o n  process  i s  performed la-ter, i n  t'ne subrout ines  

ALBEDO and COST.) 

The I N P U T  :routine al-so sets up a t a b l e  of 40 values  of CMSC, 

depending on the  value of t;he al.bedo, PSC. These values  a r e  used as 

t h e  l i m i i , s  of boxes i i sed  t o  form histograms of the  numbers of p a r t i c l e s  

which undeygo speci f j  ed numbers of s ca t t e r ings .  Severa l  o f  these  his",- 

grams are formed and p r i n t e d  on t h e  output  f o r  a l l  p a r t i c l e s  (SCNSC), 

f o r  those p a r t i c l e s  tei-minati.d by re -en ter ing  'die source plane (SCNSS), 

f o r  those partj i ' les leav ing  tlie end of the d u c t  (SCNSO), and f o r  those 

particles k i l l e d  (SCNSK) . 
The minor modi-fications required i n  the CDC-1604 vers ion  a r e  

l i s t e d  below: 
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CALL H@LLER( NHC,IETPAFi,TITL,lO) becomes C A L L  H$LL;ER( NHC,TITL,lO) 

CALL J$MIN( LSN$,XL,YL, ZL, DL,ML,BL,ADDR) i s  rep laced  by 

NADD = 1 

CALL J@MIN( NADD) . 
(H@LIER i s  a subroutine i n  t h e  package c o n t r o l l i n g  t h e  curve p l ~ t t i r i g . ~ )  

A series of statements i s  i n s e r t e d  which s e t  t o  ze ro  t h e  fol lowing s torage  

c e l l s  : 

SCS$R, SCEND, WSC$R, 

LASN@(I),AVERJ( I),VAR(I),SCRSQ(I),T$H( I) for I = 1 t o  WET, 

SCNSC( I) ,SCNS@( I),SCNSS( I) ,SCNSK( I) f o r  I = 1 t o  40. 

(This i s  not  r equ i r ed  on t h e  I B M - 7 9 0  s ince  i t s  monitor zeros the  ent i re  

core  between sepa ra t e  runs .) 

Pages l& through 106 conta in  a sample l i s t i n g  of input  cards 

which are read  by subrout ine  INPUT. These cards  spec i fy  a problem us ing  

a three- legged 3 x 8 f t  r ec t angu la r  duct and a cosine albedo of magnitucie 

0.75. It i s  a s u i t a b l e  input; only for t h e  54-detector  geometry de- 

sc r ibed  i n  Appendix C; t h e  use of s t a t i s t i c a l  es t imat ion  would r equ i r e  

a modified geometry input .  

Pages lo7 and 108 a r e  l i s t i n g s  of the subrout ines  HISTGd f o r  t h e  

IBM-7090 and t h e  CDC-~~&, r e spec t ive ly .  The simpler IRM-7090 version 

3D. K. Trubev and M. €3. Emmett. An IBM-7090 Subroutine l'ackane " . ,  - J -  

f o r  Making Logarithmic and - Semilogrithmic Graphs Using -- t h e  CALCOMP 
P l o t t e r .  ORNL-TM-430 ( B e .  12, 1962 1. 
- 
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153245743735 3.0 8 .n 0. T S  0.  I31 233 
J4000 200 101.1 1.OOOOOF-05 

0.5 1.5 3.0 I .fl I .5 3.0 
I .5 1.5 3.0 2.0 1.5 3. 0 
2 ,s  s .5 3.0 3. n I .5 3 . 0  

4,s ! 05 3.0 5.0 1.5 3.0 
5.5 1.5 3.0 6.0 I .5 3 .  0 
6.0 2.0 3.0 6.0 2.5 3.0 
6.0 3.0 3.0 6.0 3.5 3.0 
6.0 4.0 3.0 6-0 4.5 3 .  n 
6.0 5.0 3.0 6.0 5.5 3.0 
6.U 6.0 3 . rl 4.0 6.5 3.0 
6.0 7 . 0 3.0 6.0 7.5 3.0 
h.0 8.0 3 . (1 6.0 8.5 3.0 
6.0 9.0 3.0 6.0 9.5 3. c 
6.0 tO.O 3.0 6.0 1n.5 3 - 0  
6.0 11.0 3.0 6.0 11.5 3.0 
6.0 12.0 3. 13 6. D 12.5 3.0 
6.0 1 3 * 0  3.0 6.0 15.5 3.0 
6.5 13.5 3. c1 7.0 13.5 3.0 
7.5 13.5 5.0 8.n 13.5 3.0 
8.5 i 3 - 5  3.0 9.0 13.5 3.0 

10.5 13.5 3.0 1 I .fl 13,5 3.0 
11.5 13.5 3.0 12.0 13.5 3.0 
l?.5 s 3.5 3.0 13.0 13.5 3.0 

14-5 13.5 3.0 
0.0 1 .n 

0.0 14,5 7.5 15.0 o.n 3.0 12.0 15.0 0.0 8.0~0009 

5.5 1.5 3e0 4. 0 1.5 3, a 

9.5 13.5 3.0 1O*cJ  13.5 3. n 

13.5 13.5 3 * U  14.0 13.5 3. n 

54  
COSlNE(0.95) 48OU H I S T O R I F S  (3x8 FT 3 - L E G G F D  D U C T )  
4 I 0.0 bsO 7 

0.25 0.75 1.25 1.75 2.25 2.75 3 . 2 5  3.75 4.25 4.75 5.7'5 5.75 6-15 6.75 
7.25 7,75 8.25 8.75 9.25 9.751U,2510.7511.2511.7512.2512.2512.75l3.251?~75 

1 4 . 2 5 1 4 . 7 5 1 5 . 2 5 1 5 . 7 5 1 6 . 2 5 1 6 . 7 5 1 7 . 2 5 1 7 , 7 5 ~ 8 . 2 5 l 8 . 7 5 l 9 . ~ 5 l 9 . 7 5 2 ~ . 2 5 2 0 . 7 5  
71 -2521 n7522.2522.7523,2523. r '524,2524.1525.2525.7526.25?6. 7 5 2 7 . 1 5 7  T.75 
X LONE BQUND4RIES 0945 
Y ZONE B O U N D A R I E S  -39095,12,15960 
Z ZONE BOUNDARIES -3,0,89 1 5  
ZONE 1 9 1 9 1  X B L O C K  0 .45  Y B L O C K  -390 Z BLOCK -390 B L O C K  1 9 1 9 1  M E D I A  99 
? O N E  1 9 2 9 1  X B L O C K  0 9 4 5  Y BLOCK 0 9 3  Z R L O C K  -390 B L O C K  1 ~ 1 , l  M E D I A  99 
ZONE $ 9 3 1 3  X B L O C K  0 9 4 5  Y B L O C K  3912 2 B L O C K  -390 BLOCK l , l t l  M F D I A  99 
Z O N E  1 1 4 ~ 1  X B L O C K  0945 Y B L O C K  1 2 9 1 5  E B L O C K  - 3 9 0  BLOCK I r l ~ l  M F D I A  9 9  
ZONE 9 9 5 9 1  X BLOCK 0 9 L 5  Y B L O C K  15960 Z B L O C K  -3,n B L O C K  I r I 9 1  MEDIA 99 
7 0 N E  l , 1 , 2  X B L O C K  0145 Y B L O C K  -3,fl Z B L O C K  0 9 8  B L O C K  1 , l t l  M F D I A  99 
ZONE 1,2,2 F I R S T  H A L L  
X B L O C K  BOUNDARIES 0 , 0 . 5 , 1 , 1 o 5 , 2 ~ 2 . 5 r 3 ~ 3 * 5 ~ 4 ~ 4 . 5 ~ 5 ~ 5 . 5 ~ 4 ~ 6 . 5 t 7 ~ 7 . 5 ~ 4 5  
Y B L O C K  BOUNDARIES O t  3 Z B L O C K  B O U N D A R I E S  098  
B L O C K  1 9 1 9 1  MEDIA I 
B L O C K  2rl,I M F D I A  2 
B L O C K  3 , 1 9 1  MEDIA 3 
B L O C K  4 s l p l  M E D I A  4 
BLnCk 5 , 1 9 1  M E D I A  5 
B L O C K  6slel M E D I A  6 
B L O C K  791,l MEDIA 7 
B L O C K  R 9 1 , l  M E D I A  8 
GLOCK 5 ' 9 1 , i  M E D I A  9 



B L O C K  1 0 ~ . 1 , 1  MEDIA 10 
B L O C K  1 1 , 4 , 1  MEDIA I I  
B L O C K  12,191 MEDIA 1 2  
B L O C K  33 ,111  MEDIA 13 
B L O C K  1 4 , 1 9 5  MEDIA 14  
B L O C K  1 5 9 1 9 3  MEDIA 15 
B L O C K  16,9 ,1  MEDIA 9 9  
Z O N E  193,2 SECOND HALL 
X B L O C K  BOUNDARIES 094.5r705~45 
Y B L O C K  BOUNDARIES 3 , 3 . 5 1 4 , 4 . 5 , 5 9 5 0 5 y 6 , ~ ~ 5 ~ 7 ~ 7 0 5 ~ 8 ~ 8 0 5 ~ 9 ~ 9 . 5 ~ ~ 0 ~ ~ U ~ 5 ~ ~ 1 ,  
1 1 . 5 * 5 2  2 B L O C K  BOUNDARIES Dq8 
B L O C K  1 , 9 1 3  MEDIA 99  
BLOCK 2 r 0 , l  MEDIA 16 
B L O C K  3 7 l 9 l  MEDIA 99  
B L O C K  1 , 2 , 3  MEDIA 9 9  
B L O C K  2,291 MEDIA 17 
B L O C K  3 , 2 , 1  MEDIA 99 
B L O C K  l r 3 * S  MEDIA 99  
B L O C K  2,3,1 MEDIA 18 
B L O C K  3 1 3 r l  MEDIA 99  
B L O C K  3 9 4 , l  MEDIA 9 9  
B L O C K  2,4,1 MEDIA 19 
B L O C K  3,491 MEDIA 9 9  
B L O C K  1,593 MEDIA 9 9  
B L O C K  2 9 ’ 3 9 3  MEDIA 20 
B L O C K  3 , 5 9 1  MEDIA 99  
B L O C K  1 , 6 9 1  MEOIA 99  
B L O C K  2,691 MEDIA 21 
B L O C K  3 , 6 , 1  MEDIA 9 9  
B L O C K  1 9 7 , R  MEDIA 99  
B L O C K  2,791 MEDIA 22 
B L O C K  3 , 7 9 1  MEDIA 99 
B L O C K  1 , 8 9 3  MEDIA 99 
B L O C K  2 r 8 p I  MEDIA 2 3  
B L O C K  3 , 8 9 1  MEDIA 99  
B L O C K  1,9,1 MEDIA 9 9  
B L O C K  2 , 9 * 1  MEDIA 24 
B L O C K  3,9,3 MEDIA 99  
B L O C K  l,#O,O MEDIA 99  

B L O C K  3 , 1 0 , 1  MEDIA 9 9  
B L O C K  1 1 1  1 9 1  MEDIA 99 
B L O C K  2 9 J l 9 1  MEDIA 26 
B L O C K  3 , 1 1 9 5  REDIA 99  
B L O C K  1 , 5 2 9 1  MEDIA 9 9  

BLOCK 2 1 ~ 0 , a  MEDIA 25 

BLOCK 2 ,12 ,1  MEDIA 27 

BLOCK 2,33,a MEDIA 2 8  

B L O C K  3 , 1 2 , 1  MEDIA 9 9  
B L O C K  J 9 1 3 9 S  MEDIA 9 9  

B L O C K  3 , 1 3 9 1  MEDIA 9 9  
B L O C K  I , 1 4 , 8  MEDIA 9 9  
B L O C K  2,3491 MEDIA 29  
B L O C K  3,34,3 MEDIA 9 9  
B L O C K  1 , 1 5 9 1  MEDIA 9 9  
B L O C K  2,15,1 MEDIA 30 
B L O C K  3915.l MEDIA 99  
B L O C K  1 , 1 6 9 1  MEQIA 99  
B L O C K  2 9 l b r S  MEDIA 31 
B L O C K  3,1691 MEDIA 99 
B L O C K  1 , 1 7 9 1  MEDIA 9 9  
B L O C K  2,1791 MEDIA 32 



1 c6 

B L O C K  3,17,1 MEDIA 99 
B L O C K  1~18,1 MEDIA 99 
B L O C K  2 * 3 8 , 1  MEDIA 3 3  
B L O C K  3,1811 MEDIA 99 
Z O N E  1 , 4 9 2  T H I R D  H A L L  
X B L O C K  BOUNDARIES 0 9 4 ~ 5 9 5 ~ 5 . 5 9 6 9 6 ~ 5 9 7 9 7 . 5 9 ~ 9 8 ~ 5 ~ 9 9 9 ~ ~ 9 l ~ 9 l 0 ~ S ~ I l 9 l l ~ 5 9  
l 2 ~ 1 2 ~ 5 ~ 1 3 ~ J 3 . 5 , 1 4 ~ 1 4 . 5 1 1 5 , 4 5  Y B L O C K  B O U N D A R I E S  1 2 ~ 1 5  Z B L O C K  3 9 8  
B L O C K  I r l v l  MEDIA 99 
B L O C K  291 9 1  MEDIA 34 
B L O C K  391 , I  MEDIA 35 
B L O C K  4 , 1 9 1  MEDIA 36 
B L O C K  5 1 1 9 I  MEDIA 37 
B L O C K  69191 MEDIA 38 
B L O C K  791 9 1  MEDIA 3 9  
B L O C K  8,111 MEDIA 40 
B L O C K  9 , 1 9 3  MEDIA 4 1  
B L O C K  l C l , 1 9 1  M EDIA 42 
B L O C K  l l , l t J  F t F O I A  43 
B L O C K  1 2 , 1 9 5  MEDIA 4 4  
B L O C K  13vIvl MEDIA 4 5  
B L O C K  1 4 0 l 9 1  MEDIA 4 6  
B L O C K  1 5 9 1 1 1  M E D I A  4 7  
B L O C K  1 6 , 1 9 1  MEDIA 4 8  
B L O C K  1 7 , 1 1 1  MEDIA 49  
B L O C K  18,1,1 MEDIA 5 0  
B L O C K  1 9 , 1 9 1  MEDIA 5 1  
B L O C K  2 1 3 , 3 9 3  MEDIA 52  
B L O C K  2 1 9 1 9 l  M F D l A  5 3  
B L O C K  229 S 9 I MEDIA 5b 
B L O C K  2 3 9 1 9 1  MEDIA 99 
ZONE 1,5,2 x B L O C K  0,45 Y BLOCK i 5 9 6 0  z BLOCK 0 , 8  B L O C K  i T i , 1  M E D I A  1 9  
Z O N E  I t l , ? ~  X B L O C K  O f 4 5  Y B L O C K  - 3 9 0  Z B L O C K  8 9 1 5  B L O C K  1 ~ 1 , l  P E D 1 4  99  
ZONE 1 9 2 , 3  X B L O C K  0 9 4 5  Y B L O C K  0.5  Z B L O C K  8 , 1 5  EiLOCK J t l t l  M F D I A  99 
Z O N E  1 ,393 X B L O C K  0945  Y B L O C K  3112  Z B L O C K  8 9 1 5  B L O C K  I T I t I  MEDIA 99 
ZONE 1 9 4 9 3  X B L O C K  0 9 4 5  Y B L O C K  1 2 ~ 1 5  2 B L O C K  8915  B L O C K  1 9 1 9 1  MEDIA 99 
ZONE 1,593 X B L O C K  0945  Y B L O C K  15960 Z B L O C K  8915  B L O C K  l p l t l  MEDIA 99 

E N D  



SUBROUTINE HISTOR 
N S C A T # O  

XS#OoD 
YS#W*RAN(RA) 
ZS#H+RAN(RA) 

IWALL#3 

SIGt1.O 

WR#toO/CONS 

CALL COSJ(DCX,OCY,DCZ,I) 

I O  LSNO#O 

B L Z # 0 , 0  
C B L L G E O M ~ X S ~ Y S , Z S ~ D C X T D C Y , D C Z ~ S ~ G T ~ L Z ~  
CALLSCORE 
CALLDIRGE 
IWALL#IWALL 
IF(IWALL-bIbO~hO~70 

60 NSCAT#NSCAT+l 
WB#W8*PSC 
CALLALBEDO 

42 IFIW8-DEOW8180,80rSO 
80 IFtRAN[RA1-PSC)82,82,83 
82 W8#W8/PSC 

83 IWALL#9 
70 CALLSTATS 

RETURN 
END 

GO T O  10 
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S U B R O U T I N E  HISTOR 

N S C A T # O  
W A # l . O / C O N S  
R # 6 4  .O 
XS#O.O 
Y S # R A N (  R 4 1  + W  
Z S # R A N ( K A ) * H  

I W A L L # 3  
I O  XE#DCX+R+XS 

Y E # D C Y * R + Y S  
Z E #  DC Z * R + Z  S 
X L (  I ) # X S  
Y L f I  ) # Y S  
Z L ( 1  ) # Z S  
X 2 # X S  
Y 2 # Y S  
Z 2 # L S  
M A R K #  1 
C A L L  L O O K Z ( X S , Y S v Z S )  
K L 1  I ) # N M E D  

COMMON / G F O M / M A R K ~ X ~ ~ Y 2 ~ Z 2 ~ X l ~ ~ l ~ Z l ~ ~ M ~ D ~ ~ R ~ ~ ~ ~ T ~ ~ 8 L ~ O N  

C A L L  C O S I N E J ( D C X , D C Y , D C Z , I )  

Q # R  
DO 35  N J # l , 9 0  
L S N O # N J + I  
X I  # X 2  
Y 1 # Y 2  
Z 1 # 2 2  
X 2 # X E  
Y 2 # Y E  
L 7 # Z E  
C A L L  GEOM 
X L  ( U N O  1 # X 2  
Y L ( L S N O ) # Y 2  
Z L ( L S N O ) # Z 2  
M L I L S N O ) # N M E D  
I F  ( MARK )45,20,30 

30 D L ( N J ) # Q  
G O T 0 4 5  

20 D L i N J ) # D T R  
Q#Q-DTR 

32 I F ( N M E D - 9 9 ) 3 5 , 4 5 , 3 5  
35  C O N T I N U E  
45 C A L L  S C O R E  

R D E L # 6 . 5 E - 3  
X S # X S-- DC X +R DE L 
Y S # Y S - D C Y e R D € L  
Z S # Z S - D C Z * R D E L  
C A L L D I  R G E  
I W A L C # I W A L L  
I F (  I W A L L - 6 1 6 0 , h 0 , 7 0  

60 N S C A T # N S C A T + I  

C A L L  AI. B E D 0  
m # w a * P s c  

4 2  I F ( W B - D E D W 8 ) 8 0 , 8 0 ~ 1 0  
80 I F ( R A N ( R A ) - O , 5 ) 8 2 , 8 2 1 8 3  
82 W8#W8*2.  

GO T O  10 
83 I I J A L I # 9  
7 0  C A L L S T A T S  

R E T U R N  
E N D  
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w i l l  be descr ibed  f i rs t .  NSCAT, t h e  number of s c a t t e r i n g s  experienced 

by a p a r t i c l e ,  and W8, its weight, are f i r s t  i n i t i a l i z e d .  Not,ice t h a t  

t'ne weight i s  not  simply s e t  t o  u n i t y  b u t  inc ludes  a normalizing f a c t o r ,  

which i s  chosen such t h a t  t h e  u n i t s  of t h e  f i n a l  answer a r e  f l u x  pe r  u n i t  

source cu r ren t .  A source p a r t i c l e  p o s i t i o n  i s  then se lec ted ;  i n  t h i s  

p a r t i c u l a r  vers ion  of HISTOR, it i s  a uniform source over t he  r ec t ang le  

between y = 0 and W, and z = 0 and H, and a t  x = 0. 

i n  t h e  CDC-1604 program) i s  c a l l e d  t o  s e l e c t  d i r e c t i o n  cosines.  

C O S  (named C O S I I W  

The last  

parameter i n  the c a l l i n g  sequence i s  the  power of cosine of t he  p o l a r  

angle from which the  s e l e c t i o n  i s  t o  be made. This p o l a r  angle i s  mea- 

sured from t h e  normal t o  t he  surface.  The statement "IWALL = 3" i s  

i n s e r t e d  as a marker; it i s  used only w i t h  t he  s t a t i s t i c a l  es t imat ion  

vers ion  of the code. For s t a t i s t i c a l  estimation, the statement "CALL 

DETEST" i s  i n s e r t e d  after the  "IWALL - 3" and just before  "CALL AI;RED#" 

l a t e r  i n  t h e  l i s t i n g .  (This i s  a l s o  t h e  case f o r  t h e  cE-16011 program.) 

The iiext t h r e e  statements i n i t i a l i z e  parameters f o r  the subroutine GZOM, 

which i s  then c a l l e d .  The subroutine GEOM l o c a t e s  a l l  i n t e r s e c t i o n  

p o i n t s  w i t h  system sur faces  and s t o r e s  them i n  the  a r r a y s  XL, YL, and 

ZL. It a l s o  determines the d i s t ance  between each p a i r  of p o i n t s  ( s t o r e d  

i n  a r r a y  DL), as we l l  as t h e  medium number of the pa ths  ( s t o r e d  i n  a r r a y  

ML), and packs a s torage  word spec i fy ing  the zone and block numbers of 

each p o i n t  ( s t o r e d  i n  a r r a y  BL).4 The medium numbers a r e  used t o  

4 
Subroutine GEOM, i t s  function,and use are described more fully 

i n  Appendix C.  



i d e n t i f y  de t ec to r s  and volumes inc luding  the  duc t  walls. 

from 1 t o  89 are reserved for detec tors ;  medium No. 99 i s  used f o r  duct 

walls; if regions of void are used, they a r e  designated medium No. 90. 

No o the r  medium numbers are a l . l owd .  

i Lself. 

Medium numbers 

The a r r a y  BL i s  used only by GEOM 

Subroutine SCOBE i s  c a l l e d  t o  add i n  flux con t r tbu t ions  t o  the  

appropr ia te  de t ec to r s .  It a l s o  l o c a t e s  t h e  coordinates  of the  wall 

i n t e r s e c t i o n  p o i n t s  and s t o r z s  them i n  XS, YS, and ZS f o r  GXON's use on 

the next  f l i g n t .  Subroutine DIRGE i s  then ca l l ed .  DIRGE determines 

which w a l l  has been h i t ,  then s e t s  the v a r i a b l e  IWALL appropr ia te ly ,  f o r  

l a te r  use by o ther  subrout ines .  

p3.u~ the  f l -oor  and roof . )  

necessary because of  a pecul - i s r i ty  of t'ne FORTFWJ conipiI.er. Su f f i ce  it 

t o  say  t h a t  t h e  program wi1.1 n o t  work c0rrect i .y  without it. The next  

i n s t r i i c t ion  ' iransfers Lo statement 60 i f  IWALL - < 6 (a noma1 w a l l  hit) 

and c a l l s  STATS i f  IINLL > 6. 

by one, t h e  wei.ght i s  mul t ip l i ed  by t he  albedo, and the  subrout ine AL!3EDO, 

which s e l e c t s  new d i r e c t i o n  cosines ,  i s  ca lkd . .  If IWAIJJ is 7, 8, o r  9, 

t h e  h i - s tory  i s  terminated by c a l l i n g  subrout ine STATS. If' IWLQ,L i s  'I, 

t he  p a r t i c l e  has re-en-tered the  source plane; i f  ii&I,L i s  8, t h e  p a r t i c l e  

has l e f t  t he  end of t he  duct ;  and i f  WALL is 9, t h e  p a r t i c l e  must be 

kil l .ed e i t h e r  because i t s  w e i g l i t  has f a l l e n  tclo l o w ,  Oi- because t ine  sub- 

rou t ine  DIRGE has encountered d i f f i c u l t y  loca t ing  t'ne wall i n t e r s e c  Lion 

po in t .  The weight i s  checked i n  statement 42. If i t  i s  too low 

(DIRGE al-lows a maximuxi of s ix  w a l l s  

The c r y p t i c  statement "IW.LtL = TWALL" i s  

With a normal w a l l  hi.t, NSCA!T i s  increased 
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( < DEDW8) a game of Russian Roule t te  i s  played (s ta tement  80) .  

i s  done by s e l e c t i n g  a random number which i s  compared t o  PSC, t h e  

albedo value.  If the  random number i s  smaller,  t he  p a r t i c l e  has i t s  

weight increased  by t he  f a c t o r  1/PSC and continues. 

p a r t i c l e  i s  k i l l e d .  

t h e  number of s c a t t e r i n g s  they  had and t h e  manner i n  which t h e i r  

h i s t o r i e s  were terminated. 

This 

Otherwise, t he  

Subroutine STATS then ca t egor i zes  the p a r t i c l e s  by 

The subrout ine  HISTOR for t h e  CDC-l6O)+ i s  i d e n t i c a l  i n  func t ion  

.to t h e  IBM-7090 HISTOR, d i f f e r i n g  only i n  t h e  use of subroutine GEOM. 

The statement 10 and t h e  next t h ree  statements on page107are  replaced 

by 33 statements between statements 1.0 and 35 on pageL08. The added 

complications a r e  caused because: (1) t he  CDC-1604 GEOM w i l l  accept  

only t h e  end p o i n t  of the requi red  path, n o t  d i r e c t i o n  cosines,  ( 2 )  i t  

folLows t h e  t r a c k  only t o  the  f i r s t  i n t e r s e c t i o n  p o i n t  with a new medium, 

and (3) i t  does n o t  f i l l  i n  the needed a r r a y s  XL, Yb, ZL, DL, and ML. 

'I'he added FORTRAN statements perform these  func t ions .  An a d d i t i o n a l  

complication i s  evidenced i n  the four  statements imniediately fol lowing 

statement 45. 

i n t e r s e c t i o n  p o i a t  which d i f f e r s  from t h e  t r u e  value by lo1* times t h e  

o r i g i n a l  p a t h  length  (which i n  t h i s  code i s  always s e t  t o  61t). 

statements mentioned above bring t h e  wall i n t e r s e c t i o n  p o i n t s  back along 

t h e  o r i g i n a l  pa th  by an amount s u f f i c i e n t  t o  ensuxe t h a t  they  l i e  i.nsj.de 

the duct. If t h i s  i s  not done the program occas iona l ly  starts pa ths  

ou t s ide  the  duct. 

These are requi red  because t'ne CE-1604- GEOM calculate:; an 

The 



Page lI3 conta ins  a l i s t i n g  of the  subrout ine COSJ (named COSINFJ 

3.n the  CDC-16Oh program). 

a d i r e c t i o n  d i s t r i b u t e d  uniformly i n  the  azimuthal angle  and biitin t he  

p o l a r  angle  d i s t r i b u t e d  as cos 0 ,  where 9 i s  the  po la r  angle. 

techniques used t o  do 'this a r e  explained i n  Append.ix D, along with t'ne 

r e s u l t s  of t es t s  performed w i t h  t h i s  rout ine,  using the  pseiidcrandorri 

numbers used i n  the  a c t u a l  mac'nrine program. 

This rout ine  se lec- t s  Yne d i r e c t i o n  cos ines  of 

J 
The 

%ge 114 is a l i s t i i i g  of subroutine TSETEST f o r  t h e  IlM-7090. This 

rout ine  calcul.ates a s t a t i s t i c a l  es t imat ion  of the f l u x  at a series of 

predetermined de tec to r  loca t ions .  A s  wnitten,  the  rout ine  uses a cosine 

d i s t r i b u t i o n  of t he  polar angle  as t'nz albedo d i s t r i b u t i o n  for t'ne 

es t imates .  The formula used f o r  the es t imat ion  i s  

r = the  d.etector loca t ion ,  

Q(r)  = par t i - c l e  f l u x  a t  r, 

~8 = weight of t he  partri.cle a f t e r  s ca t t e r ing ,  

8 = polar angle of the  d.i.rection from the scat-Ler p o i n t  t o  Y, 

1 = d i s t ance  from t h e  sca t - te r  po in t  t o  r, 

d = por t ion  of path R T . & t i c i i  c o n s i s t s  of duct  w a l l ,  

A L- r e l axa t ion  length  appropriate f o r  h i a l l  pene-Lration. 



SUBROUTINE COSJIOCl ,C)C2p DC39 J )  
CSTH#O. 
JP#4+1 

R#RAN/RA) 
00301#39JP 

I F ( R - C S T H 3 3 0 , 3 0 , 2 0  
20 C S T H # R  
30 CONTINUE 

SITH#SQRTFII.O-CSTH+CSTHI 
70 FRAN#RAN(RAI 

SRAN#RAN(RAJ 
FR2WFRANafRAN 
S R 2 # S R A N * S R A N  
f F ( I . O - ( F R 2 + S R Z ) ) ? O r 8 0 , 8 0  

80 C S P H I # [ F R Z - S R Z ) / ( F R 2 + S R 2 )  
S I P H l # 2 . 0 * F R A N * S R A N / I F R 2 + S R 2 )  
I F ~ R A N ( R A ) - O . S I ~ ~ . P O , ~ O O  

D C 2 # S I T H + S I P H I  
DC3#SIJH+CSPHI 
RETURN 
END 

90 SIPHIW-SIPHI 
f O O  DCldfCSTH 
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The f a c t o r  l / f l  i s  no t  included by DETEST bu t  should be included i n  the  

nommlizing f a c t o r  CONS included i n  t h e  i n i t i a l  p a r t i c l e  weight. This 

rout ine  i s  qu i t e  s l o w  i n  operat ion p a r t i a l l y  because it, performs an 

es t imate  for every de tec to r  locat ion,  even though the  path t o  the 

de t ec to r  may t r a v e l  through a l a r g e  thickness  of the  duct w a l l .  z"nis 

occurs because subroutine GEOM i s  c a l l e d  f o r  every path.  It would have 

saved computer time t o  have wr i t t en  a s p e c i a l  geometry rout ine  f o r  t h i s  

app l i ca t ion  r a t h e r  than t o  have used the extremely genera.1 GEOM. 

Pdge 116 l i s t s  t h e  corresponding DETEST subroutine f o r  the  CDC-1604. 

It i s  func t iona l ly  i d e n t i c a l  with t h a t  f o r  t he  TBM-'/090, d i f f e r i n g  only 

because of the d i f f e r e n t  GEOM used. The added complications a r e  because 

Lhe CE-1604 GEOM follows t he  t r ack  only t o  the  f i r s t  i n t e r s e c t i o n  poin t  

with a new medium and i t  does no t  f i l l  i n  t h e  needed a r r ays  XL, YL, ZL, 

DL, and ML ( s e e  Appendix C ) .  

The l i s t i n g  of subrou.tinc SCORl3 €or the  IBM-7090 program i s  on 

page 11'7.  I n  the  analogue vers ion  of idle code, t h i s  subroutine checks 

each medium number i n  the a r r a y  ML. 

volime i s  a de tec to r  and the corresponding t r a c k  length i n  that; de tec tor ,  

s tored  i n  a r r a y  DL, i s  mul t ip l ied  times the  weight of the  p a r t i c l e  and 

added t o  t h e  score of t h a t  de tec tor .  Tk t r a c k  i s  followed u n t i l  a 

medium number 99 i s  encountered, s i g n i w i n g  t h a t  t he  p a r t i c l e  entered 

the  duct  w a l l .  

If i t  i s  between 1 and 89, the  

The corresponding subroutine SCORE f o r  the  CDC-160lt i s  l i s t e d  



S U B R O U T I N E  D E T E S T  
COMMON /GEOM/MARK,X2,Y2,Z2,XI , Y I  ,ZI,NMEn,NR,Q,OTR,BLLON 
X L I  1 ) # X S  
Y L t  1 ) # Y S  
Z L (  1 ) # Z S  
C A L L  L O O K Z ( X S , Y S t Z S l  
M L (  1 I # N M  
D O l O O J # l , N U M D E T  
x2wxs 
Y 2 # Y S  
2 2 # 2 S  
X E # X D E T ( J l  
Y E H Y O E T ( J I  
Z E # Z D E T ( J )  
T D # S Q R T F I I X E - X S ) + * 2 + [ Y E - Y S ~ + * 2 t ( Z E - Z S ) , a 2 )  
MARK# I 
NMEU#NM 
N K # N R E  
B L Z ON # B I. Z 
Q # T D  
JW#O 
WT#O.O 
DO 7 5  J L # l * 9 0  
L S N O #  JL  t. I 
X I  # X 2  
Y I t t Y 2  
Z I # Z 2  
X 2 # X E  
Y 2 # Y E  
Z 2 # Z E  
C A L L  GEOM 
X L [ L S N O ) # X 2  
Y L ( L S N O ) # Y 2  
Z L I L S N O ) # Z 2  
M L t L S N O I t t N M E D  
I F ( M A R K ) I U 0 , 1 0 ~ 5  

5 D T R # Q  
I O  I F ( J W ) 2 0 , 2 0 , 1 5  
15 WT#WT+OTR 

IFIWT/RFLAX-lfl10)20~lf10,1nC 
20 I F f M A R K ) I D O p 2 5 , 4 5  
2 5  Q#Q-TDR 

3 5  J W # I  
GO TO 7 5  

5 5  JW#O 
75 C O N T I N U t  

30 0 2 # Z D F T ( J I  
D 1  #ZS 
G O T 0 6 0  

4 0  0 2 H X D E T i J )  
D l  H X S  
G O T 0 6 0  

50  D 2 # Y O E T ( J )  
D I  # Y S  

6 0  D C P # ( D 2 - 0 1  l / T D  

70  DCP#-DCP 

I F ! N P t E D - 9 9 1 5 5 t 3 5 , 5 5  

4 5  GO To ( ~ ~ , ~ O , ~ O , ~ O , ~ ~ , S O ) , I W A L L  

GO TO ( 8 0 ~ 7 0 , 8 0 , 7 0 , 8 0 , 7 0 3 ,  I N A L L  

80 I F ~ D C P ) l f l O t I U U , 9 0  
9 0  P S Q ( J ) # P S O ( J ) + W 8 + O C P / T ~ / ~ ~ / F X P F ( W T / R ~ L A X l  

I C 0  C O N T I N U E  
R E T U R N  
€NO 



S U B R O U T I N E  SCORE 
DOIOK#2,50 
KF#K 
I F I M L 1 K ) ) 2 0 , 2 0 t 1 2  

12 I F ( M l ( K ) - 9 9 1 1 0 t 2 0 * 1 0  
10 CONTINUE 

15 FORMATt36H ERROR IN SCORE - NO MEOIUW 0 OR 9 9 )  
20 LEND#KF-1 

W R I f E O U T P U T T A P E 9 p l S  

DO 40 I#i,LEND 
IFIML1I1140~40p14 

14 IFIML(Il-901J6p40~40 
16 IN#HC(II 

PSQ(INl#PSQ(IN)+W8+Dl~I) 
T O H I I N ) # T O H l I N 1 + S . O  

XS#XLtKF) 
YS#YL (KF) 
ZS#ZL t KFI 
R E T U R N  
END 

40 CONTINUE 

S U B R O U T I N E  SCORE 
10 LENO#LSNO-I 

00 40 I#lrLENO 
IF(HLIII)40,40,14 

34 IF~Ml~I1-90116t4O~4D 
1 6  I N # M L ( I )  

P S Q ( I N 3 # P S Q 1 2 N l + W 8 * D L I I )  
TOH(IN3#TOH(IN1+1.O 

40 C O N T I N U E  
4 5  X S P X L ( t S N O 1  

Y S # Y t l L S N O )  
ZSPZL(LSNO1 
R E T U R N  
€NO 



near  t h e  bottom of page 117. 11; differs only because subrout ine BISTOR 

has a l r eady  determined how many OP t h e  array e n t r i e s  are m1Td de tec to r  

h i t s  (i.e., t he  po in t  i n  t h e  a r r a y  where t h e  p a r t i c l e  en tered  the  duct 

wall). 

The next  subrout ine,  DIRGE, i s  listed on gage 119. ‘Phis routine 

assigns t h e  parameter 1WAi;E i n d i c a t i n g  which wall t h e  p a r t i c l e  entered.  

INALL i s  used by subrout ines  ALBEDO and XIST(3R t o  piPoperly handle the 

c o l l i s i o n ,  depending on which w a l l  was h i t .  If e i t h e r  no wall w a s  h i t  

o r  t he  h i t  w a s  t oo  close t o  t he  i n t e r s e c t i o n  of two w a l l s  f o r  t h e  rout ine  

t o  be a b l e  t o  decide on one, IWALL i s  se t  t o  9 and. the  p a r t i c l e  i s  k i l l e d .  

Vhen used wtth s t r a i g h t  c y l i n d r i c a l  ducbs, s-tatement 222 i n  DIRGE 

i s  replaced wi th :  

222 IF (ABSF( YS*YS+ZS*ZS-WW) -DELW)223,223,224 

223 IWALL=~ 

I W = I W + I  

224 IF ( I W - l ) 3 O , 2 2 5 , 2 j O .  

These statenieats sei; IWALL t o  5 i f  t h e  c o l l ~ t s i o n  poin t  i s  a n o r m 1  w a l l  

hit. I n  t h i s  case,  W i s  used f o r  t h e  duct rad ius  and the only meaningful. 

rec tangxlar  duct parameters are Fdl, the pos i t i on  of t he  source plane, 

and X G h ,  t h e  pos i t i on  of t h e  end of t h e  duct .  

t o  values which w i l l  no t  be achieved by XS, YS, and ZS. 

A l l  t h e  o thers  are  s e t  
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S U B R O U T I N E  D I R G E  
IW#O 
I F (  ABSF(ZS-ZW I 1-DELW 3401 40950 
I W A L L #  1 
I W #  IW+l 
IF I ABSF (ZS-LW2 I-DELW 1601 60170 
I W A L L # 2  
IW#IW+I 
I F ( A B S F ( X S - X W 2 ) - D E L W ~ ~ 0 ~ ~ 0 ~ 9 0  
fWACL#3  
IW#IW+I 
I F ~ A B S F I X S ~ X W 3 ~ ~ D E L W ~ l ~ O ~ l O O ~ l l O  
I W A L L # 4  
IW#IW+I 
IF(ABSF(YS-YWI ) - D E L W ) 1 2 0 ~ 1 2 0 ~ 1 3 O  
IWACL#5 
I W # I W + O  
I F ~ A 8 S F ~ Y S ~ Y W 2 ~ ~ D E L W ~ ~ 4 O ~ l 4 O ~ l S f l  

140 IWALL#6 
IW#IW+I 

150 IFiABSF 
160 IWALL#5 

IW#IW+l 
170 IF(ABSF 
180 I H A L L # 6  

IW# IW+1 
190 IF(A8SF 
200 IWALLlf7 

I w #  IW+J 
280 I F ( A B S F ~ X S - X W 4 ) - D E L W 1 2 2 0 , 2 2 0 r 2 2 2  
220 I W A L L # 8  

IW#IW+I 
222  IFliU-11230,225,230 
225 R E T U R N  
2 3 0  W R I T E O U T P U T T A P E 9 , 2 4 0  
240 F O R M A T ( S 4 H  ERROR IN D I R G E  - O f 0  NOT L O C A T E  S C A T T E R  POINT ON W A L L )  

I W AL L#9 

R E T U R N  
END 

W8#0.0 
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Page 121 conta ins  t h e  l i s t i n g  of subrout ine AI33EDO used wi t??  

rec tangular  ducts.  

serles i n  cos0 represent ing  t'ne albedo d i s t r i b u t i o n ,  as explained on 

pages 98 through 102. 

called t o  s e l e c t  the  d i r e c t i o n  cosines .  

E2, and Dc3) are t'rien assigned t o  the  a c t u a l  rec tangular  coordinate  

system, depending OE which w a l l -  the  c o l l i s i o n  occurred. 

T h i s  routli-ne f irst  nakes a se l ec t ion  from Ytie power 

Then subrout ine COSJ (COSINEJ on the CK-1604) i s  

These d i r e c t i o n  cosines  (El, 

A l s o  l i s t e d  on page 121 i s  ar, a lke rna te  subrout ine ALBEDO used 

The s e l e c t i o n  from COS,J (cr COSTTJF,J) i s  f o r  s t m i g h t  cyli .ndrica1 d.ucts. 

i d e n t i c a l ,  bu t  t h e  transforma-Lion of Yne d i r e c t i o n  cosines  t o  the  rec-  

tangular  coordi.:n.ate system used. by the  remainder of the  proerarn i s  

d i f f e r e n t .  'The d i r e c t i o n  cosine E1 suppl ied by COSJ must be referenced 

wi'ch r e spec t  t o  the  normal t o  t h e  s c a t t e r i n g  sur face  acd the re fo re  mist 

be d i r e c t e d  towards the  c e n t e r l i n e  of t he  duct .  E 2  i s  taken -to be 

pa ra l l - e l  'LD t he  duct  c e n t e r  I.ine ( the  x a x i s )  

cyl..indri.cal. sur face  and perpendicular  to the duct  csxtei- l i c e  

DC3 is bangent t o  t h e  

S u b r o u t b e  STAT'S, lis-Led on page 122, i s  the  same i n  both  machine 

programs. The rou t ine  i s  ca.l.l.ed a t  the  end of  each p a r t i c l e  h i s t o r y .  

I t s  primary f-iuic-tion i s  t o  ca t egor i ze  t h e  number of s c a ~ i t e r i n g s  i n  tke 

a r r a y s  SCNSC, SCNSS, SCNSO, and SCNSK, as out l ined  prevlolisly.  It a l s o  

accumulates the  qiianti t i .es SCOR and SCESQ for each de-Lector, t o  be  used 

i n  the  caiculaLion of the  s ing le  batch var iance.  SCOR i s  simp1.y the 

sum of a l l  scores;  SCRSQ i s  the  sralvnatioii, over tile histories, o f  the  

squared scores .  
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S U B R O U T I N E  ALBEOO 

R Q # R A N ( R A )  

J C O F # J - I  

20 C O N T I N U E  
JCOF#NCS 

C A l S E D O  FOR RECTANGULAR OUCT 

DO 20 JtC1,NCS 

XF(RQ-PONCS(J)130,30t20 

30 C A L L  C O S I N E J ( D C I T D C ~ T D C ~ T J C O ~ )  
GO TO ( ~ ~ O T I ~ O ~ ~ ~ ~ ~ ~ ~ O , ~ ~ D T ~ ~ ~ ~ , ~ I S T ~ I S ) ~ I W A L L  

115 W R I T E O U T F U T T A P E ~ T I S ~ , I W A ~ ~  
516 F O R M A T [ 2 6 H  ERROR I N  ALBEDO - f W A L L # I Z )  

W8ffO.O 
R E T U R N  

GO T O  060 
140 D C Z # D C 1  

I S 0  DCZ#-DCI 
160 D C X # D C 2  

D C Y # D C 3  
R E T U R N  

470 D C X # D C 1  
GO TO J90 

180 II)CX#-DCI 
190 DCY#DC2 

DC Z # OC3 
RETURN 

20Q D C Y # O C 1  
GO T O  220 

230 DCY#-DCl  
220 D C L # D C 2  

D C X # O C 3  
R E T U R N  
END 

S U B R O U T I N E  ALBEDO 

R Q # R A N ( R A I  
DO 20 J # B , N C S  
JCOF#J-1 
I F ( R Q - P O N C S ( J 1  l3093O,ZO 

t ALBEDO FOR L O N G  C Y l I N D R I C A L  DUCT 

20 CONTINUE 
JCOF#NCS 

D C X # D C 2  
D C Y #  1 - 0 C  1 * Y S + D C 3 + Z S  1 / W  
D C Z #  (-DCI *LS-DC3*YSI/W 
R E T U R N  
E N D  

30 C A L L  COSINEJ(DC1,DC2,DC3,JCOF) 
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Subroutine VARUNS, page l22+, i s  also i d e n t i c a l  i n  both machine 

programs. A s  one of i t s  fm-ctions,  i t  accumulates the  q u a n t i t i e s  SUMMNS 

and SUMMSQ f o r  use i n  c a l c u l a t i n g  the  ba tch  var iance f o r  each de tec to r .  

S W S  i s  simply the  sum of t h e  means of a l l  the  batches,while SUMMSQ i s  

the  sum of the squared means of a l l  'ihe batches.  The r o u t i n e ' s  primary 

purpose i s  t o  combine the means and var iances  of two independent batches 

i n t o  a mean and var iance appropr ia te  t o  -the combined batch. The s t a t e -  

ments of t he  subrout ine a r e  r ewr i t t en  below, usiog more conventional 

nomenclature on the  right-hand s ides  of the  equations.  The two batches 

of events  have means 21 and 22 

CT, and c o n s i s t  of n l  and n.2 events.  The r e s u l t a n t  of' the  ca l cu la t ion  

will be a new mean x and a new variance 0- f o r  the  nl I- n2 events.  All 

q u a n t i t i e s  are computed for a p a r t i c u l a r  de t ec to r  numbered NDET. 

2 

X 1  
and var iances  of t h e i r  means u- and 

2 

x2' 
2 

X 

The 

s ta tements  a re :  

- 
Q = xi 

F = n l  

F1 = n l  - I 
G = n2 

G l  = n2 - L 

1 - 
AVE = - 

n2 xi = x2 
i- 1 
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2 

X1 
P = a- 

- 2  R = (X;2 - X) 

- 2  T = (Zi - X) 

SCOR = 0 

SCRSQ = 0 

LASPJO = nl + n2 
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Page 127 i s  a l i s t i n g  of t h e  s i ~ b r o ~ ~ t i n e  OU’IIRJT f o r  both machine 

programs. 

pages 128 and 129. 

variance (ALTVAR) a r e  l i s t e d  along wi th  a percentage s tandard devia t ion  

A sample of t h e  output produced by - th i s  rou t ine  i s  given 011 

Both t h e  s i n g l e  batch var iance (VAB) and the ba tch  

(PV) computed as t h e  squal-e roo t  of VAB divided by t h e  fl-ux, AVERJ, and 

expressed as a percentage.  

Page 130 conta ins  l i s t i n g s  of t h e  subrout ines  PiCnJR (IRM-7C90) 

and PICWW (CE-l6dt) ,which p l o t  t h e  ca l cu la t ed  f luxes  versus  d is tance  

a long  the  duct cen te r  l i n e ,  us ing  t h e  CASKOW p l o t t e r  ai; ORNL’s Computing 

Page 131 contains  l i s t i n g s  of t h e  func t ion  X&V, the  pseudorandom 

number generator ,  i n  i t s  IBM-TQ9O and cnc-1604 vers ions ,  The TIM-7090 

version,  a t  the t o p  of t h e  page, i s  w r i t t e n  i n  t h e  assembly language 

FAP. The s t a r t i n g  o c t a l  random number i s  mul t ip l i ed  by ?I-’( 3432772’t’-1615,), 

The 35 least s i g n i f i c a n t  b i t s  of t h e  product a r c  s to red  f z r  ixse the  

next t h e .  This quai l t i ty  i s  then convertzd to a flon t i n g  poin t  nwn’ne-r 

between 0 and 1 which can be used by the FORTRAN rou i ines .  The ZDC: -1604 

version,  written in t he  assembly language COUAP-1, i s  qu i t e  slrrril.ar i n  

p r i n c i p l e .  Si-nee t h e  C D C - 1 6 d t  has 48 bi-b storage cells rather than 36, 

s l i g h t l y  d i f f e r e n t  numbers are used. The constant  m u l t i p l i e r  i s  5”” 

(1abel.led FIVl9 and equal ’io 42543~~’c3011&75,). 

rou t ines  are descr ibed i n  Appendix 1). 

Tests performed on these  

’&tails of t h e  subrout ines  which a r e  ca l led  t o  do t h i s  p l o t t i n g  
are given by I). K. ‘Yrubey and M. B. h m e t t ,  An Il?M-7O?O Subroutine 
Package f o r  Making Lo a r i - t h i c  and Semilogaritlxni c Graphs Using ._._I_ -_ t he  
C a C o M p  G t t e r ,  O R E ~ ~ T O C C ,  -7- 



12 7 

S U B R O U T I N E  O U T P U T  
W R I T E O U T P U T T A P E 9 ~ 1 2 0 ( S C S O R  

120 F O R M A T ( F 2 0 o 1 , Z B H  P A R T I C L E S  R E - E N T E R E D  S O U R C E )  
WRITEOUTPUTTAPE9,130~SCEND 

W R I T E O U T P U T T A P E 9 , 1 4 0 ~ W S C O R  
130 F O R M A T I F Z O . l r 2 5 H  P A R T I C L E S  T R A V E R S E D  D U C T )  

140 FORMAT[2RX23HEXIT W E I G H T E D  P A K T I C L E S F 2 O . Y )  

150 F O R M A T ( 9 3 H  N O  S C A T T E R I N G S  T O T A L  P A R T I C L E S  L O S T  TO SOU 
W R I T E O U T P U T T A P E 9 * ) 5 0  

I R C E  S C O R E D  K I L L E D )  
W R I T E O U T P U T T A P E 9 ~ l 6 0 , ~ C N S C ( I ) , C N S C ~ I ~ ~ S C N S S ~ I ~ , S C N S O ~ I ~ t S C ~ S ~ ~ I ~ ~  

F O R M A T ( F 1  1 -  I9F24.1, F2O- I tF 18.1 rF2[3- I 1 
W R I T E O U T P U T T A P E 9 ~ I U I  

I I#l,40) 
1 6 C  

1 0 1  F O R M A T ( 1 H I J  

I90 F O R H A T ( 1 I B H  D F T E C T O R  A V E  SCORE V A R I A N C , E  
W R I T E O U T P U T T A P E 9 , 1 9 0  

I N 0  H I T S  SCORE P E R C E N T  S T A N D A R D  D E V I A T I O N  B A T C H  V A R )  
0 0 2 R O N # I ~ N U M D E T  
TOTSCOR#AVERJ(N)*FLOATF(LASNO(N))*CDNS 
PV#SQRTF(VAR(NI)/AVERJ(N)*lflD.U 

200 W R I T E O U T P U T T P P E 9 ~ 2 2 0 o r V A R [ N ) , T O H ( N ~ ~ ~ O T S C O R ~ P ~ ~ A L T V A R ~ N ~  
2 2 0  F O R M A T ( I I O ~ Z F 2 0 ~ 9 , F 1 ~ ~ 1 ~ 3 f 2 D o 9 ~  

R E T U R N  
END 



9 * ,-: 
?. L! 

! I . :-, 
1.3.: 
! 5.L 
17.2 
19..i 
21.; 
23.- 
25.u 
2 7 . :> 

2 9  .L 
31.- 
33.: 
z5.L 
37.: 
3Y .I 
b I .5 
4 .3 . ; 
45.; 
47.; 
49.17 
51.: 
53.:: 
5 5 .  T 
57.L 
5 9 .  : 
6 1  .'3 
6 3 .  .. 
6 5 . 0  
6 < . :  
6 9 .  ; 
T i . ;  

524.C P A R T I C L C S  T R A V E ' I S E C  CLLT 
E X i T  h E I G i - T E C  P A R T i C L E S  

h o  S c A r r E d i N G s  T C T A L  I C L E S  L O S T  
I .2 ' J 4 3 . C  
2.1' 46C.C 
3.i 3 2 c . c  
4. 2 3 3 . c  
5.c l97.C 
6.: 1 4 5 . C  
7.- I i 3.C 

3C.0 
E2.C 
66.:  
17.c 
19.5 
C6.C 
1 I . C  
6 5 . C  
7k.C 
61 .L 
5 V . K  
52.C 
6C.C 
43.0 
3F.C 
1 1 7 . i  
? I  .r: 
E 5 . C  
? C  .c 
53.:  
2e.G 
I !.C 

3.c  
5.c  
3.C 
I .i, 
1 .c 
C. 
C .  
L .  

L. 

C .  
C .  

1 I .E!7657411! 
T C  S C L K C E  
F43.C 
4 t C . C  
224.L-  
23 i .C 
i I 7 . C  
I4C.C 
~3 . r  
26.: 
72.2 

1?V.2  
e 2 . c  
E 2 . C  
C6.C 
52 .2  
3 7 . 1  
4 1 . c  
2E.L  
3 3 . C  
27.c 
32.C 
2i.C 
i 9 .L  
l 7 . C  
1 C . C  
17 .c  

4.c .  
1 .c 
2 . c  
C .  
I .c. 
1 .c 
c .  
C. 
c .  
C. 

c .  
c .  
C .  
E *  

L .  

C. 
I. . 
2.c 
2.c 
5 .c 
5.C 

i 7.c  
14.L 
1 l l . C  

25.c 
3 5 . 1  
3 I . C  
42.c  
49.:  
26.C 
33.c  
5 5 . C  
26.5 
25.;: 
28.C 
23.C 
2 c . c  
5C.C  
4 I . C  
I I .; 

7.C 
14 . c 
2.c 
i .C 
L .  

I . c  
c .  
G. 
L . 
C .  
i. 
i. 

L. 
L. 

i. 

K i L i E C  
C. - -. 
L t  

C. 

c .  
L .  

2 . c  
i. 

c .  
L. 

L. 
Y .  

c .  
E. - 
2 .  

i. 

C. 
c .  
c .  
L. 
C. 
s5.c 
77.c 
4Y.C 
24.C 
1 Z . i  
2.C 
3.; 
3.C 
I .i 
! .c 
i'. 
c .  

c .  
L. 

L .  

i. 
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S U B R O U T I N E  P I C T U R  
C A L L  S E M L C G ( N C Y 1  ITOPY,XZERO,DELTAXs~OINP1AS) 
C A L L  L E T T E R ( O , N W C * T I ~ L [ L E T P A R ) , A S )  
C A L L  L F T T E R ( l r 2 3 s 2 3 H C E N T E R L I ~ E  D I S T A N C E ,  F T S A S )  
CAL I .  L E T T E R ( 2 , 6 8 , 6 8 H N E U T R O N  F L U X  P E R  S O U R C E  N E U T K O N  C U R R E N T  - N E U S  

1 R O N / C M  PER N E U T R O N / C M , A S )  
C A L L  E X P O N ( 2 , 6 8 , 5 2 * 1 H 2 , A S )  
C A L  L 2 , 68 9 58 9 I HZ 9 A 5 1 E X  PQN 
DO i n  JL#I,NUMDET 
R #  4 V E R  J ( JL 1 
S # 2 . 0 * S Q R T F ( V A R I J L I )  
T # R * S  
C A L L  C U R V E [ J L , X P L O P v U , A S )  
U # R - S  
X P L O T # X P D S (  JI. 1 
C A L L  P O I N T ~ X P L O T , R , 4 , 0 . 0 4 , A 5 )  
IF(U)10,10,5 

5 C A L L  P O I N T ( X P L O T , U , S , 0 . 0 2 , A 5 )  
t o  C A L L  P O 1 N T ( x p L o r , P , s , O . n 2 , ~ 5 )  

C A L L  A D V A N C  
R E T U R N  
END 

S U B R O U T  I N E  P l C T U R E  
C A L L  S E M L O G ~ N C Y , I T O P Y , X Z E ~ O , ~ ~ ~ . T A X ~ N ~ I N T , 8 . ~ ~ 6 , 4 5 )  
C A L L  I E P T E R ( O , N H C , T I T L , A S )  
C A L L  LETTER(1,23,23HCENTfRLINE D I S T A N C E ,  F T , A 5 )  
C A L L  L E T T E R ( 2 , 6 8 , 6 S H N E U T R O N  F L U X  PER SOURCE NEUTRON C V R K E N T  - N E U T  

1 RON/CiM P E R  N E U T R O N / C M ,  A 5 1  
C A L L  E X P O N (  2968,  52, I H29 A S )  
C A L L  EXPON(2,68,68,1H2,A5) 
DO ! O  J L # I , N U M D E T  
R I A V E R J  I J L  1 
S # 2 . 0 * S Q R T F I V A R ( J L I )  
T # R + S  
U # R - S  
C A L L  C U R V E ( J L v X P O S ( J L ) r R , A 5 )  
C A L L  P O I ~ T ( J L , X P O S ( J L ) , T , I ~ , ~ . O 4 ~ 9 O . O ~ ~ ~ A 5 )  

5 C A L L  P C I N T ( J L , X P O S ( J L ) , U , J 3 , ~ - ~ ~ t 9 ~ . 0 , ~  , A 5 )  
10 C A L L  P O I N T [ J L , X P O S ( J L ) , R , 4 ~ O ~ ~ ~ , ~ C . U ~ I , A 5 )  

C A L L  A D V A N C E (  A 5  1 
R E T U R N  
E N D  



COUNT 1 3  
E N T R Y  RAN 

L D Q  #0343277244615 
M P Y +  1,4 
S T Q *  194  
C L A  FLOAT 
LLS 27 
FAD F L O A T  
T R A  2r4 

E N D  

RAN S X D  *-2 9 4 

FLOAT O C T  S 700OOUOO200 

I DENT 
E N T R Y  

R a N  S L J  
S T A  
LDA 
A R S  
I N A  
SAU 
LDA 
MU I 7 
S T A  7 
LDQ 
LLS 
FAD 
SLJ 

FIV19 OCT 
LOG1 O C T  
DUMMY 50 

E N D  

R A N  
RAN 

DUMMY 
RAN 
24 
J 
R A N  
F I V l 9  
DUMMY 
DUMMY 
LOG1 
84 
LOG! 
R A N  
04254344301 10475 
0176400000002000 

*+ 



APPENDIX B 

ADDR 

ALTVAlZ 

AVERJ 

BL 

E U  

CNSC 

c om 

DCX 

E Y  

DCZ 

DED:L'S 

P 

IDENTIFICATION OF IMPORTANT SYMBOLS USED 

I N  MACHINE P R O G P M  

A 5 - c e l l  a r r a y  set a s i d e  f o r  t he  p l o t t i n g  rou t ines  ( 6 - c e i 1  

on CDC -1.404). 

Array s e t  a s i d e  f o r  GEOM inpu t  (JOMIN) s torage .  

Variance of t he  o v e r a l l  mean, calcu. la ted using batches of 

p a r t i c l e s .  

To ta l  accumulated score  f o r  each de tec tor ,  divided by the  

izum'cer of  scurce pa r t i e l - e s  (upon output ,  normalized t o  give 

p a r t i c l e  f1.m per partic1.e cu r ren t  leav ing  source plane) . 
Array used by GEOM, conta in ing  a packed word descr ib ing  the 

zone and block l o c a t i o n  of a point,. 

Same as B L ( 1 ) ;  set t o  zero when GEOM i s  ca l l ed .  

Array g iv ing  va lues  of the number of s c a t t e r i n g  used i n  

c a l c u l a t i n g  histograms of p a r t i c l e s  versus  theLr nimber o f  

s c a t t e r i n g s .  

Constant which normalizes scoi-es t o  p a r t i c l e  f lux  pe r  sour::e 

p a r t i c l e  cu r ren t .  

Direc-Lion cosine i n  t h e  x-d i rec t ion .  

Same as E X  f o r  y .  

Same as E X  Por z .  

Weight below which p a r t i c l e s  arc l i i l i ed .  
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DELTAX 

DELW 

DL 

H 

IMDX 

ITOPY 

IliALL 

LASNO 

LETPAR 

U N O  

ML 

NADD 

flBATCH 

PJC s 

Spacing of a b s c i s s a  labels i n  p l o t s .  

Maximum spacing of i n t e r s e c t i o n  p o i n t  from w a l l  p o s i t i o n  t o  

be considered a n  i n t e r s e c t i o n .  

Array f i l l e d  i n  by GEOM, DL(1) conta ins  d i s t ance  from X( I ) ,  

Y ( I ) ,  Z ( I )  t o  nex t  i n t e r s e c t i o n  po in t .  

Height of rec tangular  duct .  

Index used by STATS t o  ca tegor ize  s c a t t e r i n g s  of  p a r t i c l e s  

whichre-entered soiirce (=l), L e f t  the end of duc t  (=2), o r  were 

k i l l e d  ( = 3 ) .  

Exponent o f  10 which i s  maximum ord ina te  value t o  be p l o t t e d .  

Index calci-ilatxd by DIRGE t o  i n d i c a t e  which va l l  a c o l l i s i o n  

occurred on. 

Accimulated number of h i s t o r i e s .  

Parameter ca l cu la t ed  by HOLLER i n  i npu t  and used by LETTER 

i n  PICTUR t o  draw t i t l e  of plot. 

Parameter i n  GEOM. 

Array f i l l e d  by GEOM wit11 medium numbers of i n t e r s e c t i o n  

po in t s .  

Used i n  CDC-1.60)-i. GEOM t o  des igna te  f i r s t  address t o  be lnsed 

for s torage  of GEOM inpii t .  

Number of h i s t o r i e s  accmula t ed  f o r  each h a k h  score t o  be 

used t o  c a l c u l a t e  ba tch  var iance.  

Largest  exponent of cosine of p o l a r  angle t o  be used i n  

albedo d i s t r i b u t i o n  f v m t i o n .  
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NCY 

NIIC 

NHIST 

NOIN'L' 

3s CAY' 

NSKIL'Y 

N W E T  

PONC S 

PSQ 

ITA 

IiELIAX 

X N S K  

SCNSO 

SCNSS 

:;c OF; 

- Nmlbei- of' cycles  on ord ina te  of  p l o t .  

- Number o f  H o l l e r i t h  cha rac t e r s  read i n  by HOLIEH ( t i t l e  of 

p l o t ) .  

- Number of h i s t o r i e s  t o  be run. 

- Number of i n t e r v a l s  on absc i s sa  of p l o t .  

- Nimber of sca t - te r ings  undergone by a p a r t i c l e .  

- Number of s c a t t e r i n g s  above which a p a r t i c l e  i s  k i l l e d .  

- Number of de t ec to r s .  

- Coef f i c i en t s  of' power series (i:n t he  cosine of  the p o l a r  

angle)  which represents  t he  albedo d i s t r i b u t i o n .  

Lnt,egral  value o f  a3.bedo (probabj.l-j.ty of r e -cmse icn  from 

w a l l . )  . 

. .  - 

- Array of  accmula t ed  scores  i n  de t ec to r s  during a his tory- .  

- Octal  random number. 

- Relaxatlon length  for exponent ia l  corner  pene t ra t ion  prob- 

a b i l i t y  . 
- Number of  p a r t i c l e s  t r a v e r s i n g  duct,. 

- Array g iv ing  his'iogram o f  p a r t i c l e s  having undergone a 

n-umber of s c a t t e r i n g s  wi th in  l i m i t s  spec i f i ed  by CNSC. 

- Simi la r  t o  SCNSC f o r  p a r t i c l e s  which w e r e  k i l l e d .  

- Simi lar  t o  SCNSC f o r  pa r t i - c l e s  completely t r ave r s ing  duct .  

- SirnilaT t o  SCNSC f o r  pa r t i . c l e s  re -en ter ing  source.  

- Arl-ay of' accumulaLed d e t e c t o r s c o r e s  ( c l e a r e d  by VAKUNS every 

NEP-TCH h i s t o r i e s ) .  



SCRSQ 

SCSOR 

SIG 

SUMCOF 

SUMMNS 

SUMMsQ 

TITL 

TOH 

VAR 

I"! 

WEC 

I E  c OR 

XDET 

XL 

XP os 

X S  

xw 1 

xw2 

XW7, 

XI4 I 

Array of accumulated squares of de t ec to r  h i t s  (accumulated 

each h i s t o r y  and c leared  every NBATCH h i s t o r i e s ) .  

Number of p a r t i c l e s  which re-entered source. 

S igna l  given GEOM spec i fy ing  whether d i r e c t i o n  cosines  (=l) 

or an end p o i n t  (=O) w a s  ,$iven. 

I n t e g r a l  of power series represent ing  d i f f e r e n t i a l  albedo, 

used t o  renormalize the  series properly.  

Sum of ba tch  means. 

Sum of squares of ba tch  means. 

H o l l e r i t h  a r r a y  f o r  t i t l e  of p l o t .  

Array g iv ing  t o t a l  number of hFts  f o r  each de tec to r .  

Variance of overall mean, for each de tec to r .  

Width of rec tangular  duct ;  a l s o  used as rad ius  of  c y l i n d r i c a l  

duct .  

Weight of p a r t i c l e .  

Sum of  weights of p a r t i c l c s  corriplctely t r a v e r s i n g  duct .  

Array of x-coordinates  of de t ec to r s .  

Array of x-coordinates of in t ,e rsec t ion  p o i n t s  (from GEOM) . 
Array OF cen te r - l i ne  coordinates  of de t ec to r s  (used i n  plottin::). 

X-coordinate of s c a t t e r i n g  poin t .  

X-coordinate of source plane.  

X-coordinate of second l e <  w a l l .  

X-coordinate of second le3 w a l l  (XW3 > XW2). 

X-coordinate of cnd of duct .  
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Smallest  absc i s sa  value used i n  p l o t .  

Array of y-coordinates of de tec tors .  

Array of y-coordinates of i n t e r s e c t i o n  po in t s  ( ca l cu la t ed  by 

GEOM) . 
Y-coordinate of s c a t t e r i n g  po in t .  

Y-coordinates of duct  w a l l s .  

Y-coordinates of duct  walls. 

Y-coordinates of duct  w a l l s .  

Y-coordinates of duct walls. 

Array of z-coordinates of de t ec to r s .  

Array of z-coordinates of  i n t e r s e c t i o n  points ( ca l cu la t ed  by 

GEOM) . 
Z-coordinate of scat ter ing;  po in t .  

Z-coordinates of F l o o r  and roof of  duct.  

Z-coordinates of f l o o r  and roof of duct.  



APPENDIX C 

DESCRIPTIONS OF THE GEOMETRY SUBROUTINES AND INPUTS 

1 
The general-purpose geometry rout ine,  GEOM, i s  a v a i l a b l e  i n  two 

p r i n c i p a l  vers ions .  

FAP and i s  intended f o r  use on t h e  IBM-7090. It vas w r i t t e n  as a general. 

rou t ine  f o r  t r e a t i n g  complex geometries i n  Monte Carlo and o the r  t y p s  of 

ca l cu la t ions .  T'ne o t h e r  vers ion  i s  w r i t t e n  l a r g e l y  i n  the  FORTFWV 

language and was used i n  Uie CDC-l60i-C vers ion  of t he  Albedo Monte Carlo 

machine program. It was w r i t t e n  s p e c i f i c a l l y  f o r  t he  O5R Monte Carlo 

system, b u t  i s  q u i t e  similar i n  use t o  t h e  FRP version.  Only the  rea.- 

t u r e s  of t he  rou t ines  which were used i n  t h i s  s tudy .dl1 be described. 

One vers ion  i s  w r i t t e n  i n  t h e  IBM assembly language 

The b a s i c  purpose of 30 th  rou t ines  i s  t o  Lake any s t r a i g h t - l i n e  

pa th  through t h e  conf igura t ion  and determine t h e  media throufgh .which -it 

passes  arid the  length of the  path segment i n  each medimn. 

The geometry s p e c i f i c a t i o n  i s  q u i t e  general ,  permi t t ing  very 

complex geometries. The e n t i r e  system of i n t e r e s t  must be enclosed i n  

a pa ra l l e l ep iped  whose f aces  are p a r a l l e l  t o  t he  coordinate  planes.  'Chi:; 

system may then be divided i n t o  one o r  more para l le lep ipeds ,  c a l l e d  

"zones," by planes which a r e  p a r a l l e l  t o  t he  coordinate  p lanes  and extend 

completely ac ross  the  system. Simi lar l j j  each zone may be divided, 

'Descriptions of  t h e  use of  GEOM and the  rou t ines  themselves were 
obtained from D. I rving,  Neutron Physics Division, Oak Ridge Nat ional  
Lab ora tory .  



independently, i n t o  smaller  para l le lep ipeds ,  c a l l e d  "blocks" " 

block or  zone boundary may be a medium boundary, i f  desired.  

 ion, medium boundaries may be spec i f i ed  by sur faces  def ined by the 

zeros  of genera l  quadrat ic  funct ions.  

t h e i r  i npu t s  a r e  given l a t e r  i n  this appendix. 

Each 

I n  addi- 

L .  

Two examples of geometries and 

The FAP vers ion  of GEclM w i l l  accept; a pa th  s p e c i f i c a t i o n  e i t h e r  

by t h e  coordinates  of t he  s t a r t i n g  and ending po in t s  of t he  pa th  o r  by 

the  coordina-tes of t h e  s t a r t i n g  p o i n t  and the d i r e c t i o n  cosines  of t he  

path.  It then follows t he  e n t i r e  pa th  ( t o  t h e  system boundary, i f  

d i r e c t i o n  cosines  are given),  f i l l i n g  i n  s i x  a r r ays  which are provided i n  

t h e  main program. 

p o i n t  where the  pa th  changes media, t he  mediim numbers along t h e  path., 

t he  d is tances  between t'ne i n t e r s e c t i o n  poin ts ,  and an  a r r a y  of  packed 

words g iv ing  the block and zone loca t ions  of each poin t .  

GEOM i s  cal-led with the  F ' O R T M  statement 

These a r r ays  W i l l  conta in  t h e  coordinates  of each 

For each pe th  

CALL GEOM(X~,Y~,Z~,X~,Y~, Z~,SIGNAZ,BUON). 

111, Y1, Z1 are t h e  s t a r t i ng -po in t  coordinates .  

Y2, and Z2 are t'lie endpoint coordinates .  If SIGNAL f 0, then X2,  Y2,  

and 22 are the d i r e c t i o n  cosines  of the  pat'n. BIZON, the packed word 

containing the  block and zone of X1, YI, Z1, i s  set  t o  zero i n i t i a l l y  i f '  

it i s  n o t  known. 

If SIGNAL = 0, then X2,  

The FORTRAN vers ion  of  05R-GEOM will only accept  t'ne s ta r t ing  and 

ending po in t s  of a path,  and i t  only follows the  pa th  u n t i l  i t  reaches i t  



boundary where a rned-iwn change occurs.  It  then r e t u r n s  with t'ne co- 

o rd ina te s  of t he  i n t e r s e c t i o n  poin t ,  i t s  medium number, and the  d i s t ance  

t ravel- led.  The roil t ine i s  called by the  sequence:2 

CALL GEOM(MARK, X2, Y2,22, X1, Y l , Z l ,  NMED, N E G ,  R, RUSED, B U O N )  

where MARK s i g n a l s  t he  type of c o l l i s i o n  upon r e t u r n  and 

MARK = 1 

= 0 

= -1 f o r  escape from syst,ein, 

X2,Y2,22 = i n i t i a l l y  endpoint coord ina tes  and upon r e t u r n  give 

t h e  i n t e r s e c t i o n  poin t ,  

X l , Y 1 ,  Z1 = s t a r t i n g  p o i n t  coordinates ,  

for completed f l i g h t ,  

f o r  normal. inediuni boundary crossing,  

PDED = medium number of X1, Y1, Z1 i n i t i a l l y  and medium 

number of X2, Y2, 22 upon re turn ,  

NREG = region3 number of  X2, Y2, 22 (given only g l e n  

MARK = 

R = lengt'n 

RUSED = a c t u a l  

BLZON = packed 

Yl, z1 

2The GEOM used i n  
has  a s l i g h t l y  d i f f e r e n t  

1) , 
of t h e  path given GEOM, 

pa th  l eng th  ( n o t  given if MARK = l), 

word giv ing  block and zone l oca t ions  of X l ,  

upon entry,  and X2, Y2, 22 lipon e x i t .  

t h e  CE-1604 program descr ibed i n  Appendix A 
c a l l i n g  sequence be ing  a l a t e r  FOIIT-~~IW vers ion  

using the  l a b e l l e d  COMMON feature of CDc's ~ o ~ ~ w - 6 2  (see Ref. 9 i n  
Bibl iography) .  

3Region desc r ip t ions  are a f e a t u r e  used i n  O5R which arc n o t  
used i n  t he  albedo Monte Carlo program. 



140 

To o'otain NMED, NING, and BIZON i n i t i a l l y ,  the subrout ine LOOKZ 

must be ca l l ed ,  a s  follows: 

CALL LOOKZ( X1, Y l , Z l ,  NMl3D, NWG, BLZON, I) . 

Spec ia l  input  rou t ines  a r e  contained i n  both GEOM packages which 

read the  necessary geometry input  cards  and, i n  t he  case of t he  FAP 

version,  nerform seve ra l  checks and then p r i n t  ou t  the input  data .  The 

FAP vers ion  inpu i  i s  c a l l e d  by t h e  fol lowing statement:  

CALL JOMIrul .( LISTNO, XL, YL, ZL, DL, ADDR) . 
LISTNO i o  t'ne dimension cf the a r r ays  XL, YL, ZL, DL, ML, and ET,, which 

are used by GEOM t o  s t o r e  the  pa th  desc r ip i ions .  ADDR, as used i n  t h i s  

program, i s  t h e  name of t he  FORTRAN va r i ab le  which sets  a s ide  room i n  

tile COPMON s torage  f o r  geometry input  s torage.  

Tlne FORTRAN GEOM i.nput i s  c a l l e d  by the foll.owing statement:  

CALL J O M I N  ( NADP) , 

where NADD i s  t h e  d i f f e rence  between the  f i r s t  l o c a t i o n  i n  t h e  COMMON 

s torage  and the  f i r s t  loca t ion  which i s  a v a i l a b l e  f o r  geometry input  

s torage .  

Two examples of GEOM i npu t s  w i l l  be given. The f i r s t  w i l l  be a 

three-legged rec tangular  duct  conf igura t ion  conta in ing  54 parallel.epiped 

de tec to r s ,  wr i t t en  i n  tine f r e e - f i e l d  forniat used by the FAP GEOM. 
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The second conf igura t ion  w i l l  be the  same three-legged duct  with no 

de tec to r s ,  using t h e  FORTRAN inpu t  format. 

Figure 54 shows t he  zone conf igura t ion  of a three-legged duc t  

wi.t'n a 3 x 6 f t  c ros s  sec t ion .  

y = -3 and 60 Tt, and z = -3 and 15 f t .  

y = 0, 3, 12, and 15 ft, arid z = 0 and 6 f t .  This  d iv ides  the  system 

i n t o  15 zones shown i n  the  f igure ,  a l l  extending from x = 0 t o  45 f t .  

The duct  system i s  contained i n  zones 7, 8, and 9, shown cross-hatched 

in the  f i g u r e .  T4ie surrounding 12 zones are included t o  ensure t h a t  

po i .n t s  on the duc-t w a l l s  are well i n s i d e  the  system. ( I n  some cases,  

i : f  a s t a r t i n g  point t h a t  i s  s l i g h t l y  outs ide  the  system i s  given t o  GEOM, 

errms w i l l  occur.)  

System boundaries a r e  a t  x = C and '+5 f t ,  

Zone boundaries a r e  loca t ed  a t  

Figure 55 i s  a c ros s  sec t ion  of t he  essent ia l  po r t ions  of zones 

'7, 8, and 9; it, shows t h e  b lock  conf':i.guvaiior! i n  these zones and the  

var ious  inedimi nlunbel's t h a t  a r e  assigped. 

from x = 0.5 t o  'r.5 fi i n  0.5-ft steps. The f i rs t  15 blocks this formed 

are assigned mediun I\JOS. 1. t o  15 f o r  use as de tec to r s .  Note t h a t  t h i s  

forms  a s e t  of 15 de tec to r s ,  each 0.5 f't t n i c k  and. covering the  full 

3 x 6 ft c ross  sec-Lion of t,lie d!ict. The 1.6th block i s  assigned medium 

no. 99, l a b e l l i n g  it as a duc t  wall. Zone e i s  divided i n t o  54 blocks 

iiy p lanes  at i( =: 11.5 and 7.5 ft and, in s t e p s  of 0.5 f t ,  from y =: 3.5 t o  

11.5 1%. 

f ' t  and x > 7.5 f't are a l l  assigned rnedim number 39. Tic 18 bl.ocks 

Zone 7 i s  divided by planes  

The 36 blocks thus fo-med which are loca ted  from x = 0 to 4.5 
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Fig. 54. Zone Configuration of 'Three-Legged Duct 
Geometry. 
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F i g .  55. Block Configuration of Zones 7, 8 ,  and 9 of Three-kgged 
Duct Geometry. 
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between x = 4 - 5  and '7.5 f t  are assigned medium n m b e r s  between 16 and 

33 f o r  use as de tec to r s .  

ning from x = 4.5 t o  1-5 f t  i n  O . 5 - f t  s t eps .  

4.5 f t )  and t h e  l a s t  block ( x  > 1.5 f t )  are assigned mediixn No. 99. The 

blocks between x = 4.5 and x = 15 f t  a r e  ass igned medium numbers from 

34 t o  54. 

reproduced 011 t h e  output  l i s t i n g ,  i s  given on the next  three pages. 

This geometry uses  1085~~ s t o r a s e  loca t ions .  

Zone 9 i s  divided i n t o  blocks by planes r u n -  

The f i r s t  block ( X  = 0 t o  

A l i s t i n g  of the input  cards  f o r  t h i s  geometry, as they a r e  

The second geometry t o  be descr ibed i s  simil-ar except t h a t  no 

de tec to r s  a r e  used. The duct volume i s  ass igned m e d i m  No. 90, i nd ica t ing  

void.  The zone conf igura t ion  i s  t'ne same as t h a t  shown i n  Fig. si+. 
Zone .r has two blocks divided by the  plane x =: 7.5 f t  with the volume 

x < '-(. 5 having medium number 90 and x > '(. 5 having medium number 99. 

Similar ly ,  zone 8 i s  divided i n t o  t'nree blocks by planes a t  x = 4.5 and 

7.5 f t .  These th ree  blocks have m e d i u m  numbers 99, 90, and 99, respec- 

t i v e l y .  Zone 9 i s  a l s o  divid-ed i n t o  th ree  blocks having medium 

nwnbers 99, 90, a.nd 99 by planes a t  x = 4.5 and 15 f t .  

'chis i npu t  i s  given on the I.ast three pages of t h i s  appendix. 

The l i s t i n g  of 



X ZONE B O U N D A R I E S  0945 
Y ZONE B O U N D A R I E S  - 3 9 0 9 3 1  12,15,60 
Z Z O N E  B O U N D A R I E S  -310,6935 
ZONE f r ! 9 l  

B L O C K  1 9 1  e 1  M E D I A  99 
ZONE 1 9 2 r 1  
X B L O C K  0 1 4 5  Y 8 L O C K  0 9 3  Z B L O C K  - 3 9 0  
B L O C K  1 , 1 , 1  M E D I A  99 
ZONE 1 9 3 ~ 1  
X B L O C K  0145 Y 6 L O C K  3912 2 B L O C K  -390 
B L O C K  l r l r l  MEDIA 99 
ZONE Dy4rl 
X B L O C K  0145 Y B L O C K  12915  2 B L O C K  -3,U 
B L O C K  l , l p l  M E D I A  99 
ZONE 1 ~ 5 ~ 1  
X B L O C K  0945 Y B L O C K  15960 Z B L O C K  - 3 r 0  
B L O C K  1 , 8 9 1  M E D I A  99 
ZONE B , I  9 2  

X B L O C K  0145 Y B L O C K  - 3 , O  Z B L O C K  0 1 6  
B L O C K  I ,  1 9 1  M E D I A  99  
L O N E  I 9 2 1 2  
X B L O C K  B O U N D A R I E S  0,2-25r3.75r5.25, 7.5945 
Y B L O C K  B O U N D A R I E S  0 1 3  
Z B L O C K  B O U N D A R I E S  016 
B L O C K  I r i s 1  
M E D I A  9098 

x BLOCK 0,45 Y BLOCK -3,n z BLOCK -J ,O  

S U R F A C E  I 
SECTOR +I 
SECTOR - 3  
B L O C K  2 1 1 ~ 1  
M E D I A  9092  
S U R F A C E  2 
SECTOR + I  
SECTOR - 1  
B L O C K  391  9 1  

M E D I A  9 0 1 3  
S U R F A C E  3 
SECTOR + I  
SECTOR - 1  
B L O C K  4 r l  1 1  
M E D I A  90r4 
S U R F A C E  4 
SECTOR + I  
SECTOR - I  
B L O C K  5 , 1 9 8  
MEDIA 9 9  
L O N E  1 9 3 ~ 2  
X B L O C K  B O U N D A R I E S  0~4e5r 7e5.45 
Y BLOCK B O U N D A K I E S  3 , 4 . 5 , 6 , 7 1 5 r 9 , I O . S r l 2  
2 B L O C K  B O U N D A R I E S  0 9 6  
B L O C K  1 , 1 # 1  

B L O C K  2, f S I  
M E D I A  9 0 ~ 5  

N E D I A  99  

S U R F A C E  5 
SECTOR + I  
SECTOR - I  

M E D I A  99 
B L O C K  3 , 1 9 1  

B L O C K  1 1 2 1 1  
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M E D I A  9 9  
B L O C K  2 r 2 r l  
M E D I A  9 0 9 6  
S U K F A C E  6 
S E C T O R  + I  
S E C T O R  - 1  

M E D I A  9 9  

M E D I A  9 9  

B L O C K  3 . 2 ~ 8  

B1.OCK 1 9 3 ~  I 

B L O C K  2,391 
M E D I A  9 0 9 7  
S U R F A C E  7 
S E C T O R  d-1 

S E C T O R  - I  
B L O C K  3 9 3 9 1  
M E D I A  9 9  
B L O C K  1 1 4 9 1  
M E D I A  9 9  
B L O C K  2 p 4 r J  
M E D I A  9 0 9 8  
S U R F A C E  8 
S E C T O R  + 1  
S E C T O R  - 1  

M E D I A  9 9  

M E D I A  9 9  

B L O C K  3 9 ' 4 9 1  

R L O C K  I r 5 r l  

B L O C K  295.1 
M E D I A  9 0 1 9  
S U R F A C E  9 
S E C T O R  +I 
S E C T O R  - f  

M E D I A  9 9  

M E D I A  9 9  

B L O C K  3 9 5 9 1  

B L O C K  I 9 6 9  I 

B L O C K  2 9 6 9 3  
M E D I A  9 f f , l n  
S U R F A C E  10 
S E C T O R  + I  
S E C T O R  - 1  

M E D I A  9 9  

X B L O C K  B O U N D A R I E S  0,4.5,6.75,8.25~9.75,11.251)2.75,15,~5 

B L O C K  3,691 

Z O N E  1,492 

Y B L O C K  B O U N D A R I E S  12915 
Z B L O C K  B O U N D A R I E S  0 9 6  
B L O C K  1 1 1 9 1  
M E D I A  9 9  
B L O C K  2 1 1 9 1  

M E D I A  9 0 9 1 1  
SURFACE 1 1  
S E C T O R  + I  
S E C T O R  - 3  
B L O C K  3 9 3 9 1  

M E D I A  9 0 9 1 2  
S U R F A C E  1 2  
S E C T O R  +'I 
S E C T O R  - 1  
B L O C K  4, J 9 I 



M E D I A  9 0 9 1 3  
S U R F A C E  13 
S E C T O R  + I  
S E C T O R  - 1  
BLOCK 5 9 1 9 0  
M E D I A  9 0 9 1 4  
S U R F A C E  14  

SECTOR - 1  
S E C T O R  + e  
B L O C K  6,lrl 
M E O I A  9 O , 1 5  
SURFACE 1 5  
SECTOR + I  
S E C T O R  - 1  
B L O C K  79 I , I  
M E D I A  90,16 
S U R F A C E  86 

S E C T O R  - 8  

FLlEDIA 9 9  

X BLOCK 0945  Y B L O C K  1 5 ~ 6 0  L B L O C K  0 9 6  

S E C T O R  + a  
B L O C K  € 3 ~ 1  ? 1 

ZONE 1,592 

B L O C K  1 ~ 1 p 1  M E D I A  99 
ZONE l t ! p 3  

B L O C K  I r l t  I M E D I A  9 9  
L O N E  1 9 2 t 3  
X B L O C K  0945 Y B L O C K  0 9 3  Z B L O C K  6915 
B L O C K  t 9 l r S  M E D I A  9 9  
ZONF 1 , 3 9 3  
X B L O C K  0945 Y B L O C K  3912 Z B L O C K  6 9 1 5  
B L O C K  I , l t l  M F O I A  9 9  
ZONE 1,493 
X B L O C K  0 9 4 5  Y B L O C K  1 2 9 1 5  Z B L O C K  6 9 1 5  
U L O C K  1 9 1  , I  M E D I A  99 
Z O N E  1 9 5 ~ 3  
X BLOCK 0945  Y B L O C K  1SrbO 2 B L O C K  6 r 1 5  
B L O C K  1 t l r l  M E D I A  9 9  
Q U A D R A T I C  FUNCTIONS 1 6 9  

(X-a,SISQ+1Y-I,S)SQ+(Z-3)SQ-o25, 
(X-3)SQ+~Y-l*S)SQ+(Z-3)SQ-.2~, 
( X - 4 - 5 ) S Q + ( Y - J e 5 ) S Q + ( L - 3 f S Q - - 2 5 (  
( X - 6 l S Q + ( Y - 3 - 5 ) S Q + ( L - 3 ) S Q - , 2 5 ,  
IX-6~SQ+IY-3-75)SQ+IZ-~)SQ-.25, 
( X-6 ) SQ+ I Y - 5 -  2 5 1 S Q +  ( 2-3 1 S Q - o  2 5, 
(X-b)SQ+IY-6.75)SQ+IZ-3)SQ-o25, 
(X-6)SQ+IY-B.25)SQ+IL-3)sQ-,25, 
(X-6)SQ+IY-9,75)SQ+(Z-31SQ-,25,  
( X - h l S Q + ( Y - I  Ie25)SQ+(Z-3)SQ-*25, 
(X-6)SQ+(Y-13-51SW+(Z-3)SQ-.ZS, 
( X - 7 - 5 1 5 Q + ( Y - I  3-5)SQ+(Z-31SQ-.25r 
( X - 9 )  SQ* ( Y - l 3 , 5 1  S Q + (  2 - 3 ) S Q - e 2 5 9  

x BLOCK 0,45 Y BLOCK -3 ,0  z H L O C K  6 , 1 5  

( X - 1 0 . 5 1 S Q + ~ Y - J 3 . 5 ) S Q + ( Z - 3 ) S ~ - 0 2 5 ,  

lX-13.5)SQ+(Y-13,5 lSQ+(Z-3)SQ-.25 
( X - 1 2 ) S Q + ( Y - 3 3 * 5 1 S a + ( Z - J ) S Q - . 2 5 r  

E N D  
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APPE;NDIX D 

INDIVIDUAL SUBROUTINE CHECKS 

Two of the  subroutines used i n  t h i s  program a r e  unique t o  Monte 

Carlo type of c a l c u l a t i o n s  because t'ney involve t h e  random-smpling 

technique and the re fo re  n e c e s s i t a t e d  the  ope ra t iona l  checks described 

here.  The two subroutines a r e  t h e  pseudorandom number genera tor  RAN 

and COSJ (or COSINEJ), which s e l e c t s  a s e t  of d i r e c t i o n  cos ines  from 

t h e  des i r ed  d i s t r i b u t i o n .  

Versions of t he  FORTRAN func t ions  RAN f o r  t he  IBM-7090 .and t h e  

A CDC-1604 a r e  similar i n  opera t ion  and a r e  descr ibed i n  Appendix A. 

s t a r t i n g  random number i s  given the  rou t ine .  

m u l t i p l i e s  it by a l a r g e  nimber (515 on t'ne IBM-7090, 519 on the C K -  

1-604). The l e a s t  s i g n i f i c a n t  po r t ion  of' t he  answer i s  r e t a ined  as an 

o c t a l  i n t e g e r  t o  be used t o  generate the next  number and is  also con- 

ve r t ed  t o  a f l o a t i n g  p o i n t  number between 0 and 1 which can 'oe used by 

t h e  FORTRAN rou t ines .  The tes t  program, which was used on each machine, 

p r i n t e d  a l i s t  of' t h e  f i rs t  50 nwnbers and then ran  through a series of  

checks on 10,000 numbers. 

of t e n  boxes each as t o  the value of i t s  first and second d i g i t s .  I n  

o the r  words, t h e  number 0.2563.. . . w a s  scored i n  SCORl(3) and SCOR2(6), 

i n d i c a t i n g  t h a t  i t s  f i r s t  d i g i t  w a s  2 and the  second 5. Four o the r  

q u a n t l t i e s  c a l c u l a t e d  were STJMl, S W ,  SUM3, and SUM4. SUKL w a s  simply 

the  mean of a l l  10,000 numbers, having an expected value of 0.5: 

When ca l l ed ,  t he  func t ion  

Each number was ca tegor ized  i n  two histograms 

15 1. 
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where x i s  a random var i ab le  uniformly d i s t r i b u t e d  between 0 and 1. 

was the  mean of the  squared numbers, which has  t h e  exyected value 

SUM2 

1 
1 E(SUI42) = I x 2  &X = - 3 . 

0 

The qi iant i ty  SUM3 w a s  t h e  mean of the product xy, where x i s  one of  t he  

10,000 random numbers and y i s  another  random number, with the  expected 

value 

0 0  0 

T'ne last  quan t i ty  w a s  t he  mean of t he  product, DlE2, where D1 and I32 a r e  

the f i r s t  and second d i g i t s  of each of the random numbers, with t'ne f o l -  

lowing expected value:  

i= 1 i= 1 

Since D l  and D2 have equal  p robab i l i - t i e s  of a t t a i n i n g  any i n t e g r a l  value 

between 0 and 9, 
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2 

E(SUM4) = [ & ( 0  f 1 f 2 + ... + 9)]  = (4.5)2 = 20.25 . 

The fol lowing t abu la t ion  gives  the  results of the  t e s t  run on -the IBM- 

7090: 

S C O R l  

991. 

1031 

960 

1012 

1003 

1043 

102 5 

976 

975 

984 

SCOR2 

1019 SUMl 0.4979875 

1001 

1034 SUM2 = 0.3304496 

1039 

1010 SUM3 = 0.2483983 

1015 

975 SUM4 = 19.9859 

944 

9 73 

990 

The t abu la t ion  below gives  t h e  corresponding results f o r  the  t e s t  on th.e 

CDC -1604 : 
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S C O R l  

1033 

992 

965 

1005 

99 5 

969 

9 79 

1029 

101.8 

101.5 

SC OR2 

9 72 sw = 0.5017188 

965 

964 

1009 

1.001 

1003 

1032 

1035 

1017 

1002 

sw = 0.3560349 

SUM3 = 0.2510409 

sm4 = 20.5333 

It was concluded from the  above r e s u l t s  t h a t  t he  sequences generated by 

t h e  two rou t ines  are s u f f i c i e n t l y  random f o r  t h e  purposes of a Monte 

Carlo ca l cu la t ion .  

The l i s t i n g  of the  s ih rou t ine  COSJ ( o r  COSINEJ i n  t h e  CE-1604 

program) i s  shown on the  fol lowing page. This rou t ine  s e l e c t s  from a 

p o l a r  angle  d i s t r i b u t i o n  equal  t o  cos 0 by us ing  t h e  l a r g e s t  of J + 1 

random numbers as the  value of cos0. This technique i s  j u s t i f i e d  i n  

J 

the fol lowing paragraphs, f i rs t  by showing t h a t  s e l e c t i o n  may be per -  

formed by tak ing  the J + 1 roo t  of a random number and then by demon- 

s t r a t i n g  the  equiva len t  (and faster) procedure of s e l e c t i n g  t h e  l a r g e s t  

of J + 1 random numbers. 

It i s  given t h a t  a p a r t i c l e  has  a p r o b a b i l i t y  p ropor t iona l  t o  



SUBROUTINE COSJ(DCl~OCZrQC3,J) 
CSTH#O. 
J P # J + I  
00301W1,JP 
R R R A N I R A )  
IF(R-CSTHI3Q,30,20 

20 CSfHftR 
30 CONTINUE 

S l f H # S a R T F ( 1 . 0 - C S T H * C S f H )  
70 F R A N # R A N t R A 1  

S R A N # R A N ( R A I  
F R 2 # F R A N + F R A N  
S R 2 # S R A N + S R A N  
IFII.Q-(FR2+SR21)70r80,80 

80 CSPHI#(FR2-SRZ)/(FRZ+SR21 
S I P H 1 # 2 . 0 * F R A N + S R A N / ( F R 2 + S R 2 1  
I F ( R A N ( R A ) - O L 5 1 9 D , 9 0 , ~ 0 0  

90 SIPHI#-SIPHI 
100 DCI#CSTH 

DC2#SITH+SIPHI 
DC3#SITH*CSPHI 
RETURN 
END 
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cosn@ ds2 of being emit ted i n t o  t h e  s o l i d  angle  element do about 8 .  Since 

dR = 21r s in9  de, Lhe p r o b a b i l i t y  of the p a r t i c l e  being emi t ted  i n t o  de 

about 0 i s  p ropor t iona l  t o  

n n 2n cos 8 s i n e  de = - 2x p dp , 

where p = cose.  If t h i s  p r o b a b i l i t y  i s  normalized so t h a t  t h e  p r o b a b i l i t y  

of  8 'oeing between 0 and ~ / 2  i s  1, i t  becomes 

if g(p) i s  the p r o b a b i l i t y  dens i ty  func t ion  (p .d . f . )  of p and x 

i s  a uniformly d i s t r i b u t e d  v a r i a b l e  ( 0  - -  < x < 1), it i s  des i r ed  t o  find 

a monotonically inc reas ing  func t ion  of  x, p = f ( x ) ,  which will satisj 'y 

g(p). Then, for a s p e c i f i c  value 11 of t h e  random v a r i a b l e  x, 

prob[x < R] = prob[p < f ( R )  1 , 

J 
0 

J 
0 

n+ 1 p = f ( R )  = 



The a l t e r n a t e  technique c o n s i s t s  of t h e  following. It i s  f i r s t  

necessary t o  find t h e  p.d.f. of a randam number Z, which i s  t h e  l a r g e r  

of two random numbers X and Y which have p.d.f. 's f (x)  and g(y) . 
two random numbers X and Y a l s o  have a s soc ia t ed  with them cumulative d i s -  

t r i b u t i o n  func t ions  (c.d.f.) F(x) and G(y )  defined by: 

The 

F(x) = r f ( x ' )  dx' , 
0 

The p r o b a b i l i t y  t h a t  X i s  in fk i s  f ( x )  Ax, and the  p r o b a b i l i t y  that, Y 

i s  smaller than x i s  G(x); therefore  the  p r o b a b i l i t y  of g e t t i n g  X i n  the 

region fk and accept ing  it i s  f ( x )  Ax G ( X ) .  

of' g e t t i n g  Y i n  Ay and accept ing  it i s  g(y) Ay F(y) . 
of om? or t he  o the r  of t h e  two mutually exclus ive  events  i s  the sum of' 

the sepa ra t e  p r o b a b i l i t i e s ;  t he re f  ore 

S imi la r ly ,  t h e  p r o b a b i l i t y  

The p r o b a b i l i t y  

h ( z )  = f ( z )  G ( z )  i- g ( ~ )  F ( z )  . 

The p.d.f. of t h e  l a r g e s t  of n random numbers can be found by induction. 

Let X be  t h e  l a r g e s t  of n - 1 random numbers and assume t h a t  i t s  p .d . f .  

is ( n  - 1) x 

l e t  2 be l a r g e r  than X or Y. 

random nixnbers) i s :  

n -2 , where 0 < x < 1. L e t  Y equal another random number and - -  
Then, t h e  p. d. f .  of Z ( the  l a r g e s t  of n 
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h ( z )  = f ( z )  G ( z )  + g ( Z )  F ( Z )  

= ( n - 1 ) z  n -2 z n -1 + z  

n - l  = n z  

The two techniques are the re fo re  seen t o  be equivalent .  The 

FOR'TMT s ta tements  down through statement 30 i n  subrout ine COSJ pick  

t h e  Largest  of  t h e  J + 1 random numbers. 

angle  i s  determined, the  t r i a n g l e  i s  solved t o  determine tile correspond- 

ing  s ine .  

A f t e r  the  cos ine  of the  p o l a r  

The s e l e c t i o n  of t he  s ine  and cosine of t he  azimul;'rial angle, which 

i s  assumed t o  be uniformly d i s t r ibu ted ,  uses a r e j e c t i o n  technique. A 

p o i n t  i s  se l ec t ed  uniformly from a square with s ides  of u n i t  l ength  by 

s e l e c t i n g  two random numbers which then represent  t he  c o x d i n a t e s  of a 

poin t .  This p o i n t  i s  r e j e c t e d  i f  i t  l i e s  outs ide  an a r c  of  u n i t  l ength  

drawn from one corner  o f  the  square, and another  p o i n t  i s  se lec ted .  This 

r e s u l t s  i n  a series of po in t s  t h a i  are uniformly d i s t r i b u t e d  or? one 

quadrant of? a c i r c l e  o f  u n i t  radius .  This determines an angle  a, d f s -  

t r i b u t e d  uniformly between 0 and fi/2 with 

_l_l s i n a  = 
JR2 + RZ ' 

1 

and 
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where the two random numbers R1 and R2 represent  t he  coordinates  of the 

po in t .  From this t h e  s i n e  and cosine of  2a, an angle d i s t r i b u t e d  uni- 

formly from 0 t o  fi, may be determined from t h e  fol lowing t r igonometr ic  

i d e n t i  ti e s : 

cos 20 = cos2a - sin% 

From t h i s  the  d i s t r i b u t i o n  of an angle between 0 and 2 n  i s  obtained by 

a t t a c h i n g  a random s ign  to s i n e  2a. 

Having obtained the s i n e s  and cosines  of the p o l a r  and azimuthal 

angles  ( e  and @), t h e d i r e c t i o n  cosines  i n  the rec tangular  co- 

o rd ina te  system are ca l cu la t ed  by: 

k? = cos0 z 

R = s i n e  sin@ x 

k? = s ine  cos@. 
Y 

The tes t  rou t ine  f o r  subrout ine COSJ c a l l s  C O S J  t o  generate  a d i r e c t i o n  



16 0 

(COSJ w a s  modified s l i g h t l y  t o  produce the  s ines  and cos ines  of 8 and 0 

for the  use of the  t es t  rout ine  r a t h e r  Ynan the d i r e c t i o n  cos ines ) .  

t e s t  rou t ine  then c a l l s  the  a r c s i n  rout ine  i n  order t o  deterniine the  

azimu-Lhal. ang le  which i s  then sor ted  i n t o  one of t e n  equal  angle  boxes 

running from 0 t o  360 degrees. The cos ine  of  .the p o l a r  angle, 8, i s  

categorized i n t o  a s e t  of t e n  boxes having l i m i t s  

The 

J when a cos 8 d i s t r i b u t i o n  has  been requested.  These are the l i m i t s  which 

should produce a uniform d i s t r i b u t i o n  i n  t'ne boxes. Tests were run wiih 

10,000 t r i e s  f o r  i so t rop ic ,  cosine,  and cosine2 d i s t r i b u t i o n s  (J = 0, 1, 

and 2, r e spec t ive ly ) .  

fol lowing page. 

Resul ts  of the c a l c u l a t i o n s  are tabula ted  on the  
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Is0 t rop ic  
Distr ibut ion 

. 

cos8 Number i n  0 In te rva l  Number i n  
Interval cos@ Interval (deg) @ In te rva l  

0 t o  0.1 
0.1 to 0.2 
0.2 to 0.3 
0.3 t o  0.4 
0.4 to 0.5 
0.5 to 0.6 
0.6 to 0.7 
0.7 to 0.8 
0.8 t o  0.9 
0.9 t o  1.0 

\ 

0 t o  0.3162 
0.3162 t o  0.4472 i 0.4472 t o  0.5477 
0.5477 t o  0.6325 
0.6325 t o  0.7071 
0.7071 t o  0.7746 

Cosine 
D i  s t r i but  i on 

0.7746 to 0.8367 
0.8567 t o  0.8944 
0.8944 t o  0.91~87 

0 t o  0.461+2 

0.G694 t o  0.7368 
0.7368 t o  0.7937 
0.7937 t o  0.8434 

Cosine2 
D i s t r i b u t i o n  

0.8451; to 0.8879 
0.8879 to 0.9283 
0.7283 to 0.9655 

1029 
966 

1022 
1006 
992 
98 5 
9 52 

1023 
1007 
1018 

1005 
985 
1099 
998 

1022 
1009 
978 
974 
9 78 

1012 

1018 
978 

1041 
9 59 
99 3 
io6 7 
9 59 

1022 
996 
9 47 

0 t o  36 
36 to 72 
72 to 108 

108 to 144 
144 t o  180 
180 t o  216 
216 t o  252 
252 t o  288 
288 t o  324 
324 t o  360 

0 t o  36 
36 to 72 
72 to 108 
108 to 144 
l h h  t o  180 
180 t o  216 
216 to 252 
252 t o  288 
288 to 324 
324 t o  360 

0 to 36 
36 t o  72 
72 to 108 

108 t o  144 
144 t o  180 
180 t o  216 
216 to 252 
252 to 288 

321t to 360 
288 t o  324 

96 5 

1023 
986 

1023 
996 
966 
981 

1010 
1009 

1.041 

1001 
1025 
985 
992 

1017 
1000 
1008 
1008 
1026 
9 38 

929 
101~9 
960 
1039 
1020 
955 

1033 
9 72 

1019 
102 4 



APPENDIX E 

CALCULATIONS OF UNCOLIJDED FLUX AND CURRENT 

IN STRAIGHT DUCTS 

The c a l c u l a t i o n  of t he  uncol l ided p a r t i c l e  flux I.n s t r a i g h t  ducts  

w a s  necessary f o r  use with the  analyt ical .  approximation der ived by Simon 

and Clifford. '  

and cu r ren t  a long t'ne cen te r  l i n e s  of bo th  rec tangular  and c y l i n d r i c a l  

duc ts  from a cos ine  cu r ren t  source unifo:rm3.y d i s t r i b u t e d  over t'ne duct  

mouth. 

Equations are given below for t he  uncol l ided p a r t i c l e  f lux  

The assumed geometry f o r  t he  c y l i n d r i c a l  duct i s  shown below. To 

t h e  l e f t  of t he  source pl.ane, space i s  fi-l-led uniformly with sources of 

magnitude such t l na t ( l / d  cos0 p a r t i c l e s  a r r i v e  pe r  un i t  s o l i d  angle  per  

CK? of source area (i.e.,  the  flux i s  i s o t r o p i c  i n  the  l e f t  half-space) .  

The p a r t i c l e  cur ren t ,  t o  t he  right, through the  source plane then i s  

J = case ll d R  = Ti ~ - c o s E J  d(cos0)  = 1 . 
2rr 0 

'Simon and Cli f ford ,  2. G., Eq. 2, p. 48. 

16 2 
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Simi lar ly ,  the  p a r t i c l e  flux a t  the source p lane  due t o  the  source p a r t i -  

c l e s ,  i s  

The cu r ren t  of m c o l l i d e d  p a r t i c l e s  on the duct  cen te r  l i n e  a t  

d i s t ance  R is 

a 

p= 0 

s ince  dA cosB/r;!  i s  the  solid angle  subtended by the  d i f f e r e n t i a l  so ixcc  

area,  as seen from the de tec to r .  

rd r  = pdp, CIA may be expressed as dA = 2flpdp = 2nrdr.  Now, s ince  

cos0 I a/r ,  the in t eg ra l  becomes 

Because r;? = p2 + R2 and the re fo re  

T h i s  expression approaches 1 a t  the  source plane, as it should, and ap- 

proaches a2/J2 f o r  R >> a. 

I n  a similar manner, t he  flux f r o m  the uncol l ided particles i s  
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- dr - -- 
r2 

/a- 
2R 
r 
- 

a 

which a l s o  can be expressed as 

@ ( a )  = 2(1 - , 

-1 R a- I (-0s . Note t h a t  t'nese expressions 
R - -  

Jj2 + a2 
where O s  = t a n  

proper ly  approach the  value 2 a t  the source plane. 

proach a2/a2 f o r  R >> a, as d id  the expression f o r  par-Licle cu r ren t .  

That they do can be shown as follows: 

They a l s o  must ap- 

where 0 [ ] represents  t he  higher  order  terms. Neglecting these,  the 

p a r t i c l e  flux i s  
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a2 

.e2 
E - .  

The expressions f o r  the  uncol l ided flux and cur ren t  from a r e c t -  

angular source are taken from t h e  work by J. H. Hubbell e t  al.,2 which 

allows f o r  t he  angular  d i s t r i b u t i o n  of the  source p a r t i c l e s  t o  be 

expressed as a sum of Legendre polynomials. Since t h i s  case i s  

r e s t r i c t e d  t o  a cosine d i s t r i b u t i o n ,  it i s  only necessary t o  use one 

term t o  descr ibe  the  source, and a n a l y t i c  expressions are ava i l ab le  f o r  

t he  r e s u l t s .  

cu r ren t  a t  a po in t  loca ted  a d is tance  R from the  sur face  and on a l i n e  

normal t o  the  cen te r  of the  sur face  i s  

-- 

For a rec tangular  source of width 2w and he igh t  2h the  

)+ a b  
rc @ ( R )  = - tan-l  

(,/a2 + b2 + L 

2J. H. Hubbell, R. L. Bach, md J. C. Lamkin, "Radiation F ie ld  
from a Rectangular Source," I!BS I_ J o u r n a l  - of Research, 64~, 2 ( A p r i l -  
June 1960). 
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where a = w/.4 and 'D -- h/.4. 

za t ion  t o  a unit p a r t i c l e  cu r ren t  a t  the  source plajne. 

The f a c t o r  II arises from t he  source normali- 

It i s  of' i n t e r e s t  t o  show t h a t a t  l a r g e  d i s t ances  the  rec tangular  

and c i r c u l a r  s o l i x e s  of equal  area produce the same uncol l ided f lux .  

w a s  shown previously,  t h e  uncol l ided f l u x  from a c i r c u l a r  soui-ce of 

rad ius  a approaches (a la)  

As 

2 
as R >> a. 

The flux a t  a poi.nt loca ted  8, d i s t ance  R from the  rec tangular  

soiirce sur face  and on a l i n e  normal t o  the  cen te r  of the sur face  i s  

4 -1 a b  
@ = - t a n  

,/a2 -t- b' + 1 
fl 

4 -1 w h  
= - t a n  - 

TI 12 J- 
a2 R2 R2 

4 -1 w h 
= - t8.n -- 

R ,/$ + h' + R2 
a 

IT 

As R2 >> r 3  + h2, t h i s  becomes 
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For the two expressions to be equal, one of the following condi- 

t ions  must exist: 

a2 = 4wh/n: , 

or 

ztl2 = 4wh . 
Therefore, the source areas must be equal. 



APPEWDIX F 

CALCUMTIONS OF TKI;: THERMAL-TJEUTCRON ALBEDO 

Severa l  methods for c a l c u l a t i n g  i h e  albedo, o r  reflection coef- 

f i c i e n t ,  of thermal neuirons a r e  presented i n  t h i s  appendix i n  approxi- 

mately h i s t o r i c a l  order .  The r e s u l t i n g  va lues  of the albedo f o r  concrete  

1 
compositions used i n  t'ne TSF experiments a r e  a l s o  given. 

Probably t h e  f i r s t  d e f i n i t i v e  c a l c u l a t i o n  of t he  thermal-neutron 

A b r i e f  desc r ip t ion  of Fermi's deriva-  
2 

albedo vas performed by Fermi. 

Lion w i l l  be given. The albedo of a neutron inc iden t  on a slab of th ick-  

ness  a a t  an angle  0 may be w i t t e n  as an i n t e g r a l  of t he  products  of 

the  p r o b a b i l i t y  t'nat the  neutron s u f f e r s  a f i r s i  c o l l i s i o n  a t  a depth 

between x and x t d x  b u t  does n o t  ge t  captured there ,  mul t ip l ied  by the  

probabi l i t ,y  p(x)  t h a t  the neutron, having suffej-ed t h i s  f i r s t  c o l l i s i o n ,  

leaves t'ne s l ab  across  the  f ace  through which i t  eniered.  That i s ,  

where 

N = average nuiliser of free patiis t r ave r sed  by a neutron before  

cap t ui-e 

'V. R. Cain, A Study of 'die _Radiation Sh ie ld ine  Charac t e r i s t i c s  of 
Basic Concrete S t ruc tu res  a t  the  Tower Shie ld ing  F a c i l i t y ,  ORNL-3464 ( 1q33j. --- 

E. Fermi, On the Motion of Neutrons i n  Hydrogenous Sin'hstances, 2 

NP-2385 ( O c t .  22, s5iT -TfEEklatrion from E c e r c a  Sc ien ta  
13, 1936). 

VII-11, 
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b 

1 

= Zt/Za, t h e  r a t i o  of' t o t a l  t o  absorp t ion  c ross  sec t ion ,  

A = mean free p a t h  of a neutron, 

1 a=--- 
A &  ' 

-ax 
p ( x >  = Aeax f B e  . 

The albedo i s  then 

-(x/A case) 
e a x  . N - 1  f 

h cosa 
@(a,@ = - N 

0 

For a = 00,  A = 0 and B = , so that 
& +  1 

and t h e  albedo becomes 

For l a r g e  N, f o r  which&>& cosQ, t h i s  can be approximated as 

1 For t h e  concrete  used i n  t he  TSF experiments, 2 /Z =: 34.6 so 
s a 

t h a t  N = 35.6 and& = 5.97. The Fermi methodfor c a l c u l a t i n g  the albedo 
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then y i e l d s  a value of B(oo,S) = 4,97/(5.97 + 1.732 cose) ,  which v a r i e s  

from 0.645 a'c 8 = 0 to 0.832 at 8 = n/2. 

extremes i s  0.71~. 

The average of t hese  two 

More exac t  c a l c u l a t i o n s  were c a r r j  ed out  by Halpe-m, Lueneburg, 

and Clark3 f o r  t h r e e  d i f fe ren i ;  angular  d i s t r i b u t i o n s  of the inc iden t  

neutrons.  Thei r  formulas, toge iher  with the  va lues  obtained f o r  

N = 35.6, a r e  as follows: 

f o r  normal incidence:  f3 = 1 - **gl c: 0.52, 
J i r i  

f o r  an i s o t r o p i c  d i s t r i b u t i o n :  f3 = 1 - '03' = 0.62, 
J K T i  

f o r  a cosine d i s t r i b u t i o n :  f3 = 1 - 2*48 :r 0.59. 
JF-T-i 

Glasstone and Edlund4 der ived a formula f o r  d i f f u s i o n  theory, 

given below 

1 - 2 D  
p = 1 + 2 K D  ' 

where 

K = 'cne r ec ip roca l  of tkne diffusi-on length,  

30. Halpern, R. Lueneburg, and 0.  C l a r k ,  "On Mul-Liple S c a t t e r i n g  
of Neutrons. " Phys ica l  Review 1'73 (1.938). 

4S. GI-asstorie and M. C. Edlund, - The Elements of Nuclear Reactor 
Theory (Princeton:  D. V a n  Nostrand Co . ,  Inc., l952)T 
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D = t h e  d i f f u s i o n  c o e f f i c i e n t .  

I n s e r t i n g  values of K and D f o r  concre tes  l a  and 3a on pages 94 and 95 

of t h e  Reactor Handbook,’ bo th  concre tes  be ing  s i m i l a r  to t h a t  used i n  

t h e  TSF experiments, r e s u l t s  i n  va lues  f o r  t h e  albedo of 0.74 and 0.75, 

respec t ive ly .  

5E. P. B l i za rd  and L. S. Abbott, eds., Shielding,  Vol. 111, P a r t  
B, Reactor Handbook, 2nd ed. ( N e w  York: In t e r sc i enee  Publ ishers ,  1962). 



APPENDIX G 

DERIVATION OF STATISTICAL FORMLTLAE 

The p r o b a b i l i t y  dens i ty  func t ion  (p.d. f. ) on which t h e  s t a t i s t i c a l  

theory of e r r o r s  i s  o r d i n a r i l y  based i s  c a l l e d  t'ne "normal a i s - t r ibu t ion .  I f  

It i s  an a n a l y t i c  approximation t o  t he  binomial d i s t r i b u t i o n  for a l a r g e  

number of sm-ples and i s  def ined  such t h a t  t he  p r o b a b i l i t y  dP(x) t h a t  

x will l i e  between x and x + dx i s  

where m i s  the  t r u e  value of t he  quan t i ty  whose measured va lues  a r e  xI 

and CJ i s  t h e  s tandard deviat ion,  a measure o f  tile breadth  of Lhe d i s t r i -  

but ion.  There i s  a. 31.7% p r o b a b i l i t y  t h a t  a single measurement of x will 

l i e  outs ide  m f u and a 68.3% probab i l j  t y  t h a t  it w i l l  f a l l  i n s i d e  m - + 0.  - 
The mean value T? of a series of n mea.sinremen'is is an approximation 

t o  t h e  t r u e  value m and i s  given by 

For a genera l  d i s t r i b u t i o n ,  t he  s tandard devia t ion  (S.D.) of a large 

number of observat ions i s  def ined by 

172 
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t h a t  i s ,  the S.D. i s  the square r o o t  of t he  average of the  squared devia- 

t i o n s .  For a large s e r i e s  of n measurements of x, t h e  S.D. i s  def ined 

bY 

n 

i= 1 

The square of t he  S.D., 02, i s  usually called t he  "variance." 

I n  a f i n i t e  s e r i e s  of n observat ions m i s  no t  known. An es t imate  

of the  S.D. can be obtained a6 fol lows.  

def ined as 

The "sample var iance" s2 i s  

I-t can be shown t h a t  t he  expected value of' s2 i s  

and the re fo re  the es t imate  of o2 i s  



It should lie remembered t h a t  t h e  square roo t  of t h i s  var iance  i.s the  S.D. 

of the d t s t r i b u t i o n ,  o r  the S.D. of a s i n g l e  observation, s ince  i t  

rep resen t s  the l i m i t s  wiYnin which 68% of t h e  n observat ions should l i e .  

Theref ore  the pro'on.bil.ity of a sing1.e a d d i t i o n a l  measurement l y i n g  within 

x - + (5 is 68%. 

This  i s  not ,  however, t he  qu.a.ntity which i s  usua l lg  required.  The 

d e s i r e d  quan t i ty  i s  t h e  S.D. of t h e  mean value 0- X such t h a t  t'nere i s  a 

68% pro'oabili ty of a new mean value Z' (obtained from an a d d i t i o n a l  n 

measurement) l y i n g  within X 5 0- X 

T'ne value of this var iance  of t'ne mean can be ca l cu la t ed  by using 

t h e  result from t'ne s t a t i s t i c a l  theory of  e r r o r s  'chat t h e  var iance of a 

sum of independent random v a r i a b l e s  i s  t h e  sum of t h e l r  var iances .  

i s ,  i f  x I x1 + x2, then crx = u 

necessary t o  use the r e s u l t  t h a t  

That, 

2 2 2 + (5 . i n  addi t ion ,  i t  i s  a l s o  
x1 rs 

where va r (x )  represents  t h e  var iance of x and n i s  any cons tan t .  

i s  e a s i l y  proven from t'ne b a s i c  d e f i n i t i o n  of  variance,  t h a t  i s ,  that 

t h e  var iance i s  t'ne expected value of  tk  squarcd de-riations from the 

t r u e  mean: 

This 
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Then, 

2 

v a r ( ’ ) = E { ( E - E )  } 

I - E { ( X  - I I I ) ~ }  
n2 

1 = - var(x) . 
112 

1 
n Now, since Z = - (x1 + x2 + ... + xn), 

n 

For a s i n g l e  ser ies  of n, measu-ernents of the m e w  and v ~ r i a n r i ?  of  the 

mean are obtained by 

- 1  
n i 

i= 1 



n 
1 2 

i= 1 

A more useful  form of the above expression f o r  the  variance f o r  

use on a d i g i t a l  computer can be obtai-ned by expanding the  sqilared term: 

i=1. i= 1 

Combining t e rns  and subs t i tu t ing  t'ne de f in i t i on  of Y i n t o  t'ne above ex- 

pression gives 

The variance of the mean becomes 
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I n  t h e  computer code, t he  var iance  of  t h e  mean i s  ca l cu la t ed  by 

two methods, one by using the  equat ion above, where n represents  t he  

t o t a l  number of' measurements ( c a l l e d  t h e  s i n g l e  ba tch  var iance) ,  and the  

o the r  by d iv id ing  t h e  h i s t o r i e s  i n t o  batches.  

surements are divided i n t o  k batches,  each conta in ing  l? measurements 

( n  = kf?) . 

Suppose tha t  t he  n mea- 

A mean may be ca l cu la t ed  f o r  the j t h  ba tch  by - 

These ba tch  m e a n s  may now be t r e a t e d  as independent measurements. 

before ,  the  var iance  of a s i n g l e  ba tch  mean may be ca l cu la t ed  by 

As  

k 

The var iance  of the o v e r a l l  mean i s  then 

k 

j= 1 

where 
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A formula to combine the variances, u- and u- , of two means zl 
x1 x2 

and ?T,,obtained with nL and n2 measurements, lnto a grand m e a n  T and 

variance LT- will now be derived. The mean of t h e  two batches is 
X 

The variance of 2 is 

( X i  - Y ) 2  
2 1 
6- c 
x (nl + n2)(nl -I- n2 - 

i= 1 

Expanding one of the sims, 

i= 1 i= 1 



since (xi - ~ 1 )  = 0. 

i= 1 

The variance of K now becomes 

c 
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