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ABSTRACT 

A  computer c a l c u l a t i o n a l  system has been developed and assembled 

s p e c i f i c a l l y  f o r  c a l c u l a t i n g  dose r a t e s  i n  AEC p lu ton ium f a b r i c a t i o n  

f a c i l i t i e s .  The system cons i s t s  o f  two c o ~ n u t e r  codes and a l l  nuc lea r  

da ta  necessary f o r  c a l c u l a t i o n  o f  neu t ron  and gamma dose r a t e s  f rom 

p lu ton ium.  The codes i n c l u d e  t h e  mu1 t i g r o u p  ve rs i on  of  t he  B a t t e l l e  

Monte Ca r l o  code f o r  s o l u t i o n  o f  genera l  neu t ron  and gama s h i e l d i n g  

problems and the  PUSHLD code f o r  s o l u t i o n  o f  s h i e l d i n g  problems where 

low energy gamma and x-rays a r e  impor tan t .  The nuc lea r  da ta  cons i s t s  o f  

b u i l t  i n  neut ron and gamma y i e l d s  and spec t ra  f o r  va r ious  p lu ton ium 

compounds, an automat ic  c a l c u l a t i o n  o f  age e f f e c t s  and a1 1  c ross-sec t ions  

commonly used. Experimental  c o r r e l a t i o n s  have been performed t o  v e r i f y  

p o r t i o n s  of the  c a l  c u l  a t i o n a l  system. 
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I n t r o d u c t i o n  

This r e p o r t  describes a p r o j e c t  undertaken t o  s a t i s f y  t he  U. S. 

Atomic Energy Commission's need f o r  a c a l c u l a t i o n a l  system capable of 

p r e d i c t i n g  r a d i a t i o n  dose r a t e s  from plutonium and i t s  daughter products. 

The system as developed can p r e d i c t  dose r a t e s  as a f u n c t i o n  o f  age, mass, 

geometry, i s o t o p i c  composit ion and s h i e l d i n g  con f i gu ra t i on .  The c a l  cu- 

1 a t i o n a l  system was being developed p r i m a r i l y  f o r  use i n  t h e  a n a l y t i c a l  

study, "Combined Plutonium Product ion and Processing Operations." 

However, t he  system a1 so has p o t e n t i a l  f o r  con t i nu ing  appl i c a t i o n  i n  

o ther  AEC a c t i v i t i e s  associated w i t h  plutonium processing. 

An iniportant use o f  a c a l c u l a t i o n  system i s  i n  t he  realm o f  sa fe ty .  

The system can f a c i l i t a t e  the  p r e d i c t i o n  o f  s a f e t y  problenis before they 

occur and can c o n t r i b u t e  t o  b e t t e r  management o f  personnel dose by pre-  

d i c t i n g  changes i n  personnel dose due t o  f a c i l i t y  and processing changes. 

Overal l  , the a n a l y t i c a l  capabi 1 i t y  provided by the  system w i  11 permi t 

the  eva lua t ion  o f  many more opera t iona l  and f a c i  1 i t y  a1 te rna t i ves  than 

were p rev ious l y  poss ib le .  

Some savings i n  exposure o r  d o l l a r s  might  be r e a l i z e d  through use 

o f  t h e  system t o  generate b e t t e r  p red i c t i ons  o f  dose r a t e s  and s h i e l d i n g  

requirements. These p red i c t i ons  would a l l ow  a more p rec i se  determinat ion 

o f  t he  optimum balance between b u i l d i n g  cos ts  and operat ing cos ts  o f  

plutonium processing f a c i l i t i e s .  I n  the  design o f  new and n lodi f ied 

f a c i l i t i e s ,  considerable r e l i a n c e  i s  placed on prev ious experience w i t h  

s i m i l a r  f a c i l  i t i e s  together  w i t h  a1 1 a v a i l a b l e  experimental evidence. 

This conlputer system cou ld  be used t o  augment these design e f f o r t s  by 

p rov id ing  a means o f  i d e n t i f y i n g  p o t e n t i a l  problem areas e a r l y  i n  the 

design stages. Also, experimental evidence can be used t o  v e r i f y  proper 

modeling by the  system and, the  system can then be used t o  perform 

parametr ic  s tud ies  and consider  many more a1 te rna t i ves  than coul d e a s i l y  

be performed experimental l y .  This  advantage app l ies  1 i kewise t o  the  

ana lys is  o f  e x i s t i n g  and poss ib le  a l t e r n a t i v e  operat ions. 



Basical l y ,  the calcul at lonal system includes the computer codes 

and necessary nuclear data needed t o  calculate  dose r a t e s  from the 

fol 1 owing sources : 

1 . Spontaneous f i s s ion  neutrons. 
2. Induced f i  ssion neutrons. 
3. (a,n) neutrons. 
4. Primary gamna rays. 

5. Secondary gamna rays (n ,y) . 
The computational system consis ts  of a general geometry-three- 

dimensional Monte Carlo code, a nuclear data man1 pul at ion code, necessary 

nuclear data 1 i b r a r i e s ,  and a special code developed t o  calculate  pl u- 
toniwn gamna and X-ray dose ra tes  through very thin  shields such a s  gloves. 
The nuclear data include sources and spectra from both f i s s ion  and radio- 
ac t ive  decay f o r  the plutonium isotopes and daughters. Also incl uded a r e  

spectra and yie lds  fo r  (cr,n) reactions and f o r  several pl utonium compounds. 
These include PuF4,  Pu02. PuC. PuBe. and P u ( N O ~ ) ~ .  



Summary and Recommendations 

A computer c a l c u l a t i o n a l  system has been developed and v e r i f i e d  

expe r imen ta l l y  as be ing capable o f  c a l c u l a t i n g  neut ron and gamma dose 

r a t e s  f rom sh ie lded  p lu ton ium sources as a f u n c t i o n  o f  p lu ton ium mass, 

i s o t o p i c  composit ion, and age as a f u n c t i o n  o f  source and s h i e l d  

geometry. The system makes use o f  a  three-dimensional  m u l t i g r o u p  Monte 

C a r l o  code (BMC), a  p o i n t  ke rne l  code s p e c i a l l y  designed f o r  low energy 

gamnas and X-rays through t h i n  s h i e l d s  (PUSHLD) and t h e  r e q u i s i t e  nuc lea r  

da ta .  

Experimental  -ca l  c u l a t i o n a l  s t ud ies  were performed t o  v e r i f y  t he  

neu t ron  and gamma dose r a t e  c a l c u l a t i o n a l  c a p a b i l i t y  o f  t h e  system. These 

s t u d i e s  were reasonably  successfu l  . However, t h e  (n  ,y ) c a l c u l a t i o n  p o r t i o n  

has n o t  been v e r i f i e d  expe r imen ta l l y  except by re fe rence  t o  t h e  work o f  

o the rs  us ing  s im i  1  a r  da ta .  V e r i f i c a t i o n  o f  t h i s  p o r t i o n  should be performed. 

Recent l v  a  disaareement was d iscovered between t h e  qamma dose r a t e s  

t h a t  t h e  PUSHLO(' ) code p r e d i c t s  and what personnel a t  Rocky F l a t s  expect  

f rom hand c a l c u l a t i o n s .  For  a  l a r g e  p lu ton ium meta l  source sh ie lded  by 

a 30 m i l  leaded glove, PUSHLD i n d i c a t e s  a 1 ower p r o p o r t i o n  o f  t h e  t o t a l  

dose due t o  2 4 1 ~ m  than  Rocky F l a t s  ob ta i ns .  The behavior  o f  t he  241h 

dose r a t e  w i t h  t ime i s  t h e  same i n  bo th  cases. Fu r the r  e f f o r t s  should be 

made t o  r e s o l v e  t h e  reasons f o r  t h i s .  

Some a d d i t i o n s  t o  t h e  Monte C a r l o  code which a r e  probably  d e s i r a b l e  

were n o t  added because of l a c k  of t ime and funds.  Th is  i nc l udes  a d i f f u s i o n  

kerne l  f o r  hand l ing  t h e  thermal neutrons, which would reduce computer t ime.  

A1 so, a  more e f f i c i e n t  way o f  hand1 i n g  t h e  c ross-sec t ions  t o  a1 low more 

m a t e r i a l s  t o  be used i n  coupled neutron-gamma c a l c u l a t i o n s  would be u s e f u l .  

There a re  severa l  o t h e r  sma l l e r  a d d i t i o n s  which would add t o  convenience 

i n  u s i n g  t h e  system. 

Also,  t h e  nuc lear  da ta  should be checked and rep laced  as new and 

b e t t e r  da ta  become a v a i l a b l e .  Th i s  i s  e x p e c i a l l y  t r u e  i n  regard  t o  (n, v )  
source da ta  and t o  a  l e s s e r  b u t  s i g n i f i c a n t  e x t e n t  f o r  p r imary  gamma y i e l d s  

and spec t ra .  Perhaps nuc lea r  da ta  f o r  more i so topes  would be d e s i r a b l e  i n  

t h e  f u t u r e ,  too.  



The PUSHLD p o r t i o n  o f  t h e  system i s  a t  t h l s  t ime l i m i t e d  by the  

d i f f e r e n t  types o f  s h i e l d  ma te r ia l s  b u i l t  i n t o  the  code. This i s  due t o  

the  seeming l a c k  o f  data on low energy bu i ldup factors.  Conceivably these 

low energy bu i l dup  f a c t o r s  could be developed a n a l y t i c a l l y .  More s h i e l d i n g  

ma te r ia l s  would add t o  the  f l e x i  b i l  i ty o f  the  PUSHLD code. 

The svstem i s  now operat ional  and a v a i l a b l e  t o  those d e s i r i n q  it. 

A t  present a CYBER 74 vers ion  i s  ava i l ab le .  The code w i l l  be sent  t o  the  

Radiat ion Sh ie ld ing  In format ion  Center a t  Oak Ridge. The components 

a v a i l a b l e  w i t h  t h l s  document inc lude:  

1 . B a t t e l l  e  Monte Car l  o Code 

2 .  PUSHLD Code 

3. Neutron cross-sect ions 

4.  Gamna cross-sect ions 

5 .  Neutron-gamna product ion cross-sect ions 

6. Code t o  combine cross-sect ions i n t o  coup1 ed neutron-gamna 

cross-sect ions 

7.  Sample problem i n p u t  and output  f o r  t he  codes. 



Determin ing t h e  t e c h n i c a l  approach t o  t he  problem o f  c a l c u l a t i n g  

dose r a t e s  i n  p l u ton ium jxocess ing  f a c i l i t i e s  r e q u i r e s  c o n s i d e r a t i o n  of 

t he  types o f  p r o b l e m  expected, t h e  accuracy des i red ,  ease o f  ope ra t i on ,  

and computer t ime  economy. 

Upon exa~i i - inat ion o f  t he  types  o f  problems expected, i t  becomes 

apparent t h a t  a  wide range o f  problem types m i g h t  need s o l u t i o n  i n  t he  

f a c i l i t y .  These range f rom v a u l t s  c o n t a i n i n g  l a r g e  61i10uilts ~f Fu t o  

g l ove  boxes c o n t a i n i n g  r e l a t i v e l y  smal l  amounts o f  Pu o r  a  s e r i e s  o f  

g l ove  boxes c o n t a i n i n g  a v a r i e t y  o f  Pu sources. Other examples o f  

poss ib l e  comp! i cated  geometr ies a r e  d i s s o l v e r  columns and p ipes  c c n t a i n i n g  

s o l u t i o n s .  Dose r a t e s  t o  s p e c i f i c  p a r t s  o f  t h e  body m i g h t  be r e q u i r e d  

such as t o  hands and whole body. I n  many cases a very  s i g n i f i c a n t  

p r o p o r t i o n  o f  t h e  dose r a t e  w i l l  be c o n t r i b u t e d  by source m u l t i p l i c a t i o n  

o f  t h e  neu t rons  and by s c a t t e r  around s h i e l d s .  Very t h i n  s h i e l d s  such as 

g loves must be cons idered  as w e l l  as severa l  f o o t  th icknesses o f  concre te .  

Another requ i rement  i s  t h a t  t h e  system should be usable w i t h  con- 

f idence .  Th is  means t h a t  assumptions t o  be made i n  o rde r  t o  c a l c u l a t e  a 

problem should be kep t  t o  a  reasonable minimum. T r y i n g  t o  o b t a i n  reasonable 

accuracy i n  a  system which r e q u i r e s  gross assumptions as t o  s h i e l d  geometry, 

s c a t t e r ,  o r  mu1 t i p l i c a t i o n  would seem t o  be s e l f - d e f e a t i n g .  I n  such a 

system, t h e  p o s s i b l e  reasons f o r  l a r g e  disagreement w i t h  exper imenta l  

r e s u l t s  o r  exper ience would of n e c e s s i t y  be i 11 -defined. 

From t h e  fo rego ing ,  a  l i s t  o f  requi rements f o r  a  computer code 

system can be developed. F i r s t  o f  a l l  t h e  code system must be a b l e  t o  

c a l c u l a t e  source rnul t i p 1  i c a t i c n  o f  neut rons w i t h  s u f f i c i e n t  accuracy t o  

determine reasonably accura te  neu t ron  dose r a t e s .  T h i s  seems f a i r l y  

obvious s i n c e  i n  many cases t h e  induced f i s s i o n  neut rons can e a s i l y  con- 

t r i b u t e  a mz ja r  share o f  t h e  dose r a t e .  

The n e x t  requ i rement  i s  t h a t  t h e  system be ab le  t o  handle t h r e e  

dimensional  s h i e l d i n g  and source geometr ies.  There a r e  seve ra l  good 

reasons f o r  th 's.  As p o i n t e d  o u t  above t h e  source m u l t i p l i c a t i o n  can be 

an i m p ~ r t a n t  o a r t  o f  t he  dose r a t e  c a l c u l a t i o n .  To a c c u r a t e l y  c a l c u l a t e  



the multiplication fo r  the shapes of sources expected requires tha t  the 
sources be modeled in three dimensions. Such sources include she l l s ,  discs ,  
cyl i'nders and others of various densit ies and dimensions. The mu1 tip1 ication 
effects  would vary greatly among these s izes ,  shapes, and densi t i e s .  

Another reason for  the three dimensional capability i s  that  shield geometry 

i s  often such tha t  there are streaming voids such as glove ports and i t  i s  
often quite important t o  know the amount of scattering around the shields 
from walls, f loors e tc .  This would be d i f f i cu l t  t o  model in less  than 

three dimensions. I f  two dimensions were used, questionable assumptions 
would be necessary and i n  one dimension, gross assumptions would be necessary. 
This should not bz construed as indfcating tha t  one and two dimensional 

codes are not completely adequate for  many problems. However, for  most of 

the s i tuat ions covered i t  i s  preferable to  be able to  model the geometry in 
three dimensions and i t  i s  often necessary i n  order to  obtain accurate 
results.  Therefore, provided other penal t i e s  due to complexi ty and computer 
time are not over-riding, a three dimensionai code i s  the proper choice. 

O f  the types c f  radiation transport codes available,  three were 
seriously considered. These were point kernel, discrete  ordinates, and 

Monte Carlo. Of these codes only Monte Carlo and point kernel codes are  

avai 1 able in practical three dimensional versions. Because of the problem 
of model ing real i s t i c  geometries and cal culating scat ter ing contri buti ons 
with the one and two dimensional discrete  ordinates codes, they were not 
uti ' lized. Also, fo r  some of the types of problems which need to  be solved, 
the computer core area needed for  two-dimensional discrete  ordinate codes 

i s  larger  then tha t  available on many of the widely used computers. 

The point kernel type of code was not chosen for  several reasons. Some 
point kernel codes l ike  QADP5A are available which calculate neutron transport .  
However, there Is probably no practical way to calculate neutron multiplication 
with the code and the code a t  present cannot calculate scattering of neutrons 

from f loors ,  walls, e tc .  around shields.  The code also lacks a methodology 
for  calculating the ( n  ,Y) contrl bution. The code can calculate primary 



gamma t r a n s p o r t ,  b u t  even here ano ther  wav t o  handle  b u i l d u p  f ac to r s  o f  

l amina ted  s h i e l d s  i s  needed such as p resen ted  i n  r e fe rence  2 .  For  

very  low energy gammas and x - rays  s h i e l d e d  by s h i e l d s  such as g loves,  t h e  

bu i  1  dup f a c t o r  and a t t e n u a t i o n  f a c t o r  method01 oyy i s  n o t  adequate. 

The t h r e e  d imens iona l  , genera l  geometry, mu1 t i  group Monte Ca r l  o  ( 3 )  

code was chosen. The code i s  a b l e  t o  r e a l  i s t i c a l  l y  model p r a c t i c a l l y  any 

o f  t h e  problems which w i l l  be encountered. The code can c a l c u l a t e  neu t ron  

t r a n s p o r t ,  p r i m a r y  gamma t r a n s p o r t ,  neu t ron  mu1 ti p l  i c a t i o n  , and secondary 

gamma p r o d u c t i o n  and t r a n s p o r t  i n  a  s i n g l e  c a l c u l a t i o n  f o r  a  p a r t i c u l a r  

problem. The code w i l l  a l s o  c a l c u l a t e  s c a t t e r i n g  o f f  o f  w a l l s ,  f l o o r s  

e t c .  Th i s  t y p e  o f  code i s  capable  o f  do i ng  most o f  t h e  c a l c u l a t i o n s  

necessary f o r  p l u t o n i u m  f a b r i c a t i o n  f a c i  1  i t i e s .  Even so, any cho ice  i s  

a compromi se. 

For  s imp le  problems, t h e  Monte C a r l o  program can be e a s i l y  s e t  up and 

run  t o  produce c a l c u l a t e d  dose r a t e s  i n  reasonably  s h o r t  computer t imes.  

The s e t  up i s  s t r a i g h t  fo rward  and s imp le .  By a  s imp le  ~ r o b l e m  i s  meant a  

source of g i ven  s i z e  and shape s h i e l d e d  by  severa l  s h i e l d s  l e s s  t han  about  

seve ra l  mean f r ee  paths t h i c k  and i n c l u d i n p  source m u l t i ~ l i c a t i o n  and se- 

condary gammas. For  more complex problems t h e  se tup  t ime  i s  l o n g e r  and 

more ted ious  and n o t  so s t r a i g h t  forward.  Even f o r  complex problems, s e t t i n g  

up t h e  geometry, de tec to r s ,  and sources i s  s t r a i g h t  forward,  i f  t ed ious .  

However, f o r  complex problems where s c a t t e r i n g  o f f  o f  w a l l s  i s  impo r tan t  and 

w i t h  t h i c k  s h i e l d s  o f  seve ra l  f e e t  o f  hydrogenous m a t e r i a l ,  computer t imes 

can be u n r e a l i s t i c ,  e s p e c i a l l y  i f  va r i ous  o p t i o n s  a r e  n o t  used c o r r e c t l y .  

These o p t i o n s  a r e  t h e  b i a s i n g  and impor tance we igh t i ng  o p t i o n s  descr ibed  

i n  t h e  code d e s c r i p t i o n  sec t i on .  To some e x t e n t  t h e  p roper  use o f  these 

o p t i o n s  must be determined th rough  exper ience.  

Another  p o s s i b l e  prob lem i n  u s i n g  t h e  Monte C a r l o  code i s  con fus i on  

ove r  i n t e r p r e t a t i o n  o f  t h e  s t a t i s t i c a l  e r r o r s  p r i n t e d  o u t  w i t h  t h e  r e s u l t s .  

These a r e  e r r o r s  f o r  one sigma d e v i a t i o n  f rom t h e  mean. The s i z e  o f  these 

s t a t i s t i c a l  e r r o r s  bears  d i r e c t l y  on t h e  c o m ~ u t e r  r unn ing  t imes s i n c e  they  

a r e  i n d i r e c t l y  p r o p o r t i o n a l  t o  t h e  square r o o t  o f  t h e  number o f  p a r t i c l e s  

f o l l o w e d  by t h e  code. Hence t o  decrease t h e  s t a t i s t i c a l  e r r o r  f rom 10% 

t o  1% would r e q u i r e  an i nc rease  i n  r unn ing  t ime  o f  approx imate ly  i O O .  The 

reascn t h e  code i s  v i a b l e  f o r  p l u ton ium f a c i l i t y  s h i e l d i n g  problems i s  t h a t  



low s t a t i s t i c a l  e r r o r s  a r e  n o t  g e n e r a l l y  needed. Genera l l y ,  we cons ide r  

o u r  , c a l c u l a t i o n s  adequate a t  10% statistical e r r o r .  Depending on t h e  
uses t o  be made o f  t h e  r e s u l t s  o f  t h e  problem, even l a r g e r  s t a t i s t i c a l  

e r r o r s  may be t o l e r a t e d .  I 

Another  code i s  a l s o  p a r t  o f  t h i s  system. The Monte C a r l o  code and 

i t s  assoc ia ted  n u c l e a r  d a t a  f i l e  does n o t  adequate ly  c a l c u l a t e  ve r y  low 

energy gamma and x - ray  t r a n s p o r t  th rough  t h i n  s h i e l d s  such as g loves .  

I ns tead  a  code which was developed under ano ther  AEC program has been 

p rov ided .  T h i s  i s  a  p o i n t  ke rne l  code c a l l e d  PUSHLD" ) developed s p e c i f i -  

c a l  l y  t o  c a l c u l a t e  dose r a t e s  f r om  these  low energ,y photon r a d i a t i o n s .  

B a s i c a l l y  t h e  ma jo r  improvement ove r  p rev ious  p o i n t  ke rne l  codes i s  a  

& r e  p r e c i s e  i n t e r p o l a t i o n  o f  a t t e n u a t i o n  f a c t o r s  and b u i  l dup  f ac to r s  as 

a  f u n c t i o n  o f  energy.  The PUSHLD code i s  l i m i t e d  b o t h  as t o  geometr ies  

a1 lowed and t h e  rlumber. o f  m a t e r i a l s  p rov ided .  T h i s  i s  due t o  t h e  l a c k  

o f  app rop r i a t e  b u i l d u p  and a t t e n t u a t i o n  f a c t o r s  a t  these  l ow  energ ies ,  - .  
approx imate ly  10 kev t o  100 kev. For  r e l a t i v e l y  t h i c k  s h i e l d s  f o r  

which these low energy r a d i a t i o n s  a r e  r e l a t i v e l y  un impor tan t ,  t he  Monte 

C a r l o  code can be used, a1 though PUSHLD i s  n o t  l i m i t e d  t o  t h i n  s h i e l d s .  

The c a l c u l a t i o n a l  system i s  d i s p l a y e d  i n  F i g u r e  1. The components 

above t h e  d o t t e d  l i n e  a r e  used t o  produce c ross - sec t i on  da ta  and a r e  

descr ibed  i n  t h e  f o l l o w i n g  s e c t i o n .  The p o r t i o n  below t h e  l i n e  i s  c a l c u l a -  

t i o n a l  system t o  be re i eased  f o r  a i s t r i b u t i o n .  Tn i s  c o n s i s t s  o f  t h e  

f o l l o w i n g :  

1. B a t t e l  l e  Mu1 ti -Group Monte C a r l c  Code (PNC-MG) 

2.  PUSHLO Code 

3. Neut ron Cross-Sect ions 

4. Gamma Cross-Sect ions 

5. Neutron-Gamma P roduc t i on  Cross-Sect ions 

6. Code t o  Combine Cross Sec t i ons  I n t o  a  Coupled 
Neutron-Gamma Cross-Sect ion 

7. Sample Problem I n p u t  and Outpu t  



Nucl ear Data 

The nuclear  data needed f o r  the  system.consists o f  the  f o l l o w i n g  

items: 

1. Neutron cross-sect ions 

2. Gamma cross-sect ions 

3. Neutron-gamna product ion cross-sect lons 

4. Neutron y i e l d s  and spectra 

5. Gamma y i e l d s  and spectra 

The neutron cross-sect ions a r e  produced from t h e  D L C - ~ D ' ~ )  se t  of 100 

group P8 cross-sect ions based on ENDFB-version I I I data, obtained from the  

Rad ia t ion  Sh ie ld ing  In fo rmat ion  Center (RSIC) a t  t he  Oak Ridge Nat ional  

Laboratory. 

The one dimensional t r a n s p o r t  code ANISN'~) was used t o  co l lapse the  

cross-sect ions down t o  27 groups. The neutron group s t r u c t u r e  i s  shown i n  
. . 

Table 1 and i s  a standard s t r u c t u r e  used a t  PNL and elsewhere f o r  many 

s h i e l d i n g  problems. The P3 legendre expansion representa t ion  was used f o r  

the  cross-sect ions. The ANISN co l lapse was performed over a combination 

p lutonium f i s s i o n  and (a,n) source spectra moderated through a small p l u t o -  

nium source f o r  p lutonium and o ther  source isotopes and through about 

e i g h t  cent imeters o f  hydrogenous s h i e l d  f o r  s h i e l d  isotopes. Experience 

i n d i c a t e s  t h i s  methodology t o  be adequate f o r  t h e  types o f  problems con- 

s idered and the  accuracy necessary. Neutron cross-sect ions a v a i l a b l e  w i t h  

the  system are shown on Table 2. 

The gamma cross-sect ions were obta ined from the  Storm-Israel l i b r a r y  (6) 

obta ined from RSIC and the  code  MUG(^) was used t o  produce mu1 t i g r o u p  P3 

cross-sect ions from t h e  Storm-Israel data. The gamma energy group s t r u c t u r e  

i s  shown i n  Table 3. Th is  group s t r u c t u r e  was obta ined from reference 8 ( 8  

minus t h e  t o p  two groups. The t o p  two groups were n o t  used because t h e  

coupled neutron-gamna cross sect ions use so much computer memory as t o  l i m i t  

s i g n i f i c a n t l y  t he  number o f  m a t e r i a l s  t h a t  can be handled per ca l cu la t i on .  

A1 so the re  are  p r a c t i c a l l y  no gammas produced i n  these two groups by the  

sources considered. Gamma cross-sect ions a v a i l a b l e  w i t h  the  system are  

shown on Tab1 e 4. 



Neu tron-gamma produc t ion  c ross-sec t ions  a re  produced by combining 

neutron gamma y i e l d s  and c ross-sec t ions .  Secondary gamma rays  can be 

produced f rom many neut ron  i n t e r a c t i o n s  i n c l u d i n g  (n,Y), (n,a),  (n,Zn), 

and i n e l a s t i c  s c a t t e r ,  f o r  example. Only those y i e l d s  ob ta inab le  f rom 

t h e  PO POP^(^) 1  i b r a r y  and f o r  which c ross-sec t ions  were r e a d i l y  ob ta inab le  

a re  a v a i l a b l e  i n  t h e  system. Those secondary gamma cross-sec t ions  a v a i l -  

ab le  w i t h  t he  system and the  r e a c t i o n s  inc luded a r e  shown i n  Table 5. The 

secondary gamma y i e l d  and some i n e l a s t i c  gamma produc t ion  c ross-sec t ions  

were ob ta ined  f rom t h e  POPOP4 1  i b r a r y  and the  (n,y) c ross-sec t ions  were 

ob ta ined  f rom GAM-11. 

Essen t i a l  l y ,  t h e  same procedures were f o l l owed  i n  producing t he  ( n  ,y) 

p roduc t ion  c ross-sec t ions  as a r e  descr ibed i n  t he  document CTC-20 (10)  

ava i  lab1 e  f rom R S I C  . Much the  same approximat ions and ques t ionab le  tech-  

niques descr ibed  as such i n  t h e  document a re  used. These i n c l u d e  t h e  use 

of thermal neutron induced (n,v) y i e l d s  f o r  a1 1  neutron energ ies,  spectrum 

we igh t ing  o f  t he  (n,  y) c ross-sec t ions  n o t  p r e c i s e l y  c o n s i s t e n t  w i t h  t he  

we igh t ing  used f o r  t he  neut ron  c ross-sec t ions ,  and some i n e l a s t i c  gamma 

p roduc t i on  c ross-sec t ions  used d i r e c t l y  f rom t h e  POPOP4 l i b r a r y ,  which may 

n o t  have been p r o p e r l y  spectrum weighted f o r  our  purpose. 

A  smal l  code i s  prov ided w i t h  t he  sys te~ i i  t o  combine neutron, gamma and 

neutron-gamma p roduc t i on  c ross-sec t ions  t o  o b t a i n  a  coupled neutron-gamma 

c ross -sec t i on . ( lO )  The s teps f o l l owed  and descr ibed above a r e  shown i n  

F igu re  1. 

A spec ia l  subrou t ine  has been developed t o  au t oma t i ca l  l y  c a l c u l a t e  t h e  

neut ron  and gamma y i e l d s  and spec t ra  f o r  a  g iven  p lu ton ium mass, i s o t o p i c  

composi t ion and age i n  t he  Monte C a r l o  program. The machine s o l u t i o n  t o  

t h e  n u c l i d e  cha in  equat ions i s  based on the  method descr ibed by Vondy i n  

ORNL-TM-361. (11) The decay chains('') a r e  shown i n  F igu re  2 .  

Y ie lds  and spec t ra  f o r  (a1 pha, neutron)  r e a c t i o n s  i n  some common p l  u t o -  

nium compounds a re  a l s o  inc luded.  These compounds a re  Pu02, PuC, PuF4, 

PuBe, and Pu(N03). The sources f o r  t h i s  da ta  c o n s i s t  o f  t h e o r e t i c a l  



c a l c u l a t i o n s  and experimental measurements performed by PNL and o the r  sources 

from the  open 1 i t e r a t u r e .  (I3' 14, 15*  16) Table 6 1 i s t s  t h e  compounds and the  

y i e l d s  a v a i l a b l e  i n  t h e  system. The neutron f i s s i o n  and (a,n) spectra a re  

shown i n  Table 7. The y i e l d s  a re  based on experimental measurements and 

t h e o r e t i c a l  c a l c u l a t i o n s  performed a t  PNL and described i n  BNWL-1259 (13) 

and BNWL-6-109. ( I 4 )  The same standard U-235 f i s s i o n  spectra i s  used f o r  a l l  

i sotopes . 
The PUSHLD code i s  completely separate and has i t s  own s e t  of y i e l d s  

and spectra f o r  gamma sources from plutonium. Th i s  code a l s o  ca l cu la tes  dose 

r a t e s  as a f u n c t i o n  o f  p lutonium mass, geometry and age. A more d e t a i l e d  

d e s c r i p t i o n  o f  t h i s  code i s  found i n  the.document YEDL-TME 73-89. (1 1 

Gamma y i e l d s  and spectra b u i l  t i n t o  t h e  BMC code were taken from PUSHLD. 

The po in tw ise  spec t ra l  data was converted t o  t h e  proper mul t ig roup form. 

Spectral  and y i e l d  data f o r  gamma sources b u i l t  i n t o  t h e  code a r e  g iven i n  

Table 8. 



Calculations and Correlations 

Various calculations have been perfomed with a l l  parts of the system 

in order to ensure that  the various options are operating correctly and 

for  comparison with experimental resul t s .  Most of these cal cul at1 ons were 
performed for  neutron sources, some for  gamma sources and less  for  secon- 

dary neutron-gamma sources. Generally, the results when compared with 
experiments are quite satisfactory for  both neutron and gamma dose from 

plutonium sources. Unfortunately, very l i t t l e  experimental correlation 
has been performed with the neutron-gamma reaction sources except t o  ensure 
t h a t  the option works. The data for the neutron-gamma reaction calculations 

i s  also the weakest portion of the nuclear data bui l t  i n t o  the code. 

The ma jori ty of the calculations performed have concerned neutron 
dose rate calculations. These have included a simple one dimensional 
comparison ca1cu:ation with the one dimensional transport code ANISN and 
w i t h  corresponding experimental results , and the model incj of a f a i r l y  
complex three-dimensional experiment. Also, calculations were performed 

to  ccmpare wS t h  experimental measurements perfomed a t  Rocky Fl a t s  and 
Burl ington for the Division of Operational Safety. Also, calculations 

have been performed on the rrodel of a glove box l ine  in a concrete building 
to evaluate the possible affects of neutron sca t ter  off of walls and floor 
on neutron dose rates.  

The first experirnt?nt consisted o f  a Cf-252 source centered i n  spherical 
she l l s  of polyethylene of varying thicknesses. A t issue equivalent pro- 
portional counter (TEPC) was used to measure the dose ra te  outside of the 

shield shel ls .  Calculations of the problem were performed with both ANISN 
and BMC. Results are shown on Table 9 .  B o t h  sets  of experimental results 
are we1 1 wi thin possible experimental error.  

The next experimental setup i s  shown in Figure 3 .  This consists of 
a glove box in a large concrete floored and  wal led room with removable 

shields of varying thicknesses of polyethylene surrounding the box. Sourc2s 

used included a point Cf-252 source and six cans of PuOq w i t h  the isotopic 

composition shown i n  Table 10. The six cans were stacked in two columns 



p a r a l l e l  t o  the  face o f  the  g love box and centered r e l a t i v e  t o  the face 

as shown i n  Figure 3. Each can contained about 1 kg o f  Pu02 and the t o t a l  

amount consisted o f  5.7 kg. A TEPC was used f o r  the  dose r a t e  measurements. 

A Pu02 source was chosen f o r  i t s  a v a i l a b i l i t y  and h igher  source s t reng th  

which al lowed b e t t e r  measurement accuracy t o  be achieved w i t h  s h o r t e r  

counting times. 

BMC-MG i s  capable of modeling the experimental glove box geometry, 

sources and room geometry i n  d e t a i l .  The source st rengths and y i e l d s  are 
based on data fed i n t o  the code concerning the i s o t o p i c  composition and 

mass. The 1 i m i  t i n g  considerat ions are the nuclear data and how we1 l the 

i s o t o p i c  composition and masses of the sources are known. Sh ie ld  compo- 

s i t i o n  i s  a lso  important  b u t  i s  genera l ly  we l l  known. 

The comparison o f  ca l cu la ted  and experimental r e s u l t s  i s  shown i n  

Tab1 e 11 . The ca l  cu l  ated resu l  t s  are w i  t h i  n nossi b l  e experimental e r ro rs .  

The r e s u l t s  are i n  reasonable agreement. 

Fur ther  ca l cu la t i ons  were performed i n  con j u n c t i o n  w i  t h  experimental 

measurements o f  neutron y i e l d s  and dose ra tes  from r e l a t i v e l y  s imple 

geometry unshielded p lutonium sources a t  R o ~ k y  F l a t s  and Bur l ing ton.  

A Long Counter was used t o  measure neutron y i e l d  and the  TEPC fo r  dose 

rates.  The r e s u l t s  a re  shown i n T a b l e  12. 

'The sources 1 abeled as runs 2, 3, 4 and 5 consisted on ly  o f  Pu metal . 
The sources fo r  runs 6, 7, B-2, B-3, and B-4 cons is ted  o f  a combination of  

f i s s i o n  neutrons and (a,n) neutrons f rom bery l l ium.  The composi t i o n  of 

sources B and 6-1 were assumed t o  cons is t  o f  uranium and p lutonium although 

the  composition was n o t  known very we l l .  

The BKC code was ab le  t o  model the  geometries reasonably accura te ly  

except f o r  run 1 and c a l c u l a t e  the  source y i e l d  reasonably accura te ly  f o r  

those sources cons is t i ng  o f  Pu metal on ly .  This f s  shown i n  Table 12. 

The r e s u l t s  f o r  runs B and B-1 can be expected t o  conta in  e r r o r s  because 

o f  probable inaccura te  bas ic  i n f o r n a t i o n  r e l a t i v e  t o  s ize ,  mass and compo- 

s i t i o n .  

The run 5 source i s  s i m i l a r  i n  shape t o  those o f  runs 6, 7, 6-2, B-3 

and B-4 however the l a t t e r  have a b e r y l l i u m  component which produces (a,n) 

neutrons from the a decay o f  the  plutonium. Since no previous experience 



o r  data was a v a i l a b l e  t o  es t ima te  t he  (a,n) y i e l d  f o r  t he  geometries con- 

s idered,  t h e  t o t a l  y i e l d  c o u l d  n o t  be ca l cu la ted .  However, by assuming 

t h e  f i s s i o n  y i e l d  cou ld  be c a l c u l a t e d  accu ra te l y  as shown by t h e  r e s u l t s  

f rom runs 2  through 5, i t  was p o s s i b l e  t o  es t ima te  t h e  (a,n) y i e l d s  f o r  

t he  severa l  sources. 

By c a l c u l a t i n g  t h e  m u l t i p l i c a t i o n  e f f e c t  o f  neut rons born  i n  t he  

p l u ton ium and those born  i n  t he  b e r y l l i u m  and no rma l i z i ng  t o  t h e  t o t a l  

measured y i e l d ,  t he  (a,n) y i e l d s  shown i n  Table 12 were obta ined.  These 

should prove u s e f u l  f o r  ass ign ing  (a,n) y i e l d s  when s im i  l a r  problems need 

t o  be c a l c u l a t e d  w i t h o u t  t he  a i d  o f  p rev ious  exper iments.  It i s  obvious 

t h a t  t h e  (a,n) y i e l d s  vary  g r e a t l y .  Some o f  t h i s  can be exp la ined  by 

t h e  age of t h e  sources. The sources 6 and 7 were b u t  r e c e n t l y  f ab r i ca ted ,  

B-2 i s  about two years  o l d  and B-3 and B-4 a r e  about t e n  years  o l d .  As- 

sum-ing a  nominal s t a r t i n g  i s o t o p i c  corr~pos i t ion as shown i n  Tab le  13, t h e  

pe r  c e n t  of the  a a c t i v i t y  accounted f o r  by t he  bu i l dup  o f  Am-241 increases 

w i t h  t ime. Th i s  i s  i l l u s t r a t e d  by Tab le  14. The BMC-MG code can c a l c u l a t e  

t h e  b u i l d  i n  o f  Am-241 w i t h  t ime and t h e  e f f e c t  on (a,n) y i e l d s  f o r  t h e  

p lu ton ium compounds l i s t e d  i n  the  nuc lea r  data sec t i on .  For  s p e c i a l  cases 

as above t h e  y i e l d s  would have t o  be added mechan ica l l y .  

Other reasons f o r  the  g r e a t e r  source s t r e n g t h  o f  B-3 and 8-4 can be 

pos tu l a ted .  One p o s s i b l i t y  i s  t h a t  we do n o t  know t h e  i s o t o p i c  composi t ion 

a c c u r a t e l y .  Another poss i  b i  1  i ty i s  t h a t  m e t a l l u r g i c a l  processes have taken 

p l a c e  over  t h e  years  which have e f f e c t i v e l y  inc reased  t he  su r f ace  area where 

t h e  p lu ton ium and b e r y l l i u m  are  i n  con tac t  and thereby  inc reased  the  (a,n) 

source. For ins tance ,  t h i s  m igh t  be caused by t h e  m i g r a t i o n  o f  one m a t e r i a l  

i n t o  t he  o t h e r .  

C a l c u l a t i o n s  were a l s o  performed t o  eva lua te  t h e  p o s s i b l e  e f f e c t  of 

s c a t t e r i n g  o f f  o f  wa l l s ,  f l o o r s ,  e t c .  on dose r a t e s  f rom a  g l ove  box l i n e  

i n  a  concre te  b u i l d i n g .  The g love  box l i n e  i s  shown i n  F igures  4  and 5. 

Po lye thy lene  s h i e l d i n g  was p laced on t he  f r o n t s  o f  t he  boxes on l y .  The 

r e s u l t s  based on c a l c u l a t e d  dose r a t e s  a t  t he  d e t e c t o r  p o i n t s  shown on 

F igu re  5 a re  presented i n  F igure  6. Th i s  shows t h a t  i n  some cases a t  

l e a s t ,  the  e f f e c t  of s c a t t e r e d  neut rons i s  l a r g e .  



Some gamma c a l c u l a t i o n s  have a l s o  been performed w i t h  t h e  BMC code 

and many more w i t h  PUSHLD. As an example t he  experimental  s e t  up shown 

i n  F igure  7 was modeled w i t h  bo th  BMC and PUSHLD. The i s o t o p i c  corr~posi t ion 

i s  shown i n  Table 15 and t h e  p lu ton ium age f rom the  t ime the  i s o t o p i c  

composit ion was determined as 40 months. The r e s u l t s  f o r  a  few sh ie lds ,  

shown i n  Table 16 a re  n o t  as encouraging as t he  neutron r e s u l t s .  However, 

t h e  nuc lear  data such as gamma spec t ra  a r e  now known as w e l l .  A lso,  t h e  

experimental  r e s u l t s  f o r  l e a d  a re  expected t o  be h igh  by 10-20% because 

of over r e a c t i o n  o f  t he  d e t e c t o r  t o  x-rays produced i n  t h e  lead.  

PUSHLD has been t e s t e d  ex tens i ve l y  aga ins t  exper imenta l  data. T h i s  

data i s  a v a i l a b l e  i n  t he  document HEDL-TME 73-89. 

Dose r a t e  c a l c u l a t i o n s  were performed f o r  use i n  t he  a n a l y t i c a l  s tudy 

"Combined Pl  u t o n i  um Product ion and Processing Operat ions"  performed by 

t he  AECOP. These c a l c u l a t i o n s  were f o r  r e l a t i v e l y  simp1 e sources sh ie lded  

by t h i n  s h i e l d s  expected t o  be encountered i n  g love  box f a c i l i t i e s .  The 

sources and sh ie lds  a re  descr ibed i n  Tables 17 and 18. Ca lcu la ted  dose 

r a t e s  a r e  shown i n  Tables 19-22 and t h e  source i s o t o p i c  composit ion o f  t h e  

metal  i n  Table 23. The gamma dose r a t e s  were c a l c u l a t e d  w i t h  PUSHLD and 

the  neut ron  dose r a t e s  w i t h  BMC-MG. 

Recent ly  a  disagreement between our  PUSHLD r e s u l t s  and Rocky F l a t s  

hand c a l c u l a t i o n s  has come t o  ou r  a t t e n t i o n .  Rocky F l a t s  expects a 

l a r g e r  p ropo r t i on  o f  t he  dose r a t e  t o  be due t o  Am-241 than the  PUSHLD 

c a l c u l a t i o n s  p r e d i c t .  The t ime  dependence i s  t h e  same. The r e s u l t s  

p rov ided  t o  AECOP have been adjusted,  as requested, t o  r e f l e c t  t h i s  

d i f f e r e n c e  i n  o rder  t o  ensure conservat ism. The r e s u l t s  accompanying 

t h i s  r e p o r t  have n o t  been ad jus ted .  

Essent i  a1 l y  , t h e r e  a re  no comparisons o f  ( n  ,y) source c a l c u l a t i o n s  

w i t h  experimental  r e s u l t s  . Th i s  p o r t i o n  has been o p e r a t i o n a l l y  t es ted  

however, gene ra l l y  t he  data used a r e  s i m i l a r  t o  t h a t  used by o thers  and 

have t h e  same weaknesses. B a s i c a l l y ,  t he re  i s  a  l a c k  o f  data' needed f o r  

(n,y) c a l c u l a t i o n s  i n  many ins tances .  The need t o  use ( n , ~ )  thermal 

neu t ron  y i e l d s  f o r  f a s t  neutrons i s  one example. 
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Table 1 

Neutron Energy Group S t r u c t u r e  Used by System 

Group 
No. 

1 
2  

3 

4 

5 
6  
7 
8 

9 

10 
1 1  
12 

13 

14 
15 

16 

17 

18 

19 
20 

2 1 
22 
2 3 
2 4 

2 5 
26 

27 

Upper 
Eneray (ev)  

14.620 x l o 6  

12.210 x l o 6  



Tab le  2 

27 Group 

Neutron Cross -Sect ions 

i n  System L i b r a r y  

I so tope 

PU-238 

PU-239 

PU-240 

PU-241 

PU-242 

C r 

N i 

Fe 

P b 

Be-9 

H 

0 

C 

Concrete (ARH-600) 

B-10 

S 1 

C a 

Na 

A1 

C1 

N 

U-235 
U-?28 

L i  -6 

11-7 

F 



Table 3 

Gamma Energy Group Structure Used By System 

No. 
Upper 
Energy (ev) 



T a b l e  4 

16 Group Gamma Cross -Sec t i  ons i n  S,ystem L l  brarv 

ID No. 



Table 5 

Gamma P roduc t i on  Cross-Sect ions 

A v a i l a b l e  i n  System L i b r a r y  



Neutron Y i e l d s  

n/sec gram o f  Pu 
(a,n) y i e l d s  

Isotope 

(a) Estimated from Reference 16. 

1 Spontaneous 
F i ss ion  

( b )  A rough est imate i nd i ca tes  an approximate doubl ing o f  (u,n) y i e l d s  compared 
t o  "O*. 



Table 7 

Neutron Source Spectra B u i l t  I n t o  System 

Group No. 
Spontaneous 

F iss ion  PuBe 
(a,n) 

Pu F4 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.G15 

0.100 

0.198 

0.246 

0.114 

0.094 

0.123 

0.061 

0.046 

0.003 

0.0 

0.0 

0.0 

0.0 

0.6 

0.0 

0.0 

0.0 

0.0 

Spectra 

PuC 

0.0 

0.0 

0.0 

0.0451 

0.169 

0.322 

0.317 

0.146 

0.0006 

0 .o 
0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 



Group 
No. - 
1 

2 

3 

4 

5 
Q 
7 

8 

9 

lo . 
11 

12 

Table 8 

Gama Spectra and Yie lds by Group 

gammas/100 d i s i n teq ra t i ons  

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 

Includes garmas from Po-216 and Rn-220 

Includes garmas from Po-21 2 and TI-208 

Spectra normalized t o  1.0, y i e l d s  i n  BMC-MG equal t o  14.98 MeV/f lssion 
which inc ludes prompt and f i s s i o n  product gammas. 

Read as 8.2 x 

~b-212" )  

0.0 

33.7 

0.24 

SO. 6 

0.16 

0;o 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

F iss ion  
spectra(') 



Table 9 

Rat io  o f  Calculated Kerma t o  Experimental Kenna 

2 5 2 ~ f  Source ~i t h  I 

2" Poly Sphere 

Spher ical  Sh ie ld  

3" Poly Sphere 1 1.000 1 1.016 + 0.012 

4" Poly Sphere 

I 
ANISN 

Table 10 

BMC 

I s o t o p i c  P l  u tonium composi t i o n ( a )  For Source I n  Neutron 

Dose Rate Measurement Experiment 

I so tope  

Pu 236 

Pu 238 

Pu 239 

Pu 240 

Pu 241 

Pu 242 

Am 241 

U 237 

( a )  Plutonium from reprocessed LWR f u e l  



Table 11 

Compari son o f  Cal cu l  a t i ons  To Experimental 

Measurements o f  Neutron Kerma Rate From a Glove Box 

4 Cf-252 P u02 

Thickness Experiment 
. . o f  Polyethy lene \1 Ca lcu la t i on  

\1/ 
E x p e r ~ e n t c a l  cu l  a t i o n  

t. & 
2 inches 0.473 0.528- t  0.002 0.464 0 .466+0 .0015  

4 inches 0.228 0.227 t 0.014 0.192 0.212 t 0.022 

- 4 inches on f r o n t  0.210 0.207 t 0.03 
2 inches on back, 
s ldes and bottom 



L n  Ln m L n U - 3  .. z E O E O  aJ - - 
.h 0 V x X X X X  

U C L C I  a J C ' Q I a l a ( V . d Q I  W L n N *  
- - X W  C C S $Z C C O C J  C C W N P  
8 0  U O O O O .  ~ 0 0 . .  . 

m u - m c  ~ z z z z - ~ ~ z ~ m o  
u 

h h h  

U U U 

E L 
0 aJ 
LC, 
LL c 

W E - n n n  
O L U U  235E 

a - m O m  a m e  
. U U w  0 1 h W O . h m  
W a J L C  - . . . . 
V1uz-7 W C W  - W  h W 

. r a l O O  - - ? - 
e m u ) - ,  



P l  u t o n i  urn I s o t o p i c  Composit ion For  Rocky F l a t s  

and B u r l  i n g t o n  Measurements 

TOTAL 

Tab le  14 

a A c t i v i t y  From Am-241 as a Func t i cn  o f  P lu ton ium 

Age Fo r  P lu ton ium Composit ion o f  Table 13 

P l  u t o n i  urn 
Age, 

years  

,(a) 

Am-241 Can t e n t  , 
wt% 

Percen t  o f  T o t a l  
a Ac t i v i  t y  i i~ t h e  Fu 

Due t o  Am-241 

 he i s o t o p i c  compos i t ion  a t  t ime  zero  i s  assumed t o  be as 
shown i n  Tab le  13.. 



Table 15 

I n 1  t l a l  Pu I s o t o p i c  Composition For 

Gamma Dose Rate Measurements ( a )  

Isotope 

Pu-236 

Pu-238 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

Am-241 

U-237 

( a J ~ e i s u r e m e n t s  were made 4? months a f t e r  t h l s  composi t i o n  was 
exper imental ly  determined. 



Table 16 

Com~ar ison  o f  Experimental  Measurements and Ca l cu la t i ons  

o f  Pu02 Garnna Dose Rates 

S h i e l d  Thickness (cm) Exp . PUSHLD BMC -MG 

S ta i r l l ess  1.35 67 7  9 53 + 4 
S tee l  

S ta i n l ess  2.57 
S t ee  1  



Table 17 

Source Descr ipt ions for AECOP 

Dimensions (cm) 
(Dia x Thickness) 

30.061 x .760 

26.467 x ,346 

26.676 x .I93 

1 
Source 

1 

2 

3 

Shape 

Disc  

D isc  

D isc  



Table 18 

Shielding Cases For AECOP 

Material 1 Thickness ( i n )  I Dose Point 

Steel I 
I 

Steel 
Lead 

Lead GI ove I 

.I225 1 foot from source 

.I225 

.I250 
1 foot from source 

.030 

.I mm Pb Equiv. 
Shield Surface 



Tab le  19 

Composition 

Base P 

P-1 

P-2 

P-3 

P-4 

P-5 

P-6 

Gamma Dose Rate C a l c u l a t l o n a l  Resul ts  For AECOP 

Dose Rate a t  1 Foot 
(mrem/ h r )  

S t a i n l e s s  S t e e l  and Lead (Case No. 2 ,  Tab le  18) 

I Source I (a )  I Source 2 I Source 3 
5 Yr. - 
7.30 

7.27 

7.24 

7.21 

7.17 

7.08 

RA-HI 

RMA-1 

RMA-2, . 

6.85. 7.29 7.68 

6.84 7.28 6.85 

( a )  Source d e s c r i p t i o n  - Table  17 



Table 20 
. - - 

Gamma Dose Rate Calculational Results For AECOP 

Dose Rate A t  1 Foot 
(mremlhr) 

Sta inless  Steel  (Case No. 1 ,  Table 18) 

(aj~ource description - Table 1.7 



Table  21 

Gamma Dose Rate C a l c u l a t i o n a l  R e s u l t s  For AECOP 

Dose Rates 
(Rad/hr)  

Lead Glove (No. 3 S h i e l d ,  Table  1P.) 



Table 22 

Ca lcu la ted  l leutron Dose Rates For AECOP 
(mrem/h r )  

S.F. 
n/sec 

Calc. 
Mu1 t. 
Factor  

1 ;34 

1 . I 7  

Q 1.10 

1.69 

1.24 

1.13 

1.35 

1.16 
- 

T o t a l  
Source 
n/sec 

6.97x105 

2.15x105 

1.14x105 

Dose Rates 

Surfac? Pb Glv a)  

Dose Rates a t  
1 ft; SS and PB(a) 

5.67 3 .06 

1.72 + .01 

.90 + .01 

1 f o o t  
No s h i e l d s  

1.2 (es t . )  

( a ) F o r  source and s h i e l d  descr ip t ions  see Tables 17 and 18.  



Table 23 

Plutonium Metal I s o t o p i c  comPosi t ~ o n s - [ ~ )  

Used f o r  AECOP Ca lcu la t i ons  

Base P 
P-1 

Weight Percent 

P-2 
P-3 
P-4 
P-5 
P-6 

RA-1 
RA-2 
RA-3 
RA-4 
RA- 5 
RA-6 

MA- 1 
MA-2 
MA-3 
MA-4 
MA-5 
MA-6 

RA-HI 

RMA-1 
RMA-2 

Case 

(a )  Rest o f  the  composit ion i s  6 wt% Pu-241 p lus  Pu-239 
needed t o  make 100 wt%. 

Pu 241 Am 241 





Figure 2  

Plutonium I s o t o p i c  Decay Daughters (a)  

236u 238u  OR^ 
2.39 x 1 0 7 y r  4 . 5 1  x 1 0 9 y r  55 .3  sec  

2 1 6 ~ o  
0 . 1 4 5  sec  

2 4 1 ~ u  >99% 241h 21ZPb 21ZBi(c) 6 4 %  21ZpO - L 
1 3 . 2  y r  L 

4 5 8  y r  1 0 . 6 4  h r  6 0 . 0  min 0 . 3 0 4  us 

1 
. 

I J 0 * 0 0 2 3 % .  
1 3 6 %  

* 

2 3 7 u  - 237 

6 . 7 5  d a y  2 .14  2 6  y r  
2 0 8 ~ 1  '08Pb 

3 . 1 0  m i n  S t a b l e  

(a )  From Rf!?.IL-1259 - re fe rence 12. 

( b )  The codes i n c l u d e  pammas from Po-216 and Rn-220 w i t h  t h i s  i so tope.  

( c )  The codes i nc lude  aammas from Po-212 and TI-200 w i t h  t h i s  isotope.  



Figure  3 

View o f  Plutonium Hood i n  Conf igura t ion  Used 

For E x ~ e r i m e n t a l  Neutron Dose Rate Measurements 



F igu re  4 

Glovebox L i n e  As Modeled By the  BMC-MG 

-- - ---  - -- -- 

* Detector  p o i n t  l oca t i ons .  



F igu re  5 

Sec t ion  o f  Glove Box L i n e  

As Modeled By The BMC-MG Code 

T O P  VIEW 

* De tec to r  p o i n t  l o c a t i o n s  



44 

Figure 6 

Relative Neutron Dose Rate Versus Distance 
From Source In A Glovebox Line 

GLOVE BOX ONLY (b) 

- 

GLOVE BOX 0 

DISTANCE FROM SOURCE x 32 INCHES 
(a)  Includes wall and floor scattering. 

( b )  Does n o t  include wall and floor scattering. 



F igu re  7 

Gamma Dose Rate Measurement Experiment 

PuO* 

STYROFOAM 

TLD 
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BMC-MG: The B a t t e l l e  Monte Car lo  Code - M u l t i  Group Vers ion 

D. H. Thomsen, T. M. T raver  and M. G. Zimmerman 

I. INTRODUCTION 

A. PHILOSOPHY AND HISTORY OF THE DEVELOPMENT 

There a r e  many neu t ron ics  problems encountered i n  r e a c t o r  design 

s tud ies ,  s h i e l d i n g ,  dos imetry  s tud ies ,  e t c .  , which can n o t  be adequate1 y 

so lved  us ing t he  p r e s e n t l y  devel oped d i  f f u s i  on and/or t r a n s p o r t  theory  

methods. Moreover, exper imenta l  s o l u t i o n s  t o  c e r t a i n  problems a re  e i t h e r  

n o t  f e a s i b l e  o r  p r a c t i c a l .  The Monte Ca r l o  method i s  a  power fu l  t o o l  

f o r  s o l v i n g  these c lasses o f  problems because i t  prov ides  a  r e l i a b l e  

c a l c u l a t i o n a l  technique w i t h  a  minimum o f  approximat ions. 

The BMC-MG code i s  a  mu l t i g roup  ve rs i on  o f  t he  B a t t e l l e  Monte Ca r l o  

(BMC). As t he  BMC code began be ing  more i n  demand f o r  s h i e l d i n g  use, 

mod i f i ca t i ons  were found des i rab le .  In o rde r  t o  'increase t he  f l e x i  b i  li t v  

f o r  r unn ing  neu t ron  and gamma t r a n s p o r t  c a l c u l a t i o n s  t h e  c ross-sec t ion  

. - 
i n p u t  was conver ted t o  a  mu l t i g roup  format.  A lso,  a  p o i n t  d e t e c t o r  

capab i l  i t , y  was added. Other  op t i ons  have a l so  been added t o  improve 
T 

t he  codes e f f i c i e n c y .  The major  op t i ons  i n c l u d e  new b i a s i n g  and impor- . . 

tance we igh t i ng  procedures. Th is  i s  t he  vers ion  o f  the  code developed * 

f o r  use i n  the  c a l c u l a t i o n a l  system. These changes a re  what make up 

t he  BMC-MG ve rs i on  o f  t he  BMC code. 



€3. GENERAL FEATURES OF THE BMC CODE 

The B a t t e l l e  Monte Ca r l o  Code - Mu l t i g roup  Vers ion (BMC-MG) i s  a  

general  purpose Monte Ca r l o  code and i s  p r i m a r i l y  designed f o r  use i n  

s h i e l d i n g  c a l c u l a t i o n s  and c r i t i c a l i t y  c a l c u l a t i o n s  . 
The neu t ron  f l u x ,  i s o t o p i c  r e a c t i o n  ra tes ,  group-averaged cross 

sec t i ons ,  and leakages a r e  c a l c u l a t e d  i n  three-space dimensions and 

ove r  any energy range. The cross sec t i ons  are i n p u t  i n  e i t h e r  the  ANISN 

o r  the  DTF format .  

The BMC code geometry r o u t i n e s  can handle any regSon which can be 

enclosed by a  s e t  o f  boundaries o f  t h e  genera l  form 

P rov i s i ons  a re  i nc l uded  f o r  seven s p e c i a l  forms o f  t he  above equat lons 

i n c l u d i n g  planes, c y l i n d e r s  and spheres. Also, s p e c i a l  r e g i o n  geometry 

r o u t i n e s  may be used; f o r  example, one f o r  a  r e c t a n g u l a r  l a t t l c e  o f  

c l a d  f u e l  rods has a1 ready been coded. 

S t a t i s t i c s  f o r  t he  values c a l c u l a t e d  a re  ob ta ined  by making a  

s e r i e s  o f  c a l c u l a t i s n s  on equal s i z e d  s e t s  o f  neut ron h i s t o r i e s  c a l l e d  

"batches" and averaging t he  r e s u l t s  f rom each batch. The I n i t i a l  

space-group-angle coord inates f o r  each neu t ron  o f  a  ba tch  are e i t h e r  

p i cked  f rom a  random source d i s t r i b u t i o n  o r  f rom the  f i s s i o n  p a r t i c l e s  

produced by t he  p rev ious  batch. 

Neutron absorp t ion  i s  accounted f o r  by reduc ing  t he  we igh t  o f  t he  

neutrons a t  each c o l  l i s i o n .  When the  we igh t  i s  reduced s u f f i c i e n t l y  t he  

neutrons a r e  te rmina ted  by Russian Rou le t t e .  A s p e c i a l  method o f  t e r m i -  

n a t i o n  i s  a v a i l a b l e  f o r  thermal neut rons;  t h a t  i s ,  o n l y  p a r t  o f  t he  



neutrons en te r i ng  the thermal energy range are fo l lowed.  The r e s u l t s  

are t a l l i e d  i n t o  a  second t a l l y  b lock .  The r e s u l t s  o f  the  second t a l  l v  

s e t  are then m u l t i p l i e d  by the c o r r e c t  r a t i o  and added t o  the complete 

t a l l y  se t .  This method al lows a  c o n t r o l  on the r e l a t i v e  amount of 

t ime spent c a l c u l a t i n g  i n  the thermal range t o  t h a t  spent i n  the 

e p i  thermal range. 

. The r e s u l t s  ca l cu la ted  b.y the  Monte Car lo r o u t i n e  are p r i n t e d  ou t  

by energy group by the  ou tput  rou t i ne .  The values obtained, along w i t h  

t h e i r  standard dev ia t ions ,  are the region-energy f luxes ,  t he  i s o t o p i c  

reac t i on  ra tes  and f 1  ux-averaged cross - s e c t i  ons , c e l l  r e a c t i o n  ra tes ,  

and 1  eakages . 
The BMC-MG code i s  coded i n  FORTRAN (95%) and COMPASS (5%) f o r  use 

on the  CYBER 74 computer system. Compati b l  e  cross-sect ion 1  i b r a r i e s  

f o r  neutron, gamma, and combined neutron-gamma cross sec t i on  sets a re  

a v a l l a b l  e. 

C.  THE BMC CODE PACKAGE 

The BMC code i s  made up o f  th ree  segments o r  over lays comprised 

of the i n p u t  rou t ines ,  t h e  Monte Car lo rou t ines  and the  output  rou t ines .  

The i n p u t  rou t ines  use card i n p u t  and the  CCT l i b r a r y  tape t o  prepare 

the  data needed by the Monte Car lo  and output  rou t ines .  The Monte 

CaPlo rou t ines  are  then loaded and the Monte Car lo  c a l c u l a t i o n  performed. 

The output  rou t i nes  are then used t o  process and p r i n t ,  the Monte 
I 

Car lo  output .  S t a t i s t i c s  are a l so  ca l cu la ted  f o r  t he  var ious ou tput  

va l  ues . , 
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Section I 1  o f  the  r e p o r t  describes the theor ies and techniques which 

are used i n  the Monte Car lo ca l cu la t i on .  I n  Sect ion 111, some o f  the  major 

Monte Car lo rou t ines  are described. The output  rout ines,  and the  problem 

i n p u t  are discussed i n  f o l l o w i n g  sect ions.  

11. THE BMC MONTE CARL0 ROUTINES 

A f low diagram i s  shown i n  Figure 2 which describes the sequence o f  

events i n  f o l l o w i n g  the h i s t o r i e s  o f  a  "batch" o f  neutrons. This i s  the 

path fo l lowed i f  importance weight ing i s  n o t  being used. The BMC code uses 

a  beam type ins tead o f  a  p a r t i c l e  type Monte Car lo technique. It s t a r t s  

each t r a c t  w i t h  a  beam. Car r ied  along w i t h  t h e  beam i s  one o r  more neutrons. 

The beam i s  used f o r  t a l l y i n g  the f l u x ,  leakage, and p o i n t  de tec tor  reac t ion  

rates.  The neutrons are  used f o r  producing c o l l i s o n s .  The beam s t rength  

i s  reduced by the negat ive exponential  of the  mean f r e e  path t rave led be- 

tween each boundary. A beam i s  fo l lowed u n t i l  a l l  o f  the  neutrons have 

e i t h e r  c o l l i d e d  o r  leaked. I t  can then be terminated e i t h e r  by leakage o r  

by Russian Roulette. 

A neutron beam i s  obtained by subrout ine GETN. The neutron i s  then l o -  

cated and the d is tance t o  the next  boundary i s  ca lcu la ted by subrout ine 

LQCPRT which a lso  suppl i es  the ma te r ia l  and t a l l y  region numbers. Subroutine 

MFPTH obta ins the mean f r e e  path f o r  t h i s  materi  a1 . The d is tance- to-co l l  i s  i o n  

i s  compared t o  the  number o f  mean f r e e  paths t o  the boundary. I f  a c o l l i s i o n  

occurs, subrout ine CQLLSN i s  c a l l e d  t o  perform the col  1  i s  i on  mechanics. 

CQLLSN checks t o  see i f  a  f i s s i o n  occurred and stores the  f i s s i o n  neutrons 

i n  the f i s s i o n  bank. It uses the p r o b a b i l i t y  o f  nonabsorption t o  determine 

i f  a  new scat te red neutron w i l l  be produced. It then deternrines the 
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FIGURE 2 

GENERAL FLOW DIAGRAM OF THE MONTE CARL0 CODE 

FOR NEUTRONS. IMPORTANCE WEIGHTING NOT BEING USED. 
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s c a t t e r i n g  n u c l i d e  and s c a t t e r i n g  event .  A  new d i r e c t i o n  and energy grouo 

a re  c a l c u l a t e d  and t h e  s c a t t e r e d  neut rons a re  s t o r e d  i n  born s torage.  

Subrout ine FXTLY i s  c a l l e d  t o  t a l l y  t h e  f l u x ,  leakaae, and resonance 

t a l l i e s .  'The beam s t r e n g t h  i s  ad jus ted  f o r  the  d is tance  t r a v e l e d  i n  the  

reg ion  and t e s t e d  t o  determine i f  i t  should be f o l l owed  i n t o  the  n e x t  

reg ion .  The beam i s  then advanced t o  t he  n e x t  boundarv where i t  crosses 

' *  

- % i n t o  t he  n e x t  r e g i o n  o r  i s  r e f l e c t e d .  Subrout ine LQCPRT i s  c a l l e d  aga i r  

and the  process i s  repeated. Note t h a t  each beam i s  f o l l owed  u n t i l  i t  i s  

te rmina ted  by leakage o r  by Russian Rou le t te .  

The f l o w  o f  the  c a l c u l a t i o n  i s  a1 t e r e d  s l i g h t l y  i f  reg ion  and energy 

importance we igh t i ng  i s  be ing  used. The main d i f f e r e n c e  i s  t h a t  the  c a l -  

c u l a t i o n - o f - d i s t a n c e  t o  c o l l i s i o n  i s  made a f t e r  the mean f r e e  pa th  i s  ob- 

t a i n e d  and must be made again i n  each reg ion .  

A. TREATMENT OF NELITRGH ABSORPTION 

Neutron absorp t ion  i s  accounted f o r  by reduc ing  t h e  we igh t  of a  neut ron 

by the  absorp t ion  p r o b a b i l i t y  a t  each c o l l i s i o n .  The reduc t i on  i s  done bv 

mu1 t i p l y i n g  t he  we igh t  be fo re  t he  c o l l  i s i o n  by t h e  non-absorpt ion pro-  

b a b i l i  t y  (Pna) f o r  the  c o l l i s i o n .  Th i s  process can be w r i t t e n  as W t '  = W t  x  

Pna. 'The nonabsorpt ion p r o b a b i l i t y  can be de f i ned  as t he  t o t a l  s c a t t e r i n g  

neu t ron  p roduc t i on  d i v i d e d  by the  t o t a l  c ross s e c t i o n  o r  

- 
I t i s  seen t h a t  no n ia t te r  how many c o l l i s i o n s  t h e  neu t ron  suf fers ,  

a 

t he  we igh t  w i l l  never become zero. There tias t o  be some way o f  k i l l i n g  the  

neutrons w i t h  low we igh t  w h i l e  conserv ing t he  t o t a l  neut ron weight .  



Te rm ina t i ng  t he  Neutron H i s t o r y  

Severa l  obvious ways of  t e r m i n a t i n g  a  neut ron h i s t o r y  a re :  l e t  i t  

escape, l e t  i t  s low down p a s t  a  lower  c u t - o f f  energv, o r  t o  k i l l  i t  when 

t h e  we igh t  i s  reduced below a  c e r t a i n  minimum. The second method works 

f i n e  f o r  c a l c u l a t i o n s  o f  nonthermal parameters. The l a s t  method works 

f o r  some problems b u t  i t  does n o t  conserve t he  t o t a l  neu t ron  absorp t ion .  

The BMC code can use any o f  t he  above t h r e e  methods t o  k i l l  a  neu t ron  

o r  i t  can use two o t h e r  methods which a re  designed t o  s t a t i s t i c a l l y  con- 

se rve  t he  abso rp t i on .  The two o t h e r  methods a re  Russian Rou le t t e  and "we igh t  

r a t i o i n g " .  

Russian Rou le t t e .  Russian Rou le t t e ,  as t h e  name i m p l i e s ,  uses chance 

t o  determine i f  a  neu t ron  su rv i ves .  Given a  minimum we igh t  ('tamin) and a  

s u r v i v a l  we igh t  (Wt s ) ,  Russian R o u l e t t e  i s  performed by p i c k i n g  a  random 

number ( 5 )  between 0  and 1  and i f  t h e  r a t i o  o f  the  neu t ron  we igh t  t o  t h e  

s u r v i v a l  we igh t  i s  g r e a t e r  than t he  random number, then t he  neu t ron  i s  g i ven  

t he  s u r v i v a l  we igh t .  Russian R o u l e t t e  i s  o n l y  p layed  i f  the  we igh t  has 

been reduced below t h e  ~ninimum we igh t .  Th i s  can be w r i t t e n  as 

W t i f  W t  < Wtmin and i f  5 + - then s e t  W t  = W t s  
ts 

W t b u t  if 5 > - then s e t  W t  = 0  and k i l l  t h e  neut ron.  On t he  average 
ts 

w i t h  a  1  arge number o f  samples, t he  we igh t  w i  11 be preserved by t h i s  method. 

The RBU Monte C a r l o  code and some o t h e r  codes do n o t  use t h e  we igh t  

r e d u c t i o n  method t o  account f o r  absorp t ion ;  i n s t e a d  they  sample a  random 

number a g a i n s t  t h e  nonabsorpt ion p r o b a b i l i t y  a t  each c o l l i s i o n .  Th i s  i s  t h e  

same as s e t t i n g  Wtmin  and Ats bo th  equal  t o  u n i t y .  



P a r t i c l e  S p l i t t i n g .  A va lue  W t m a x  may a l so  be i n p u t .  If t h e  p a r t i c l e  

has a  we igh t  g r e a t e r  than Itmax then t he  p a r t i c l e  i s  s p l i t  i n t o  severa l  

p a r t i c l e s  u s i n g  t h e  equa t ion  N = f W t / W t m a x  + 53 where 5 i s  a  random number 
P  

and 3 i s  t h e  g r e a t e s t  i n t e r g e r .  

Weight Ra t i o i ng .  For  ve ry  thermal  systems, i t  may take  a  ve ry  l a r g e  

number o f  c o l l i s i o n s  t o  k i l l  neut rons by us i ng  Russian Rou le t te .  Th i s  i s  

because t h e  we igh t  r e d u c t i o n  a t  each c o l l i s i o n  i s  ve ry  smal l  (Pna = 1 ) .  

Often t h i s  r e s u l t s  i n  o b t a i n i n g  answers concern ing thermal  parameters 

which a r e  s t a t i s t i c a l l y  ver.y accura te  w h i l e  the  accuracy o f  t h e  e ~ i  thermal 

parameters i s  ve r y  poor.  A method c a l l e d  "we igh t  r a t i o i n g "  was dev ised t o  

a l l o w  c o n t r o l  o f  t h e  t ime  spen t  i n  t h e  thermal compared t o  t h e  e p i  thermal 

c a l c u l a t i o n s .  

Weight r a t i o i n g  uses two f l u x  t a l l y  s e t s :  one t a l l y  s e t  f o r  neut rons 

s l ow ing  down and one f o r  neut rons which have been slowed down p a s t  an e n t r v  

energy (Eth). The neut rons reach ing  t h e  thermal  t a l l y  range (second t a l  l v  

s e t )  can have t h e i r  energy inc reased  above Eth b u t  t h e  r e s u l t s  a re  s t i l l  

t a l l i e d  i n t o  t h e  thermal  t a l l y  s e t .  

The way we igh t  r a t i o i n g  works i s  t o  t a l l y  t h e  r e s u l t s  o f  a neu t ron  

h i s t o r y  i n t o  t a l l y  s e t  1  u n t i l  i t  i s  s lowed down i n t o  t he  energy group Eth. 

Russian R o u l e t t e  i s  then  p l ayed  w i t h  each neu t ron  so t h a t  Rth neut rons 

e n t e r i n g  t h e  thermal t a l l y  s e t  a r e  r e j e c t e d  f o r  each one e n t e r i n g  t h e  

thermal t a l l y  range. The ones which s u r v i v e  a r e  f o l l o w e d  and t h e  r e s u l t s  

t a l l i e d  i n t o  a  second t a l l y  s e t .  The f i n a l  t a l l i e s  a r e  t h e  sums of t h e  

values from t h e  f i r s t  t a l l y  s e t  p l u s  t h e  values from t h e  second t a l l y  s e t  

t imes a  we igh t ing .  Th i s  r a t i o  i s  t he  we igh t  e n t e r i n g  t h e  thermal t a l l y  

range d i v i d e d  by t h e  we igh t  l o s t  by  neut rons f o l l o w e d  i n  t he  thermal t a l l y  



range o r  approx imate ly  1 / (1  -Rth) . This  method s t a t i s  t i c a l  l y  conserves 

t he  neu t ron  absorp t ion  and a l lows  a way o f  c o n t r o l l i n g  t he  s t a t i s t f c s  

ob ta ined  f o r  e p i  - thermal parameters re1  a t i v e  t o  those ob ta ined  f o r  thermal 

parameters . 
Th is  method has n b t  been thorough ly  t e s t e d  t o  determine t h e  c o r r e c t  

values o f  t he  d i f f e r e n t  parameters i n v o l v e d  o r  when i t  shou ld  o r  should 

n o t  be used. However, i t  has been observed t h a t  a va lue f o r  Eth s l i g h t l y  

h i g h e r  than 6 kT works f a i r l y  w e l l .  F igure  3 i s  a graph whfch 5s usefu l  

i n  t r y i n g  t o  dec ide t he  values t o  use f o r  Rth and f o r  Russian Rou le t te .  

It shows t h e  number o f  c o l l i s i o n s  needed on t h e  average t o  produce one 

absorp t ion  u s i n g  Russian Rou le t t e  as a f unc t i on  o f  t he  average nonabsorpt ion 

p r o b a b i l i t y .  

B. THE NEUTRON FLUX AND THE NEUTRON BEAM 

The neutron f l u x  a t  energy E i n t e g r a t e d  over  volume and energy i s  t he  

t o t a l  neu t ron  t r a c k  l e n g t h  i n  the  volume, o r  

where Vf i s  t h e  volume of reg ion  f , an i s  t h e  t r a c k  l e n g t h  and W t n  i s  t he  

we igh t  of  the  - n t h  neu t ron  i n  r eg ion  f and energy group i. Note t h a t  the  

- - r e a c t i o n  r a t e  f o r  t h e  - k t h  even t  i f  Ri ,f ,k ri ,f ,k$if where ri ,k i s  t h e  

macroscopi c cross sec t i on .  

I n s t e a d  o f  t a l l y i n g  t he  t r a c k  l e n g t h  o f  i n d i v i d u a l  neut rons t h e  BMC 

code t a l l f e s  t he  es t imated  t r a c k  l e n g t h  f o r  a beam of neutrons go ing i n  

t he  same d i r e c t i o n  as t he  i n d i v i d u a l  neut ron.  The f l u x  contribution t o  a 

reg ion  and energy group can be w r i t t e n  as 



FIGURE 3 

THE RELAT IONSHIP  BETWEEN THE NUMBER OF C O L L I S I O N S  AND THE NON- . 
ABSORPTION PROBABIL ITY  AS A FUNCTION OF THE MINIMUM AND SURVIVAL WEIGHT 



n (1-e-'bnjhif) where h i f  i s  the mean free path mif ' 1 ' i f  n n= 1. 

i n  t he  - i t h  energy group of  reg1 on f , Sbn i s  t he  d is tance  t o  the o u t  s  1  de 

boundary o f  t he  reg ion  f o r  t he  - n t h  beam, and nn i s  t he  beam s t r e n g t h  a t  t he  

beg inn ing  of  t he  - n t h  f l i g h t  o f  t he  beam. The beam s t r e n g t h  i s  s e t  equal t o  

t he  we igh t  o f  t he  neut ron a t  the  s t a r t  o f  t he  neut ron path.  I t  i s  then 

d im in ished  by t h e  f a c t o r  e-Sbn'$f a t  each boundary c ross ing .  Note t h a t  t he  

neut ron i s  f o l l owed  u n t i l  i t  has a c o l l i s i o n  o r  leaks  f rom the  c e l l  w h i l e  

t he  beam i s  f o l l o w e d  even a f t e r  the  c o l l i s i o n .  I f  the  neu t ron  leaks  then 

t he  beam i s  a lso  terminated;  o therw ise  t he  beam i s  te rmina ted  by us ing  

Russian Rou le t te .  

C. LEAKAGE ESTIMATE 

'The leakage t a l l i e d  by t he  beam c ross ing  a boundary i s  j u s t  t he  beam 

s t reng th ,  T ,  a t  t he  boundary. The leakage i s  t a l l i e d  as a f u n c t i o n  o f  

energy group. 

D. IMPORTANCE WEIGHTING 

Prov i s i ons  have been added t o  t he  BMC mu1 ti group code f o r  bo th  zone 

and energy importance we igh t ing .  Zone and energy importance we lgh t i ng  

p rov ides  a method f o r  spending more t ime i n  reg ions (zones) o r  energy 

groups of  g r e a t e r  importance w h i l e  reduc ing  t he  t ime spent i n  reg lons  o r  

energy groups o f  low importance. When importance we igh t i ng  i s  used t he  

number of neut rons i n  t h e  beam and the  we igh t  o f  each neu t ron  i s  modi- 

f i e d  when t he  beam passes between reg ions  o r  energy groups o f  d i f f e r e n t  

importance. 



If  region 1 or  energy group 1 has importance ZWT1 and region 2 or 

energy group 2 has importance ZIT2  then as a neutron beam of PN1 neutrons 

and weight W t l  passes to  region 2 or downscatter to  energy group 2 the 

new weight and number of neutrons become 

and 

. . where s i s  a random number and means greatest integer. Both 

importance weighting functions can operate a t  the same time. 

E .  NEUTRON BATCHES 

A BMC calculation i s  comprised of a s e t  of calculations called 

batches. Each batch contains the same number of neutron his tor ies .  

The neutron histories can s t a r t  as neutrons born a t  fission o r  as source 

neutrons p u t  into the system using anv desired source distribution. The 

results from the batches are then averaged to obtain the final calculated 

val ues . 

- F. FISSION DESCENDANT OR DIRECT SOURCE PROBLEMS 

. . 
The BMC code can be used in three problem modes. One mode, the 

fission descedant problem, allows fission neutrons to be born as a resul t  
P .  

of collisions.  These fission progeny are stored and used as s tar t ing 
8 

neutrons for  the next batch. The second mode, called the direct  source 

problem, obtains a l l  s tar t ing neutrons from the source routine. In this  



case, t h e r e  i s  no need t o  save t he  f i s s i o n  neut rons,  so t he  f i s s i o n  r e -  

a c t i o n  i s  n o t  sampled. The t h i r d  mode i s  a  combinat ion o f  the f i r s t  two 

modes. I n  thismode t h e  i n i t i a l  neut rons a re  ob ta ined  f rom t h e  source 

r o u t i n e  b u t  f i s s i o n  neutrons a re  a l so  a l lowed as a r e s u l t  o f  c o l l i s i o n s  

and used as p a r t  o f  t he  source. The d i r e c t  source and f i s s i o n  neutrons 

may have d i f f e r e n t  spec t ra .  

. THE YEIJTol)N POS ITION-DI RECTION-VELOCITY PARAMETERS 

Assoc ia ted  w i t h  each neu t ron  i s  a  s e t  o f  parameters which descr ibe  

i t s  p o s i t i o n ,  d i r e c t i o n ,  and energy group. The p o s i t i o n  i s  descr ibed  

by t he  p o s i t i o n  vec to r  x,y,z where t he  u n i t s  a re  i n  cent imeters ,  and an 

index Ih which t e l l s  which geometr ica l  r eg ion  the  neu t ron  i s  i n .  The 

d i r e c t i o n  i s  de f i ned  by t he  t h r e e  normal ized d i r e c t i o n  cos ines a, B ,  and y .  

The energy group i s  de f i ned  by the  index,  1,. 

The neu t ron  beam a l s o  has severa l  parameters assoc ia ted  w i t h  it. They 

are the weight ,  W t ,  t he  number o f   articles , ND, and t he  beam s t r e n g t h  

( T ,  BPI). 

H. ENERGY GROUP STRUCTURES 

The energy range s tud ied  by t he  BMC code i s  dependent o n l y  on the  

energy range of t he  c ross-sec t ions .  The neu t ron  energy-vel  o c i  t y  d i s t r i b u t i o n  

i s  modeled i n  mu l t i g roup  form. There a re  two d i f f e r e n t  energy group 

s t r u c t u r e s .  They a r e  t he  i n p u t  mu l t ig roups  and the  broad groups. 

The cross sec t i ons  are i n p u t  as group averaged mu l t i g roup  c ross-sec t ions .  

The f l u x e s  a re  a l s o  t a l l i e d  f o r  each mu1 t i g r o u p .  

Most c a l c u l a t i o n s  w i t h  the  BMC code have been made us ing  27 neu t ron  

energy groups and 16 gamma energy groups. 



I. CODE CHECK TALLIES 

A s e t  o f  values a r e  t a l l i e d  as t h e  Monte Car lo  c a l c u l a t i o n  i s  be ing  

made which serve as code check t a l l i e s .  They a r e  a  s e t  o f  values which 
& 

a re  n o t  needed as ou tpu t ,  b u t  serve as a  means o f  checking t he  p e r f o r -  

" mance and c h a r a c t e r i s t i c s  o f  t he  Monte Ca r l o  code. The code check t a l l i e s  

a re  ob ta i ned  d i r e c t l y  f rom the  neu t ron  h i s t o r i e s  and are n o t  r e s u l t s  ob- 
' 

t a i n e d  us ing  t he  f l u x  es t ima to r .  As a  no te  o f  cau t ion ,  t he  answers ob- 

t a i n e d  us ing  the  code check t a l l i e s  a re  u s u a l l y  n o t  as accurate as those 

ob ta ined  us ing  t he  f l u x  es t ima to rs .  

The code check t a l l i e s  i n c l u d e  such t h i ngs  as t h e  number o f  i n i t i a l  

f i s s i o n  o r  source'neutrons, the number and we igh t  o f  neutrons t o  and f rom 

c o l l i s i o n ,  t h e  number o f  neut rons l e a k i n g  from the  system, t he  l oss  o f  

beam s t r e n g t h  and we igh t  by a p p l i c a t i o n  of Russian Roulet te ,  and t he  

number and we igh t  o f  neutrons en te r i ng ,  f o l l owed  i n ,  and l e a v i n g  t he  

thermal t a l l y  range, e t c .  

The code check t a l l i e s  a re  w r i t t e n  o u t  a t  t h e  complet ion o f  each 

Monte Ca r l o  batch. Average values w i t h  assoc ia ted  s t a t i s t i c a l  e r r o r s  a re  

a l s o  w r i t t e n  by t h e  o u t p u t  r o u t i n e s .  

111. THE MAJOR BMC MONTE CARL0 ROUTINES 

Th is  s e c t i o n  w i l l  descr ibe  the  f unc t i ons  o f  each o f  t he  ma jo r  

r o u t i n e s  and sec t i ons  o f  t he  BMC Monte Ca r l o  Code. The o r d e r  descr ibed 
* 

i n  F igure  1  w i  11 be fo l lowed.  F i r s t  t he  random number r o u t i n e s  w i l l  be 
0 -  

discussed b r i e f l y .  



A. THE BMC RANDOM NUMBER ROUTINES 

The random nurr~ber routmines o r f g i n a l  l y  used i n  the  BMC code are those 

used i n  the  IBM-7090 vers ion  of t he  05R Monte Car lo code. They were 

converted t o  SLEUTH f o r  use on the  Univac-1108 computer. These rou t ines  

have now been converted t o  FORTRAN and use the  COMPASS r o u t f n e  RANF t o  

generate random numbers. Table 1 g ives the  names of t he  random number 

rou t ines  along w i t h  t h e i r  d i s t r i b u t i o n .  

TABLE I 

RAND014 NUMBER ROUTINES USED IN THE BMC CODE 

Fortran Calling Statement Random Number Distribution 

CALL PBLRN ( S IN, COS) 

Uniform d is t r ibu t ion  on the in te rva l  
O < X < l .  - - 

Uniform d is t r ibu t ion  on the in te rva l  
- 1  < x < 1. - - 

Exponential d i s t r ibu t ion  
P(x)dx = e-xdx 0  - < x - <-. 

The s ine  and cosine of 4 where 4  is 
uniformly d is t r ibu ted  on the in te rva l  
0 < 4 < 2 n .  - - -4 random a z i ~ u t h i a l  angle. 

The s i n  and cosine of O where cosO is 
uniformly dis t r ibuted on the in te rva l  
-1< - cosB<l. - A random polar angle. 

CALL RNCBS (ALPHA, BETA, GAF.blA) An i so t rop ic  un i t  vector with d i rec t ion  
cosines ALPHA, BETA, and GUEIA. 

- t 



B. GETN - ROUTINE TO GENERATE, SAVE, AND RETRIEVE NEUTRONS 

The GE'TN subrout ine i s  used t o  o b t a i n  source o r  f i s s i o n  neutrons o r  * 

t o  r e t r i e v e  c o l l i s i o n  neutrons. Other e n t r i e s  t o  GE'TN are  used t o  s t o r e  

neutrons from f i s s i o n  o r  s c a t t e r i n g .  

rr 1. Storage Blocks Used By GETN 

GETN uses two storage b locks:  born storage and the  f i s s i o n  bank. 

-4 

Born storage i s  used t o  save the  neutrons born from c o l l i s i o n  o r  slowed 

down w h i l e  the  f i s s i o n  bank i s  used t o  s t o r e  the  neutrons from f i s s i o n .  

The neutron parameters which are saved i n  born storage are  x,y,z, a, B ,  y , 

I,, Ih, and W t .  Only s p a t i a l  parameters x,y,z, and Ih are saved i n  the  

f i s s i o n  bank. When a neutron i s  taken from the  f i s s i o n  bank the  o the r  

parameters are  obta ined by GETN us ing  an i s o t r o p i c  d i s t r i b u t i o n  f o r  the  

d i r e c t i o n  cosines, and a random f i s s i o n  d i s t r i b u t i o n  f o r  the v e l o c i t y .  The 

bu i  1 t i n  f i s s i o n  d ' s t r i  b u t i o n  i s  p resen t l y  t h a t  f o r  uranium-235; however, 

the  f i s s i o n  d i s t r i b u t i o n  can be s p e c i f i e d  v i a  i npu t .  

When GETN i s  ca l l ed ,  born storage i s  checked f i r s t .  I f  i t  i s  empty 

then the  f i s s i o n  bank i s  checked o r  the  source r o u t i n e  i s  ca l l ed .  I f  

the  broad group and/or batch i s  f i n i shed ,  the  r e t u r n  from GETN i s  v i a  the  

c a l l  l i s t .  

2. The source Routine 

The source r o u t i n e  i s  used t o  p i c k  the i n i t i a l  parameters f o r  the  

neutron h i s t o r i e s .  I f  the  c a l c u l a t i o n  i s  a f i s s i o n  descendant problem, 

t h e  source r o u t i n e  w i l l  o n l y  be used f o r  the  f i r s t  batch and on ly  the  

s p a t i a l  parameters w i l l  be picked. For  a d i r e c t  source problem, a l l  the  

parameters a r e  generated by t h e  source r o u t i n e .  The user  can w r i t e  a 

source r o u t i n e  f o r  a p a r t i c u l a r  problem o r  use the  one b u i l t  i n t o  the  

BMC code. 



The source r o u t i n e  i s  very v e r s a t i l e .  It a l lows t h e  s e l e c t i o n  o f  

t he  source s p a t i a l  d i s t r i b u t i o n  us ing combinations o f  po in t ,  equal volume, 

.rr r cosine (5 F),  Jo(2.405 k) and (S in  i t r ) / n r  d i s t r i b u t i o n s .  The energy 

spectrum can be picked from b u i l t  i n  source spectra from f i s s i o n  and var ious  

(a,n) i n t e r a c t i o n s  o r  t h e  s ~ e c t r a  can be i n p u t  v i a  cards. The angular d i s -  b 

t r i b u t i o n  can vary from i s o t o p i c  t o  nond i rec t iona l  and can be biased us ing  
*- 

several  b u i l t  i n  b ias  func t i ons .  

C.  CALCLILATION OF DISTANCE TO COLLISION 

The d is tance t o  c o l l i s i o n  i n  u n i t s  o f  mean f r e e  paths i s  obtained by 

sampl i ng  from the  d i s t r i b u t i o n  p(A)dA=ewAdA. 

D. LOCPRT - THE BMC GEOMETRY ROUTINE 

The geometry rou t i ne ,  LOCPRT, i s  used t o  l o c a t e  which reg ion  a  

neutron-beam i s  i n  and t o  c a l c u l a t e  t h e  d is tance t o  t h e  nex t  boundary. A 

c o n t r o l  (IBFN) i s  used t o  guide the  c a l c u l a t i o n .  I f  TBFN = 1  the  neutron 

i s  a  source, f i s s i o n ,  o r  c o l l i s i o n  neutron. I f  TBFN = 2  t h e  neutron-beam 

has j u s t  crossed t h e  boundary i n t o  another region.  I f  IBFN = 3 t h e  

neutron-beam has j u s t  been r e f l e c t e d  back i n t o  the  same region.  LOCPRT 

a1 so conta ins  the  boundary r e f l e c t i o n  rou t i nes  f o r  r e f l e c t i n g  a  neutron- 

beam e i t h e r  i s o t r o p i c a l l y  o r  w i t h  a  m i r r o r  image r e f l e c t i o n .  

1. Region D e f i n i t i o n  

Regions a r e  i d e n t i f i e d  by an index Ih. For each reg ion  one spec i f ies  

t h e  number o f  boundaries (N ) ,  an index (LS ) t e l l i n g  i f  t h i s  i s  a  spec ia l  
h  Ph 



reg ion ,  t h e  number o f  t h e  ma te r i a l  (Mh) conta ined i n  t h e  region,  and t h e  

t a l l y  reg ion  ( f h )  t h a t  t h i s  reg ion  i s  p a r t  o f .  

For each o f  t he  N boundaries one s p e c i f i e s  f o u r  q u a n t i t i e s .  They 
bh 

i nc lude  the  index o f  t h e  boundary (Ib ),  a  word (IGD) which conta ins  two 
h  

b i t s  o f  in fo rmat ion ,  and two indexes ( IQl  and I Q 2 )  t h a t  t e l l  which reg ion  

t o  l ook  i n  f o r  t he  neutron i f  i t  leaves reg ion  Ih across boundary i 
bh' 

Region l Q 1  i s  f i r s t  checked and i f  the  neutron i s  n o t  i n  t h a t  reg ion  a  

complete reg ion  search i s  made s t a r t i n g  i n  reg ion  IQ2. 

The two b i t s  o f  i n fo rma t i on  i n  I G D  a r e  Gb and Db. Gb i s  a  s i g n  t h a t  

t e l l s  which s i d e  o f  t h e  boundary t h e  neutron i s  on t o  be i n s i d e  o f  t he  

region.  Db g ives  the  number o f  t he  leakage t a l l y  s e t  t o  use i f  a  neutron 

crosses t h i s  boundary. The way t h a t  Gb and Db a r e  combined i n  I G D  i s  

i l l u s t r a t e d  by t h e  equat ions: 

Gb = s i g n  o f  I G D ,  Db = I I G D  1 -1. 

I f  t h e  va lue  o f  Db > 50 then t h e  neutron beam s t r e n g t h  c ross ing  the  boundary 

w i l l  be t a l l  i e d  b u t  t he  beam w i l l  n o t  be t r e a t e d  as i f  i t  were l eak ing  from 

t h e  system. 

The reg ions  must be combined i n  a  way so t h a t  a  neutron can always be 

located.  Also t h e  reg ions  should n o t  over lap  each o ther .  It i s  n o t  neces- 

sary t o  d e f i n e  a1 1  o f  space i f  the  c e l l  i s  surrounded by r e f l e c t i n g  o r  

leakage boundaries and a1 1  i n i t i a l  neutrons a r e  i n s i d e  the  c e l l .  

2. Special  Regions 

The LOCPRT r o u t i n e  a l lows t h e  use o f  spec ia l  reg ions .  S ~ e c i a l  reg ions  

a r e  reg ions  con ta in ing  geometr ical  designs which a r e  t o  be t r e a t e d  by a  



separate geometry rou t i ne .  One spec ia l  geometry r o u t i n e  f o r  a  rec tangu la r  

l a t t i c e  o f  c l a d  f u e l  rods has a l ready  been w r i t t e n .  

LOCPRT f i r s t  f i nds  t h e  d i s tance  t o  t h e  ou te r  boundary o f  t h e  spec ia l  

reg ion .  The spec ia l  r o u t i n e  i s  then c a l l e d  t o  c a l c u l a t e  t h e  d is tance t o  

t h e  nearest  boundary o f  t h e  spec ia l  reg ions.  

3. Boundary D e f i n i t i o n s  

There a r e  e i g h t  types of boundaries which can p resen t l y  be used by 

t h e  LOCPRT r o u t i n e .  The type o f  each boundary i s  s p e c i f i e d  by an index Id. 

Another index, IOMb i s  used t o  determine i f  t h e  neutron w i l l  c ross boundary 

Ib o r  w i l l  be r e f l e c t e d  from the  boundary. 

Each boundary de f i nes  a  boundary f u n c t i o n  r. When r = 0 t h e  neutron 

i s  on t h e  boundary. The s i g n  o f  r when t h e  neutron i s  n o t  on the  boundary 

t e l l s  which s i d e  o f  t he  boundary t h e  neutron i s  on. A p o i n t  i s  sa id  t o  be 

i n s i d e  o f  a  r e g i o n  i f  t h e  product  o f  Gb r i s  negat ive  f o r  a l l  t h e  boundaries 

i n  t h e  region.  

Table I 1  g i ves  t h e  boundary index, boundary f u n c t i o n  and d e s c r i p t i o n  

o f  t h e  e i g h t  boundaries now inc luded i n  BMC. I t  would a l s o  be easy t o  

add o the r  t ype  boundaries t o  t h e  code. 



TABLE IT 

Bh1C CODE BOUNDARY FUNCTIONS 

Boundary Function 

r - X - X  
0 

2 r (x-x ) + (y-yo12 - R 2 
0 

Description 

Plane a t  x = x 
0 

Plane a t  y = yo 

Plane a t  z = z 
0 

Plane on y = ax + b 

Cylinder of radius R 
centered on z axis 

Cylinder of radius R 
centered a t  xo,y0 

Sphere of radius R centered 
a t  the origin 

General boundary function 



Determinat ion o f  Gb. Remember t h a t  f o r  a  p a r t i c l e  t o  be i n s i d e  of a  

r e g i o n  t h a t  t h e  product  Gb . r must be negat ive  f o r  a l l  of t h e  boundaries 

o f  a  reg ion .  To determine which s i g n  t o  use f o r  Gb j u s t  p i c k  a  p o i n t  i n -  

s i d e  t h e  r e g i o n  and so l ve  t h e  boundary funct ions f o r  t h e  r e g i o n  boundaries. 

For spheres and cy l i nde rs ,  Gb i s  p o s i t i v e  i n s i d e  and negat ive  ou ts ide .  For 

t he  xo yo and zo planes, Gb i s  p o s i t i v e  f o r  t he  reg ion  below the  plane and 
¶ 

negat ive  above. 

4. Sample Geometry Desc r i p t i on  

A sample o f  t h e  geometry d e s c r i p t i o n  f o r  a  f i r s t  f l i g h t  c o l l i s i o n  

p r o b a b i l i t y  c a l c u l a t i o n  i s  g iven  i n  F igu re  4. The boundary data and reg ion  

da ta  a r e  a l s o  g iven.  

5. C a l c u l a t i o n  o f  Dis tance t o  Bocndary 

The d i s tance  t o  boundary (Sb) i s  c a l c u l a t e d  us ing  the  equat ions 

shown i n  Table 111. For  boundary types 5 t o  8 the  d is tance t o  boundary i s  

2  
obta ined by s o l v i n g  the  quadra t ic  equat ion f (Sb)  - hSb + 2eSb + r = 0. 

Now app ly  Sturm's theorem t o  t h i s  equat ion t o  see i f  the re  a re  any r o o t s  

between zero and i n f i n i t y .  The th ree  S tu rn ' s  f unc t i ons  f o r  t h e  quadra t ic  

equat ion f (Sb) are: 



2 

. . radius 
1 

F I G U R E  4 

EXAMPLE OF GEOMETRY D E S C R I P T I O N  

F I R S T  F L I G H T  C O L L I S I O N  P R O B A B I L I T Y  CALCULATION 

I = 

Uraniun Graphite b 

Ih  = 6 Ih = 7 

Graphite Uranium 
Ih = 3 Ih = 4 

Void Ill = 2 4 b  = 

Material 

1 Nickel 
2 Graphite 
3 Uranium 

- 1 Inter ior  Void 

Let the t a l l y  region number, fh ,  be the same as the region number, Ih. 

BOUNDARY DESCRIPTION 

Boundary Function 

I = 3 for  a mirror ref lect ing bowdaq-. 
Onb 
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FIGURE 4 (continued) 

REGION DESCRIPTION 

*Kill  the neutron-beam as  it crosses boundary 8 and t a l l y  the leakage in to  

leakage t a l l y  block 1. 



The s igns f o r  t h e  Sturm's func t ions  a t  0 and a re  t h e  signs o f  t h e  

f o l  1  owiug values. 

Use i s  made of these equat ions t o  reduce t h e  nurr~ber o f  t imes t h e  square 

r o o t  of e2 - h r  must be determined. 

The boundary w i t h  t h e  smal les t  Sb > 0 i s  i d e n t i f i e d  as t h e  nex t  

boundary t o  be crossed. 

6. Boundary Ref1 e c t i o n  Routine 

There a r e  two types o f  r e f l e c t i o n  p resen t l y  al lowed i n  the  BMC code. 

They a r e  i s o t r o p i c  and m i r r o r  r e f l e c t i o n .  The i s o t r o p i c  r e f l e c t i o n  i s  

performed by s e l e c t i n a  a s e t  o f  i s o t r o p i c  random cosines and r e q u i r i n g  the  

s igns o f  t he  new a, Band y t o  be c o r r e c t  f o r  a r e f l e c t i o n  back i n t o  t h e  

reg ion .  The equat ions f o r  a m i r r o r  r e f l e c t i o n  a re  der ived from t h e  vec to r  

equat ion f o r  a m i r r o r  r e f l e c t i o n .  



TABLE I 1 1  

EQUATIONS FOR CALCULATING DISTANCE TO BOUNDARY 

Id Equations for  distance to  boundary 

1 S, = -r/a = - (x-xO)/a 

2 S, = -r/B 

3 S, = - r /y  

4 S, = -r/(B-a-a) 

For boundaries 5, 6, 7, and 8 the equation becomes 

where e and h are 

where :=a + ~j + yi original direction vector 

A A A 

:'=aei + B'j + y'k f ina l  direction vector 

-f a x - ; +  ar - ar A and n , , ~  j + - k is the nonnal vector to  the boundary. a z 



t a b l e  I V  g ives  t h e  equat ion f o r  m i r r o r  r e f l e c t i o n .  

The boundaries can have a r e f l e c t i o n  albedo associated w i t h  them so 

t h a t  t h e  weight and beam s t rength  i s  mod i f ied  a t  t h e  r e f l e c t i o n  by t h e  albedo 

f o r  t h a t  boundary. 'The a1 bedos a r e  i n p u t  as a f u n c t i o n  o f  macro energy group. 

TABLE I V  

EQUATIONS FOR MIRROR REFLECTION FROM A BOUNDARY 

Id Reflection eq mtions 



7.  The Spec ia l  Square L a t t i c e  Geometry Rout ine 

The spec ia l  square l a t t i c e  r o u t i n e  i s  used t o  l o c a t e  and c a l c u l a t e  

d is tances  t o  boundaries f o r  a neutron-beam i n  a r e c t a n g u l a r  a r r a y  o f  c l a d  

f u e l  rods. The c l add ing  i s  assumed t o  a l l  be made o f  t he  same m a t e r i a l  

and t he  f l u x  i n  t he  c l add ing  i s  a l l  t a l l i e d  i n t o  t h e  same t a l l y  reg ion .  'The 

m a t e r i a l s  and t a l l y  reg ions f o r  t he  f u e l s  can a l l  be d i f f e r e n t .  

Up t o  f o u r  d is tances  t o  boundary a r e  c a l c u l a t e d  a t  a t ime thus sav ing  

two square r o o t  c a l c u l a t i o n s  f o r  a neu t ron  go ing f rom the  moderator i n  

through t h e  c ladd ing ,  f u e l ,  and o u t  through the  c ladding.  

E. MFPTH - ROUTINE TO OBTAIN THE MATERIAL MEAN FREE PATH 

The MFPTH sub rou t i ne  i s  used t o  o b t a i n  the  m a t e r i a l  mean f r e e  path.  

The mean f r e e  pa th  ( A )  i s  equal t o  t he  i nve rse  o f  the  t o t a l  macroscopic 

cross s e c t i o n  and i s  s t o r e d  f o r  each m a t e r i a l  and mu l t i -g roup .  

F. COLLSN - ROUTINE TO PERFORM THE COLLISION MECHANICS 

The COLLSN sub rou t i ne  i s  used t o  process the  r e s u l t s  o f  a c o l l i s i o n .  

The events which a re  cons idered a r e  absorp t ion ,  f i s s i o n ,  and e l a s t l c  s c a t -  

t e r i n g .  

1. Neutron Absorp t ion  and F i s s i o n  

The COLLSN r o u t i n e  f i r s t  reduces t he  neu t ron  we igh t  t o  account f o r  

absorp t ion .  The we igh t  i s  then t e s t e d  t o  see i f  a s c a t t e r e d  neu t ron  i s  

t o  be produced. The f i s s i o n  p r o b a b i l i t y  i s  checked t o  see i f  any f i s s i o n  

neut rons were produced. N f i s s i o n  neut rons a r e  produced i f  wt.Pf+c r N 

where 5 i s  a random number and Pf i s  t he  r a t i o  o f  t he  neu t ron  f i s s t o n  

p roduc t i on  r a t e  ( v L ~ )  t o  the  t o t a l  r e a c t i o n  r a t e  ( r T )  i n  t he  m a t e r i a l .  

Note t h a t  N w i l l  seldom be g r e a t e r  than 1. The f i s s i o n  neut rons a r e  

s t o r e d  i n  t he  f i s s i o n  bank. 



G. FXTLY - ROUTINE TO TALLY FLUX, LEAKAGE AND REACTION RATES 

The FXTLY subrout ine i s  used t o  t a l l y  the r e s u l t s  of the ca l cu la t i on .  

The q u a n t i t i e s  t h a t  are t a l l i e d  are the f l u x  and leakage. 

I V .  THE BMC CODE: ORGANIZATION AND LAYOUT 

r. 
The BMC code i s  comprised o f  three pa r t s ;  i n p u t  rou t ines ,  the Monte 

. . Car lo rou t ines ,  and the  output  rou t ines .  Each p a r t  of the  code i s  main- 

ta ined i n  d i f f e r e n t  MAP segments (chain 1  inks)  and are loaded as needed. 

The i n p u t  rou t ines  read and process the  problem i n p u t  and the 1  i b r a r y  

sec t i on  tape, prepar ing the i n fo rma t ion  used by the Monte Carlo and out -  

pu t  rou t ines .  This in fo rmat ion  i s  placed on drum and on a  tape which can 

be used t o  r e s t a r t  the problem. The Monte Car lo rou t ines  are then loaded 

and executed. A f te r  the  Monte Carlo c a l c u l a t i o n  i s  complete, t he  output  

rou t ines  a re  loaded t o  process the  Monte Carlo output .  

A. DRUM AND TAPE USAGE 

The BMC code uses f o u r  drum f i l e s  labe led  D l  t o  D4. The drum word 

count i s  used as a  means o f  d i r e c t  addressing o f  records. Table V conta ins 

the  sho r t  out1 i n e  o f  t he  usage and contents o f  the  drums dur ing  the  d i f -  

f e r e n t  pa r t s  o f  t h e  execut ion phase. 

The tapes used by the  BMC code a r e  the  tape conta in ing  the  BMC code, 

the  tape conta in ing  the  mul t i -g roup cross sec t ion  l i b r a r y ,  and the  BMC 

code r e s t a r t  tape. Only the  BMC code r e s t a r t  tape i s  needed f o r  r e s t a r t s .  

B. RESTART CAPABILITY 

I .  The BMC code was designed so t h a t  a  Monte Car lo  c a l c u l d t i o n  can be 
- 

r e s t a r t e d  and continued. The way t h i s  i s  done i s  t o  save the  output  from 



t h e  Monte C a r l o  c a l c u l a t i o n s  on a  r e s t a r t  tape a long w i t h  t h e  f i s s i o n  neu- 

t r o n s  and t h e  l a s t  random number used by t h e  code. The r e s t a r t  t ape  may 

a l s o  c o n t a i n  t h e  BMC code i n  abso lu te  o r  symbol ic form, t h e  con ten ts  o f  

drums D l  and D2, and t h e  geometry i n p u t .  

A c o n t r o l  word, NWRCD, i s  used w i t h  a l l  b u t  t h e  f i r s t  two records  

on t h e  r e s t a r t  tape. NWRCD i s  norma l l y  t h e  number o f  words i n  t h e  record .  

The end o f  a  sec t i on ,  such as t h e  con ten ts  o f  drum D l ,  i s  s i gna led  by a  

reco rd  w i t h  NWRCD s e t  equal t o  zero. The end o f  t h e  r e s t a r t  tape  i s  s i g -  

na led  by a  reco rd  w i t h  NWRCD = 0 and t h e  second word o f  t h e  r e c o r d  s e t  

equal t o  -2. Note t h a t  a  r eco rd  w r i t t e n  o r  read w i t h  t h e  list---NWRCD, 

(NBUF(N), N=l , NWRCD)----will always have two words, even i n  NWRCD = 0. 

TABLE V 

DRUM USAGE AND CONTENT 

Execution Phase 

D m  Input Monte Carlo (Xl t~ut  - 
D l  Cross Sections 

Cross s e c t i o n  i n f o r m a t i o n  i n  format 
f o r  t h e  Monte Ca r l o  r o u t i n e s  

Averaged batch cross sections 
and macro fluxes. 

D2 Cross s e c t i o n  i n f o r m a t i o n  f o r  Outpu t  r o u t i n e s  

D3 Batch output from the Monte Carlo routines. 

D4 Fission bank overflow. 



The l a y o u t  o f  t he  BMC r e s t a r t  tape i s :  

, -- . . . - - -. . . . - -. -. -. - - 
K[ohteEtsDr--lcon ten t s  M '-7- I A  

BK R 1  R 2  D ~ M  D2 1 D d f D l  1 ~~~~" 1 "iiFs [ 11, 1 l(*sO'ute) 1 - ! ( O U ~ ~ L I ~ ]  1/1 (Monte carlo ----- 
T t 

Fi le  NWRCD= 0 
t 

Secmd R e ~ e a t  o xecond 
Mark Record Wordis l a s t t w o  Word 

.I NBm sections i s  - 2  
fo r  each 
r e s t a r t .  

It i s  n o t  necessary t o  have the  BMC code a t  t he  beginning o f  t he  r e s t a r t  

tape. When the  BMC code i s  g iven c o n t r o l ,  i t  i s  o n l y  requ i red  t h a t  t he  r e -  

s t a r t  tape be pos i t ioned t o  read record  R1. R1 and R2 are  records which 

conta in  general i n fo rma t ion  about t he  r e s t a r t  tape and about the  problem. 

Note t h a t  the  t a l l i e s  and r e s t a r t  in fo rmat ion  a re  w r i t t e n  f o r  each 

r e s t a r t .  This  i s  a  s a f e t y  f a c t o r  i n  case the re  i s  an e r r o r .  I f  the re  i s  a  

s l i g h t  e r r o r  i n  any o f  t he  sect ions,  i t  i s  poss ib le  t o  redo the  i n p u t  phase 

o f  the  BMC code and s t i l l  r e s t a r t  us ing  the  o l d  r e s t a r t  in format ion and 

saving the  o l d  f l u x  t a l l i e s .  

C .  PROGRAM TIMING 

The amount o f  t ime i n  seconds spent i n  var ious  po r t i ons  o f  t he  code 

i s  clocked and p r i n ted .  The times which a re  w r i t t e n  are: 

*The compi la t ion  and load time. 

*The t ime requ i red  i n  t he  i n p u t  rou t ines .  

*The t ime requ i red  t o  process each batch. 

*The t o t a l  t ime f o r  t he  Monte Car lo  c a l c u l a t i o n .  
? .  

*The t ime requ i red  t o  process t h e  ou tput  
* 

The t o t a l  t ime i s  a l s o  p r i n t e d  along w i t h  each o f  t he  above times. 



The c l o c k  r o u t i n e s  a re  a l so  used t o  check t h e  amount of  t ime used f o r  a  

batch. I f  the re  i s  n o t  enough t ime l e f t  t o  do another  batch and a1 low 1  

minute t o  f i n i s h  t he  ou tpu t  then the  Monte Ca r l o  i s  te rmina ted  and t he  o u t -  

p u t  r o u t i n e s  a re  c a l l e d .  

D. PROBLEM SIZE 

The BMC code was designed t o  be f l e x i b l e  as t o  t he  s i z e  o f  problem 

which can be run i n  terms o f  energy, cross sec t i on ,  and geometry d e t a i l .  

The BMC code has been used f o r  problems which con ta ined  as l i t t l e  as one 

m a t e r i a l  i n  one reg ion  and f o r  problems which conta ined as many as 6  

m a t e r i a l s ,  43 energy groups, and 135 geometry and t a l l y  reg ions .  

The dimensions o f  t he  s to rage  a r rays  a re  en te red  us ing  PARAMETER 

cards and most o f  t he  s torage a r rays  a re  ma in ta ined  i n  a  data element which 

i s  p laced i n  t h e  r e q u i r e d  subrou t ines  us ing  an INCLUDE statement.  Th i s  

makes i t  easy t o  change the  dimensions f o r  a  problem. 

The dimensions which a re  b u i l t  i n t o  the  s tandard  ve rs i on  a l l o w  f o r  

50 energy mu l t i -g roups  w i t h  6  m a t e r i a l s ,  20 t a l l y  reg ions ,  2  leakage t a l l y  

se t ,  60 geometr ic  reg ions,  60 boundaries,  and 1000 f i s s i o n  p a r t i c l e s  i n  

t he  f i s s i o n  bank. As l ong  as t he  a r r a y  does n o t  exceed a  s e t  s i z e  de te r -  

mined by t he  computer co re  area t he  number o f  m a t e r i a l s  and groups a re  

v a r i a b l e .  Th is  a r ray  s i z e  i s  c a l c u l a t e d  simp1.y as: 

I G P  * 1:HP * N * NMAT 

where: IGP = t he  number o f  groups 

IHP = t he  l e n g t h  o f  t h e  c ross-sec t ion  s e t  gene ra l l y  IGP +3 

N = the  Legendre expansion p l u s  1.  (Example: f o r  P3 N = 4)  

NMAT = The number o f  m a t e r i a l s  used i n  t h e  c a l c u l a t i o n  



The dimensioning parameters f o r  the  BMC code a re  de f i ned  i n  Appendix I. 

V. THE BMC OUTPUT ROUTINES 

@ The BMC o u t p u t  r ou t i nes  prepare t he  ou tpu t  and p r i n t  i t. The two main 

3 
tasks i n  p repa r i ng  t h e  o u t p u t  a re  p rena r i ng  averaged values of  f luxes,  cross 

sec t ions ,  r e a c t i o n  ra tes ,  and leakages a long  w i t h  some o t h e r  c e l l  parameters 

and o b t a i n i n g  s t a t i s t i c s  f o r  t h e  values which a r e  ca l cu la ted .  

A. STATISTICS 

S t a t i s t i c s  a r e  ob ta ined  by process ing a s e r i e s  o f  equal s i zed  batches 

and averaging t h e  r e s u l t s  f o r  t h e  batches. I t  i s  p o s s i b l e  t o  l eave  some of 

t h e  f i r s t  batches o u t  o f  t h e  average. T h i s  m igh t  be done t o  damp o u t  t h e  

e f fec ts  o f  t h e  source d i s t r i b u t i o n .  There a r e  two common types of average 

va lues ob ta ined  f rom t h e  Monte Ca r l o  c a l c u l a t i o n .  One t ype  i s  a d i r e c t  

answer such as f l u x  o r  r e a c t i o n  r a t e  and t h e  o t h e r  t y p e  i s  a r a t i o  such as 

f l u x  averaged c ross  sec t ions .  The s t a t i s t i c a l  e r r o r  f o r  a s i n g l e  averaged 

va lue  a i s  Si where Si i s  t h e  e r r o r  f o r  one s tandard d e v i a t i o n .  L e t  N be 

t h e  number of equal s i zed  batches and an be t h e  va lue  o f  a f o r  t h e  n t h 

batch. The va lues of a and Si then become: 

and 



The s t a t i s t i c a l  e r r o r  f o r  a r a t i o  R i s  

where 
N N 

Note t h a t  f o r  a r a t i o  t h e  values of a and o f  b may have l a r g e  s t a t i s t i c a l  

e r r o r s  and t h e  s t a t i s t i c a l  e r r o r  o f  t h e  r a t i o  can be very  smal l  o r  even zero. 
N 

Th i s  i s  accounted f o r  by t h e  c o r r e l a t i o n  term ( - 2 ~  1 a b ) . n n n= 1 
The s t a t i s t i c a l  e r r o r  i s  w r i t t e n  o u t  i n  a way which reduces t h e  p r i n t i n g  

space. The s t a t i s t i c a l  e r r o r  i s  f o r ced  t o  have t he  same exponent as t h e  

4 2 va lue.  I f  a va lue  and i t s  e r r o r  were 1.0685 x 10 f 5.2 x 10 then t h e  

numbers would be p r i n t e d  o u t  as 1.0685+04 0.052. 

BROAD ENERGY AVERAGING GROUPS 

The o u t p u t  r o u t i n e s  make use o f  one more t ype  o f  energy group a l s o  c a l l e d  

a broad group. These broad group energy boundaries must c o i n c i d e  w i t h  t h e  

m u l t i - g r o u p  boundaries.  The broad groups do n o t  need t o  cover  t h e  e n t i r e  

energy range o r  t o  have j o i n i n g  boundaries.  I n  f a c t ,  t h e  boundaries can 

over lap .  To i l l u s t r a t e ,  suppose t h e r e  were f i v e  mu l t i -g roups ;  then t h e  four  

broad groups cou ld  c o n t a i n  groups 1-4, 1-3, 1-2 and 4 r e s p e c t i v e l y .  Note t h a t  

group 5 i s  never inc luded,  group 4 i s  by i t s e l f ,  and t h e  groups 1-4 a r e  
. < 

over1 app i  ng . 
C 

The broad groups a r e  used f o r  f l u x  and r e a c t i o n  r a t e  i n t e g r a l s .  The broad .. 

group f l u x e s  a r e  a l s o  used t o  o b t a i n  s t a t i s t i c s  on t h e  r a t i o s  between d i f f e r e n t  



energy broad groups o r  between regions f o r  a  g iven broad group. 

C. PRINTED OUTPUT 

The output  code p r i n t s  ou t  t h e  r e s u l t s  of the  Monte Car lo  c a l c u l a t i o n .  
4 

F i r s t  t he  averaged code check t a l l i e s  a re  p r i n t e d  ou t .  Next the  mul t i -g roup 
d 

and t h e  broad group f l u x e s  and leakages a re  p r i n ted .  The mu1 t i - g roup  average 

. . cross sect ions and the  broad group r e a c t i o n  r a t e s  f o r  each iso tope i n  each 

reg ion  a r e  p r i n t e d  along w i t h  the  r e a c t i o n  r a t e s  f o r  t he  reg ion .  The reac- 

t i o n  r a t e s  f o r  t he  e n t i r e  c e l l  along w i t h  an i n f i n i t e  and e f fec t i ve  m u l t i p l  i- 

c a t i o n  constant  f o l l o w .  F i n a l l y  the  mul t i -g roup f luxes f o r  each reg ion  a re  

p r i n t e d  and/or p l o t t e d .  

D.  THE DEFINITION OF FLUX 

The f l u x  as ca l cu la ted  by the  Monte Car lo  rou t i nes  i s  r e a l l y  t he  f l u x -  

energy volume i n t e g r a l ,  which has the  u n i t s  o f  cent imeters per second. Th is  

f l ux  i n t e g r a l  i s  what i s  used w i t h  cross sect ions t o  o b t a i n  r e a c t i o n  r a t e s  

and i s  u s u a l l y  more usefu l  than t r u e  f l u x .  

The f l u x  i s  p r i n t e d  o u t  i n  t he  f o l l o w i n g  th ree  forms by the  ou tput  

rou t ines :  

1  ) F l  ux-volume-energy i n t e g r a l  - Flux-cm/xec. 

2) F l  ux-energy i n t e g r a l  
> .  

3 )  F lux 

E.  PLOTTING THE MULTI-GROUP FLUXES -- 

The mu1 t i  -group reg ion  and/or reg ion  averaged f 1  uxes may be p l o t t e d  . 
n 

The p l o t t i n g  can e i t h e r  be a rough p l o t  on the  p r i n t e d  ou tput  o r  a  neat 

p l o t  us ing t h e  Calcomp p l o t t e r .  I f  the  p r i n t e r  i s  used, o n l y  the  f l u x  



p o i n t s  a re  p l o t t e d .  If the  Calcomp p l o t t e r  i s  used, t h e  f l u x  p o i n t s  a long  

w i t h  t h e i r  e r r o r  bars  can be p l o t t e d .  

The p l o t s  o f  t h e  f l uxes  serve mos t l y  as v i s u a l  checks a g a i n s t  g ross  

e r r o r s  o r  t o  observe how t h e  f l u x  spectrum changes from r e g i o n  t o  r eg ion .  

The f l u x e s  can be normal ized over  p a r t  o r  a l l  o f  t h e  energy range and 

p l o t t e d  on t h e  same curve  so t h a t  changes i n  s p e c t r a l  shape a r e  r e a d i l y  

v i s i b l e .  

F. SPECIAL OUTPUT 

There may be spec ia l  va lues which a r e  des i r ed  which a r e  n o t  p a r t  o f  

t h e  r e g u l a r  ou tpu t .  These spec ia l  va lues can o f t en  be ob ta ined  by s imp le  

changes t o  t h e  BMC o u t p u t  r o u t i n e s .  For  some problems i t  m i g h t  be b e t t e r  

t o  r e w r i t e  t h e  o u t p u t  r o u t i n e s .  

V I .  THE BMC-MG INPUT ROUTINES 

The BMC i n p u t  r o u t i n e s  a r e  used t o  prepare t h e  da ta  needed by t h e  

BMC Monte C a r l o  and o u t p u t  r o u t i n e s .  They a l s o  prepare much o f  t h e  r e s t a r t  

tape. The i n p u t  r o u t i n e s  r e c e i v e  i n f o r m a t i o n  f rom two sources; ca rd  i n p u t  

and t he  c ross -sec t i on  tape. The i n p u t  r o u t i n e s  a l s o  p r i n t  t h e  i n p u t  

i n f o rma t i on .  

The card  i n p u t  i s  read by two d i f f e r e n t  types o f  fo rmats .  The f i r s t  

t ype  uses s tandard FORTRAN formats.  The second type,  used 111a-inly f o r  

t h e  geometry i n p u t ,  r e q u i r e s  a  spec ia l  ca rd  read ing  r o u t i n e .  



A.  SPECIAL CARD INPUT ROUTINE, CRDRD 

The CRDRD* rou t i nes  read cards o f  two format types. They are  c a l l e d  

P o r  U. The P o r  U i s  read i n  column 1  on the  f i r s t  card of a  sec t i on  o f  

i n p u t  c a l l e d  a  record. The record i s  ended w i t h  an end o f  record marker, 

i R. Cards w i t h  an a s t e r i s k  i n  the  f i r s t  column can be used before  the  P 

o r  U type card as comment cards. 

The P card i nd i ca tes  t h a t  t he  data w i l l  be in tegers  us ing 3  column 

f i e l d s  (13).  As many as 24 o r  as few as one data word can be on one card. 

Each f i e l d  o f  t h ree  columns i s  checked. I f  a  slash, /, i s  i n  any one o f  

t he  th ree  columns, t h a t  f i e l d  along w i t h  the  r e s t  o f  t he  card i s  skipped. 

The record  i s  ended w i t h  a  R card. 

The U card i nd i ca tes  t h a t  t h e  i n p u t  w i l l  be a  m ix tu re  of i n tege r  and 

f l o a t i n g  p o i n t  numbers. A number i s  considered t o  be f l o a t i n g  p o i n t  i f  i t  

conta ins a  decimal p o i n t  and/or an exponent. Otherwise i t  i s  considered 

t o  be an i n tege r .  The data word must be contained i n  a  f i e l d  o f  no t  more 

than 12 columns. The data words do n o t  have t o  be r i g h t  adjusted. F i e l d s  

of l e s s  than 12 columns can be used by p lac ing  a  comma a f t e r  the  data 

word. The nex t  f i e l d  would then s t a r t  r i g h t  a f t e r  t he  coma. Note, t he  

r o u t i n e  assumes t h a t  t h e  maximum f i e l d  l eng th  i s  12 columns so i f  a  number 

uses more than 12 columns, i t  w i l l  be s p l i t  i n t o  two numbers. I f  the  columns 

a re  l e f t  blank, a  zero w i l l  be entered. , 

Again, as w i t h  the  P card, a  s lash i n  any column o f  a  f i e l d  w i l l  cause 
I 

t h a t  f i e l d  and the  r e s t  o f  the  card t o  be skipped. The space a f t e r  t he  

* s lash may be used f o r  comments as i t  i s  n o t  examined. 

'Wri t ten and coded by Kent 0. Stewart, B a t t e l  le-Northwest Laboratory. 



Several i d e n t i c a l  words can be entered s imp l y  by p u t t i n g  t h e  number 

o f  words fo l lowed by an a s t e r i s k .  For  example, 11*4.0 would e n t e r  t h e  

number 4.0 i n t o  11 consecu t i ve  words o f  t h e  record .  The f i e l d  o f  12 

columns s t a r t s  r i g h t  a f t e r  t h e  * when t h e  * i s  used. 

B. DESCRIPTION OF THE BMC-MG CClDE PROBLEM INPUT 

The problem i n p u t  numbers f o r  each i n p u t  ca rd  w i l l  be descr ibed  a long  

w i t h  t h e i r  names and format .  It w i l l  a l s o  be i n d i c a t e d  when t h e  i n p u t  

ca rd  i s  needed. 

The f i r s t  two i n p u t  cards a r e  always needed. The f i r s t  ca rd  con ta ins  

a BCD t i t l e  which i s  p r i n t e d  a t  t h e  t op  of  each page of t h e  o u t p u t  a long  

w i t h  t h e  da te  and page number. The second card  con ta ins  execu t ion  c o n t r o l  

i n f o rma t i on .  Card 3 and t h e  i n p u t  t o  t h e  source r o u t i n e  a r e  always r e -  

qu i r ed  i f  a Monte Ca r l o  c a l c u l a t i o n  i s  done. The i n p u t  f o r  t h e  o u t p u t  

r o u t i n e s  i s  always r e q u i r e d  i f  t h e  o u t p u t  c a l c u l a t i o n s  a r e  done. The 

energy-mater ial-geometry d e s c r i p t i o n  i n p u t  i s  n o t  needed f o r  a  normal r e s t a r t .  

The r e s t a r t  tape i s  c a l l e d  IMCT when i t  i s  be ing w r i t t e n .  I t i s  c a l l e d  

TNCQ when i t  i s  be ing  read. TMCQ w i l l  always be on l o g i c a l  tape  u n i t  A 

w h i l e  IMCT can be on u n i t  A o r  B. 

C .  CROSS-SECTION INPUT 

The c ross-sec t ions  a v a i l a b l e  w i t h  t h e  code a r e  i n  t h e  same fo rmat  as 

ANISN uses. The f o l l o w i n g  d e s c r i p t i o n  i s  taken d i r e c t l y  f rom t h e  ANISN USER 

document. (Reference 5 o f  t h e  main document) 

ANISN expects a  t a b l e  o f  c ross  sec t i ons  f o r  each group, g, o f  each 

m a t e r i a l  i n  t h e  f o l l o w i n g  fo rmat :  



P o s i t i o n  

1  

Cross Sect ion Type 

a c t i v i t y  

I1 

absorp t ion  

IHT-1 nu x f i s s i o n  

I H S  

t o t a l  

u g+NUS+g 

upscat te r  5 

u 

u 
S-tg 

u 

downscatter 5 

u g-NDStg 

Thus the  parameters IHT, IHS, and I H M  completely descr ibe the  format  o f  

the  cross sect ions.  I f  there  a r e  no a c t i v i t y  cross sect ions,  IHT = 3. 

I f  there  i s  no upscat te r  IHS = IHT + 1. I f  the re  i s  no downscatter I H M  = 

I H S  ( i  .e. a  one group problem). I f  the re  i s  upscat te r  ANISN w i l l  compute 

a  t o t a l  upscat te r  cross sec t i on  f o r  each group o f  each ma te r ia l  and p lace 

t h a t  cross sec t i on  i n  p o s i t i o n  IHM + 1  . The a c t i v i t y  cross sec t ions  a re  

. . used on ly  f o r  a c t i v i t i e s  (22$, 23$). 

C 

'NUS i s  t h e  number o f  groups o f  upscat te r .  
NDS i s  t he  number o f  groups o f  downscatter. 



The PL c ross  s e c t i o n  t a b l e s  must correspond i n  format t o  t h e  Po t a b l e s  

eYen though t h e  t r a n s f e r  c o e f f i c i e n t s  a r e  t h e  o n l y  numbers used. Note t h a t  

t h e  PL c ross  sec t i ons  must c o n t a i n  a  (2L + 1  ) term. Some Sn codes supp l i ed  

t h i s  term i n t e r n a l l y .  (e.g.  DTF-11 m u l t i p l i e d  t h e  PI c ross  sec t i ons  by 

3 .0 ) .  

D. FIDO FORMAT 

Several  a r rays  i n c l u d i n g  t h e  c ross-sec t ions  a r e  i n p u t  i n  FIDO fo rmat .  

FZDO i s  a  da ta  read ing  sub rou t i ne  which we have ob ta ined  f rom t h e  A N I S N  

code. The f o l l o w i n g  d e s c r i p t i o n  o f  t h i s  i n p u t  i s  taken f rom re fe rence  6 

o f  t h e  main body o f  t h e  r e p o r t .  

A l l  numerical  da ta  i s  w r i t t e n  i n  t h e  same format.  Each da ta  card  con- 

s i s t s  o f  s i x  twelve-column data f i e l d s .  Each da ta  f i e l d  c o n s i s t s  o f  t h r e e  

sub f i e l ds  of two, one, and n i n e  columns r e s p e c t i v e l y .  The con ten ts  o f  t h e  

f i r s t  two s u b f i e l d s  d e f i n e  t h e  o p e r a t i o n  t o  be performed on t h e  da ta  con- 

t a i n e d  i n  t h e  t h i r d  s u b f i e l d .  The second s u b f i e l d  may c o n t a i n  e i t h e r  a  

b lank  o r  one o f  t h e  f o l l o w i n g  charac te rs :  $,*,R,I,T,S,F,A,+,-. The f i r s t  

s u b f i e l d  may c o n t a i n  e i t h e r  a  b lank o r  an i n t e g e r  f rom 1  t o  99. 

$ i n d i c a t e s  t h e  beginn ing o f  an i n t e g e r  a r ray .  The f i r s t  s u b f i e l d  

i d e n t i f i e s  t h e  a r ray .  3 r d  s u b f i e l d  i s  b lank .  

* i n d i c a t e s  t h e  beginn ing o f  a  f l o a t i n g  p o i n t  a r ray .  The f i r s t  sub- 

f i e l d  i d e n t i f i e s  t h e  a r ray .  3 r d  s u b f i e l d  i s  b lank.  

R i n d i c a t e s  t h a t  t h e  da ta  con ta ined  i n  t h e  t h i r d  s u b f i e l d  i s  t o  be . . 

entered severa l  t imes i n  succession. The f i r s t  s u b f i e l d  de f ines  t h e  number d 

of success ive e n t r i e s  o r  - Repeats. 



I ind ica tes  l i n e a r  - I n t e r p o l a t i o n  between the data i n  the  associated 

t h i r d  s u b f i e l d  and the fo l l ow ing  t h i r d  subf ie ld .  The f i r s t  s u b f i e l d  def ines 

the number o f  i n t e r p o l a t i o n s  between the  two data e n t r i e s .  

T  i nd i ca tes  - Terminat ion o f  data reading. A l l  fo l lowing data and data 

A i n  the  associated f i r s t  and t h i r d  sub f ie lds  i s  ignored. 

S i nd i ca tes  Skip. The f i r s t  s u b f i e l d  defines the  number of e n t i r e s  
" 

t o  be skipped. The t h i r d  s u b f i e l d  may conta in  the  f i r s t  e n t r y  fo l lowing 

the  sk ips.  

F  i nd i ca tes  t h a t  the remainder o f  the  present a r ray  i s  t o  be - F i l l e d  

w i t h  the  data en t ry  i n  the  t h i r d  sub f ie ld .  Any en t ry  i n  the  f i r s t  s u b f i e l d  

i s  ignored. 

A i nd i ca tes  ~ d d r e s s  - modi f i ca t ion .  The next  non-blank data en t ry  i s  

entered i n  the  Nth - l o c a t i o n  o f  t he  present a r ray  where N  i s  an i n teger  

e n t r y  i n  the  t h i r d  s u b f i e l d  associated w i t h  the  A .  Any en t ry  i n  the  f i r s t  

subf ie ld  i s  ignored. 

+ o r  - ind ica tes  exponent iat ion.  The data e n t r y  i n  the  t h i r d  s u b f i e l d  

i s  m u l t i p l i e d  by 1 0 ' ~  where N i s  the  en t ry  i n  the  f i r s t  subf ie ld.  This 

op t ion  a l lows more s i g n i f i c a n t  d i g i t s  i f  necessary. 

In teger  data i n  the t h i r d  s u b f i e l d  must be r i g h t  j u s t i f i e d .  F l o a t i n g  

p o i n t  data may be w r i t t e n  w i t h  o r  w i thou t  an exponent and w i t h  o r  w i thou t  

a  decimal po in t .  I f  the decimal p o i n t  i s  no t  included, i t  i s  assumed t o  

be immediately t o  the  l e f t  o f  the  exponent f i e l d .  I f  there  i s  no exponent, 

t he  decimal p o i n t  i s  assumed t o  be a t  the  extreme r i g h t  o f  the n ine column 

subf ie ld.  



The f o l l o w i n g  r e s t r i c t i o n s  must be observed when w r i t i n g  da ta  f o r  

ANISN:  

1 )  F l o a t i n g  po i .n t  zeroes must be w r i t t e n  as 0. o r  0.0. A .O i s  read 

as a b lank.  ( -ze ro )  

2 )  Blanks a r e  ignored.  

3 )  I f  an I i s  s p e c i f i e d  i n  any da ta  f i e l d ,  t h e  n e x t  da ta  f i e l d  may 

n o t  be e i t h e r  b lank  o r  an A e n t r y .  

4 )  The t h i r d  s u b f i e l d  o f  a  da ta  f i e l d  c o n t a i n i n g  a $ o r  a  * may 

c o n t a i n  any i n t e g e r ,  N. The n e x t  da ta  e n t r y  i s  assumed t o  be t h e  (N+l )a 
member o f  t h e  a r r a y .  Normal ly  t h i s  t h i r d  s u b f i e l d  i s  b lank  and i s  i n t e r -  

p re ted  as zero.  



V I  I. DESCRIPTION OF CARD INPUT TO 'THE BMC-MG CODE 

b Card 1  Format (1 2A6) BCD t i t l e  card 

Card 2 Format (1 1  15, 5X, 2A6, 7X I 1  ) program c o n t r o l  

NPRBTP I d e n t i f i c a t i o n  number o f  t h e  Problem tape. I f t h i s  

LSTRT 

IMCTSV 

LCONT 

LSTOP 

LCOPY 

LSKNS 

i s  a  r e s t a r t ,  t he  number must match the  number on t h e  

r e s t a r t  tape. 

0, I n i t i a l  s t a r t .  IMCT = B. 

1, Restar t ,  no changes, tape t o  be w r i t t e n  t o  IMCT = A. 

2, Restar t  b u t  do i n p u t  c a l c u l a t i o n s  over. 

3, Restar t  b u t  do the  geometry i n p u t  c a l c u l a t i o n s  over.  

(For LSTRT = 2 o r  3, IMCO = A, IMCT = B) 

0, Wr i te  and save the  r e s t a r t  tape 

66, Do n o t  w r i t e  a  r e s t a r t  tape 

0  o r  1, Do a  Monte Car lo c a l c u l a t i o n  

2, Go t o  the  ou tput  rou t i nes  a f t e r  the  i npu t .  Do 

n o t  do a  Monte Car lo Ca lcu la t i on  

0, Do complete problem. 

1, Do i n p u t  c a l c u l a t i o n s  only .  

2, Do i n p u t  and Monte Car lo c a l c u l a t i o n s  bu t  n o t  the  

ou tpu t  processing. 

I f 1, copy the  r e s t a r t  tape I M C O  t o  IMCT and use IMCT. 

IMCO = A, IMCT = B. (Ac t ive  o n l y  i f  LSTRT = 1 . )  

LSKNS i s  used when LSTRT > 0. 

0, P o s i t i o n  r e s t a r t  tape t o  the  normal ( l a s t )  r e s t a r t .  

I f  LSKNS > 0, then LSKSV must equal 77 o r  c a l c u l a t i o n  

w i l l  n o t  be made. 



LSKNS (cont)  

LSKSV 

NERCV 

IMPRD 

1, S t a r t  t he  t a l l  i e s  anew. 

2, Use the  r e s t a r t  dated (DLSKA, DLSKB). 

Safety f a c t o r  f o r  use o f  LSKNS > 0. Must equal 77 

when LSKNS > 0. 

Nurrlber o f  recoverabl e e r r o r s  be fore  te rm ina t i on  o f  

prograni execut ion. 

0, Use previous s e t  o f  importance and r o u l e t t e  

parameters f o r  r e s t a r t .  

55, Read a new s e t  o f  importance and r o u l e t t e  

parameters w i t h  normal r e s t a r t .  

Card 3 Format (215, E1O.O, 215, 5X, g15) Monte Car lo batch c o n t r o l .  (Card 3 

n o t  needed i f  LCBNT = 2). 

N BTC H 

NPTPB 

The number o f  batches f o r  t h i s  case. (Not t o t a l  

number o f  batches f o r  t h e  c a l c u l a t i o n .  

The number o f  p a r t i c 1  es (source o r  f i s s i o n )  t o  f o l  low 

i n  each batch. 

The nex t  t h ree  i n p u t  numbers a re  used o n l y  i f  the  thermal t a l l y  op t i on  

i s  used (see Card 4, LTALY = 2 ) .  

RTHRT The r a t i o  o f  t he  weight  l eav ing  t o  t h a t  e n t e r i n g  

t h e  thermal t a l l y  range. 

JTHRT The energy group t o  which p a r t i c l e s  must be slowed 

down before  they are  used i n  (en ter )  t he  thermal 

t a l l y  range. 

The niaximuni energy group a p a r t i c l e  may achieve i n  

the  thermal t a l l y  range. 

JTHRTX 



RND can be used t o  change t h e  i n i t i a l  random number. 

I f  RND i s  l e f t  b lank,  t h e  o c t a l  number 343277244615 

o r  t h e  random number a t  t h e  end o f  t h e  l a s t  batch 

w i l l  be used. Otherwise, t h e  o c t a l  number RND read 

2 i n  w i l l  be used. 

Card 4 Format (1415) Proble~i i  d e s c r i p t i o n  parameters. (Card 4 n o t  needed i f  
' .  

LSTRT = 1 ) .  

LPRB Problem t ype  c o n t r o l  . 
0, F i s s i o n  descendant p rob l  em. 

1, D i r e c t  source problem. 

2 ,  D i r e c t  source p l u s  f i s s i o n  descendant. 

I f  LPRB i s  l e s s  then  0 t h e  f i s s i o n  spectrum must be 

JMAXX 

J GAMX 

MMAX 

NBNDX 

N HMAX 
- 

NSPRG 

* 
N FMAX 

NLKTLY 

i n p u t  f rom cards (card  7) ,  o the rw i se  bo th  neu t ron  

and/or gamma f i s s i o n  spec t ra  b u i l t  i n t o  code i s  used 

depending on problem t ype  ( i  .e. neut ron o r  neu t ron-  

gamna coup1 ed) 

To ta l  number o f  energy groups. 

Number o f  gamma energy groups. 

Number o f  m a t e r i a l s .  (Not  i n c l u d i n g  vo ids  . )  

Number o f  boundaries used i n  t h e  geometr ica l  

d e s c r i p t i o n .  

Number o f  geometr ica l  reg ions .  

Number o f  "Specia l  " geometr ica l  reg ions ,  

Number o f  t a l l y  reg ions .  

Number of 1 ea kage t a l  l y  se t s .  



LTALY 

2 

LANRX 

LDKRN 

NCXPR 

0 o r  1; Use o n l y  one t a l l y  s e t  f o r  each t a l l y  r eg ion .  

2; use two t a l l y  se t s  (make spec ia l  thermal t a l l  i e s )  

f o r  each t a l l y  reg ion .  

NQMGX Number of boundary r e f l e c t i o n  albedo se t s .  Read i n  

w i t h  CRDRD Record 3. 

Card 5  Format (1415) Cross-sec t ion  i n p u t  c o n t r o l  

NICRD Number o f  i s o t o p e  c ross-sec t ion  se t s  read f rom cards.  

N  ITAP Number o f  i s o t o p e  c ross -sec t i on  se t s  read f rom tape.  

I HTX P o s i t i o n  o f  t o t a l  c ross-sec t ion .  

I HSX P o s i t i o n  o f  s e l f - s c a t t e r  c ross -sec t i on  term. 

I HMX Length o f  c ross -sec t i on  tab1 e. 

NANRX Order o f  s c a t t e r i n g  n  where Pn i s  t h e  h i g h e s t  o r d e r  

o f  s c a t t e r  

Type o f  s c a t t e r i n g  technique t o  be used 

0  o r  1  - polynomia l  r e j e c t i o n  technique 

2 - polynomial  r e j e c t i o n  technique w i t h  p o i n t  d e t e c t o r  

3 - d i s c r e t e  ang le  technique 

4  - d i s c r e t e  ang le  technique w i t h  p o i n t  d e t e c t o r  

D i f f u s i o n  ke rne l  c o n t r o l  ( p r e s e n t l y  n o t  a v a i l  a b l e ) .  

0 - Use normal t r a n s p o r t  o n l y  

1  - Use d i f f u s i o n  kerne l  i n  s p e c i f i e d  groups. 

Cross-sec t ion  p r i n t  o p t i o n  

1  - p r i n t  c ross -sec t i on  

2 - no c ross-sec t ions  p r i n t e d  

-1 - p r i n t  angu la r  and t r a n s f e r  da ta  



INPUN 

NDTC 

L  RAD 

P r i n t  op t i ons  f o r  d i s c r e t e  ang le  technique 

0 - no p r i n t i n g  

1  - e r r o r s  o n l y  

2  - a l s o  moments 

3  - a l s o  i n f o r m a t i o n  f rom sub rou t i ne  GETMUS 

Number o f  p o i n t  de tec to r s  ( i f  nega t i ve  t h e  u n i t s  

a r e  i n  inches)  

Number o f  convers ion t a b l e s  f o r  r e g i o n  averaged 

a c t i v i t i e s  ( t h i s  inc ludes  f l u x  t o  dose convers ion 

f a c t o r  t a b l e s ) .  A  gamma and neu t ron  f l u x  t o  dose 

convers ion t a b l e  i s  b u i l t  i n t o  t h e  code and con- 

t r o l  1  ed by card 8-5 (page 65 ) .  I f  LRAD i s  l e s s  

than 0, t h e  convers ion t a b l e s  a r e  i n p u t  by card  

s e t  0-4. 

Card 6  Format (6E12.0) 

EJG (JMAXX) The upper energy l i m i t  f o r  each group s t a r t i n g  w i t h  

t h e  h i ghes t  energy neut ron group. (JMAXX + 1  

e n t r i e s  needed. ) 

Card 7 Format (12,Al,E9.0) Needed i f  LPRB < 0  as i n p u t .  Th i s  i s  FIDO 

Format descr ibed  on page 39. 

FSPEC (JMAXX) A  I* i n  columns 2  and 3  must be on t h e  f i r s t  ca rd  

f o l l owed  by t h e  f i s s i o n  spectrum s t a r t i n g  w i t h  t h e  

h i ghes t  energy neu t ron  group. A  T  i n  t h e  t h i r d  

column o f  a  12 column f i e l d  must end t h e  a r ray .  



NLMBI 

I HT I 

CROSS SECTION INPUT 

Mate r ia l  Desc r ip t i on  and I s o t o p i c  Mix I n s t r u c t i o n s  

Repeat Card 8 and accompanying Card 9 ' s  f o r  each ma te r ia l  

Card 8 Format (15, 5X, 3A6) 

N I SO Number o f  isotopes i n  t h i s  m a t e r i a l  

BCDM(3) A1 pha numeric i n fo rma t ion  desc r ib ing  ma te r ia l  

Card Set 9  Format (15, E15.0) Need NISO Card 9 ' s  f o r  each Card 8 

I SOM I d e n t i f i c a t i o n  number f o r  i so tope 

CONM Densi ty  o f  i so tope i n  ma te r i a l  o f  Card 8. 

Cross Sect ions 

Card A Format (A1 , 14, 412, 13, 11, 9A6) Cross sec t ion  s e t  d e s c r i p t i o n  

$ D o l l a r  s ign  

MATID Isotope I D  Number 

I FRT 1. DTF I V  format  cross sect ions 

(2a t l  f a c t o r  must n o t  be inc luded i n  legendre 

expansions) 

2. ANISN format  cross sec t ions  

( 2 a t l  f a c t o r s  must be inc luded i n  legendre 

expansions) 

3. Mu1 t i p 1  i e s  ANISN format cross-sect ions by 

2 a t l  f a c t o r .  

Order o f  s c a t t e r  n  where Pn i s  the  h i ~ h e s t  o rder  

o f  s c a t t e r .  

P o s i t i o n  o f  t d t a l  cross sec t ion .  



IHS I P o s i t i o n  o f  s e l f - s c a t t e r  cross sec t i on  
I 

I H M I  Table l e n g t h  o f  cross sec t i on  s e t  

IFSPI 

HOLN 

Do n o t  use t h i s .  

Alpha-neumeric i n fo rma t i on  d e s c r i b i n g  i so tope .  

J Card B A N I S N  Format-14* i n  t he  f i r s t  t h ree  columns, r e s t  o f  card b lank 

. -  DTF I V  Forniat - T i t l e  card (16A4) 

Card s e t  C 

Cross sec t ions  i n  fo rmat  de f i ned  by IFRT o f  Card A  

- Card D 

ANISN Format - "T" i n  column th ree  - r e s t  o f  card b lank 

( f o l l o w s  h ighes t  o rder  o f  s c a t t e r  cross sec t ions  f o r  each 

i so tope  j u s t  be fo re  nex t  card A ) .  

DTF I V  Forniat -- Leave t h i s  ca rd  ou t .  

The nex t  sec t i on  o f  records con ta ins  t h e  geometry and reg ion  data.  A  s e t  

o f  da ta  which i s  read b.y t he  CRDRD r o u t i n e s  w i l l  be designated as CRDRD Record. 

Th is  s e c t i o n  i s  n o t  needed i f  LSTRT = 1. 

CRDRD Record 1, Format U (Mixed f l o a t i n g  p o i n t  and i n t e g e r )  

Boundary d e s c r i p t i o n  record  

The f o l l o w i n g  i n fo rma t i on  i s  repeated f o r  each o f  t he  NBNDX boundaries. 

IDB The index t e l l  i n g  t he  boundary type. 

I f  the  f i r s t  va lue o f  ID6 i s  negat ive,  a l l  boundary 

dimensions a re  i n  inches, o therw ise  they a re  i n  

cen t imeters .  



Boundary desc r ip t i on  record  ( c o n t l  nued) 

I9M A1 bedo index. Gives type of r e f l e c t i o n  

0, no r e f l e c t i o n  

1, n i i r ro r  r e f l e c t i o n  using albedo s e t  1, 

2, n i l r ro r  r e f l e c t i o n  using albedo se t  2. 

3,  m i r r o r  r e f l e c t i o n ,  u n i t  a1 bedo. 

4, i s o t r o p i c  r e f l e c t i o n ,  u n i t  a1 bedo. 

Boundary Parameters 

The boundary papameters depend on the  boundary type. The parameters and 

t h e i r  order  a re  : 

IDB Parameters Dimensions i n  cent imeters o r  inches, 

depending on IDB. 

1 X o Plane x = x . 
0 

2 Yo P lan t  y = yo. 

3 Zo Plane z = zo. 

4 b, a Plane y = ax + b. 

5 R R = rad ius  of c y l i n d e r  centered a t  o r i g i n .  

R,XO,YO Cyl i nder , centered a t  X, ,Yo. 

R Sphere, centered a t  o r i g i n .  

K,Xo,Yo,Zo, General boundary 
A, B ,C 



For example, a  record f o r  5  boundaries could be 

U 

3,3-5.0,3,0,0,3,3,5.0,/ 

6,0,1.0,0.5,0.5,6,4,2.0,0.5,0.5,/ 

R 
-& 

CRDRD Record 2, Format P (2413) 
. - 

Region desc r ip t i on  record. 

This record contains four words fo r  each reg ion p lus four words' fo r  each 

boundary i n  each region.  

NBH Number of boundaries needed t o  describe t h i s  reg ion 

LSPH 

MATH 

0, t h i s  i s  a  normal region.  

L, the  number o f  the  "spec ia l "  reg ion t o  use i n  t h i s  

region.  (L  i NSPRG) 

Mate r ia l  t o  use i n  t h i s  region. I f  NTH = 0, the  

reg ion i s  an external  vo id.  A neutron i n  an external  

vo id  i s  re jec ted .  I f  N T H  = -1, the  reg ion i s  an 

i n t e r n a l  vo id.  The neutron-beam w i l l  cross the  reg ion  

w i thout  c o l l i s i o n s  o r  a l t e r a t i o n .  

The t a l l y  region number fo r  t h i s  region.  If IFH = 0, 

no t a l l i e s  w i l l  be made f o r  a neutron -beam i n  t h i s  

region.  Note t h a t  the  f l u x  i n  an i n t e r n a l  vo id  can 

be t a l l i e d  by s e t t i n g  IFH # 0. 

The fo l lowing fou r  parameters are  entered fo r  each of the  NBH boundaries 

of the  region.  



IGDH 

I BHH 

101 H 

G i s  t h e  s i g n  o f  t h e  boundary and 

D i s  t h e  leakage t a l l y  s e t  index.  

G = s i g n  o f  IGDH 

D = ABS (IGDH) -1 

I f  D = 0, i . e . ,  IGDH = f 1, no leakage i s  t a l l i e d .  

I f  1 d 5 5 0 ,  i .e . ,  IGDH = + 2 t o  2 51, t h e  leakage w i l l  

be t a l l i e d  i n t o  t h e  leakage t a l l y  s e t  D  and t h e  

neutron-beam w i l l  be k i l l e d .  

I f  b 5 1 ,  then  t h e  leakage across t h e  boundary w i l l  

be t a l l i e d  i n t o  leakage t a l l y  s e t  D-50 b u t  t h e  neu t ron-  

beam w i l l  n o t  be k i l l e d .  

Boundary index . 

The r e g i o n  t h e  neu t ron  w i l l  most l i k e l y  e n t e r  n e x t  

i f  i t  leaves  t h e  r e g i o n  across t h i s  boundary. 

The r e g i o n  t o  s t a r t  t h e  r e g i o n  search i n  i f  r e g i o n  

I Q l H  f a i l s .  (Usua l l y  t h i s  w i l l  be t h e  l owes t  

numbered r e g i o n  which t h e  neu t ron  cou ld  e n t e r . )  

IGDH t o  IQ2H a r e  repeated f o r  a l l  of t h e  boundar ies o f  t h e  r e g i o n  and then  

t h e  da ta  i s  repeated s t a r t i n g  w i t h  NBH f o r  t h e  n e x t  r e g i o n .  

Cards 10 t o  14 n o t  needed i f  NSPRG = 0  

Card 10 Format (1415) 

LTSPS ( NSPRG) LTSPS i s  t h e  t y p e  o f  spec ia l  r eg i on .  En te r  a  va l ue  
- 

. ,  
f o r  each o f  t h e  NSPRG s p e c i a l  r eg i ons .  C u r r e n t l y  t h e  

* 
o n l y  t ype  o f  spec ia l  r e g i o n  a v a i l a b l e  i s  t h e  square 

l a t t i c e  o f  c l a d  f u e l  rods  (LTSPS = 1 ) .  



Cards 11 t o  14 c o n t a i n  i n p u t  f o r  t h e  spec ia l  square l a t t i c e  geometry 

r o u t i n e .  I f  a  d i f f e r e n t  spec ia l  geometry r o u t i n e  were be ing used, t he  i n p u t  

would be d i f f e r e n t  b u t  t h e  i n p u t  cards would be i n  t h e  same p o s i t i o n .  

Cards 11 t o  14 a r e  repeated f o r  each spec ia l  reg ion .  

.. Card 11 Format (1415) 

NRX 

NRY 

MATC L  

I FTC L  

MATFL 
. - 

I FTFL 

Card 12 Format (7E10.0) 

IDB.) 

XC 

DXC 

DYC 

RD F  

RDC 

Number o f  rows o f  rods  i n  t h e  X d i r e c t i o n .  

Number o f  rows o f  rods i n  t h e  Y d i r e c t i o n .  

M a t e r i a l  number o f  t he  c ladd ing .  

T a l l y  r e g i o n  o f  c ladd ing .  

M a t e r i a l  number o f  t he  f u e l  i n  t h e  rods .  I f  

MATFL = 0, t he  m a t e r i a l  numbers f o r  each r o d  w i l l  

be read us ing  Card 13- 

T a l l y  r e g i o n  o f  t h e  f u e l  rods.  I f  IFTFL = 0, t h e  

t a l l y  r e g i o n  numbers w i l l  be read us ing  Card 14. 

( A l l  dimensions i n  cen t imete rs  o r  inches, depending on 

X coo rd ina te  o f  t h e  cen te r  o f  t he  lower  l e f t  hand 

corner  rod,  r o d  (1 , I ) .  

Y coo rd ina te  o f  t he  cen te r  o f  t h e  lower  l e f t  hand 

corner  rod .  

L a t t i c e  spacing i n  t h e  X d i r e c t i o n .  

L a t t i c e  spacing i n  t h e  Y d i r e c t i o n .  

Radius o f  t h e  f u e l  rod.  

Radius o f  o u t e r  edge o f  c ladd ing .  



Card 13 Format (1415) Needed on ly  i f  MATFL = 0. 

MATXYS(NRX,J) The mate r ia l  numbers o f  a l l  the  rods i n  the  J ' t h  

row. 

Repeat card 13 f o r  J = 1,2---,NRY. 

Card 14 Format (1415) Needed on ly  i f  IFTFL = 0. . 

IFTXYS(NRX, J )  The t a l l y  reg ion number o f  a l l  the  rods i n  the  J ' t h  

row. 

Repeat card 14 f o r  J = 1,2,---,NRY. 

CRDRD Record 3 Format U (Not needed i f  NQMGX = 0) . 
OMGAB (JMAXX , The boundary r e f l e c t i o n  a1 bedos. Enter  a value f o r  

NBMGX ) * - 

each macro-energy group f o r  the  f i r s t  albedo se t .  

Then repeat f o r  the  next  s e t  u n t i l  NQMGX sets have 

been entered. 

Card 15 Format (215) Energy and zone weight ing con t ro l  . 
NERGX 

NWTZX 

Number o f  energy weight ing zones 

Number o f  geornetri ca l  we ight i  ng zones 

CRDRD Record 4 Format U Russian Rou le t te  and importance weight data 

IXWZ(NHMAX) Weiqhting zone f o r  each geometr ical reg ion ( n o t  

needed i f  NWTZX = 1 ) . 
IVW(NERGX) The upper group f o r  each energy weight ing range 

(IVW = 1 if NERGX = 1 ) .  The ranges must be 

continuous, i .e., the  upper energy group of one 

range except the  f i r s t  i s  the  lower energy group 

of the  range above it. 



Repeat t h e  f o l l o w i n g  s i x  parameters f o r  each energy we iqh t ing  zone and geome- 

f t r i c a l  we igh t ing  zone. The WTX parameters a r e  read f o r  each geometr ical  

we igh t ing  zone, then the  WTXH e t c .  f o r  each energy we igh t ing  zone u n t i l  NERGX 

b energy we igh t ing  zones a re  completed. 

.& 
WTX ( NWTZX ) Minimum neutron weight  be fore  Russian Rou le t t e  i s  

p l  ayed . 
. - 

WTXH ( IVNTZX ) Neutron s u r v i v a l  weight  i n  each geometr ical  zone. 

WTMH ( IVWTZX ) Maximum weight o f  p a r t i c l e  be fore  s p l i t t i n g  i n  

each geometr ica l  zone. 

BEMNH (NWTZX) Minimum beam s t reng th  be fo re  Russian Rou le t t e  i s  

played i n  each geometr ical  zone. 

BEMXH (NWTZX) Beam s u r v i v a l  s t reng th  i n  each geometr ical  zone. 

ZWTH ( NWTZX ) Importance weight  f o r  each geometr ical  zone. 

Card s e t  16 Format (415, 3E10.0) P o i n t  de tec to r  d e s c r i p t i o n  

Repeat card  16 NDTC t imes (Card 5) 

Type o f  de tec to r ;  o n l y  type  1  a l lowed a t  t h i s  t ime 

If LEDT i s  negat ive  the  dimensions a r e  i n  

L EDT 

I HDT 

I FDT 

MIDT 

v .  

- -  XDT 

Y DT 

ZDT 

inches, otherwise cent imeters.  

Region t h e  p o i n t  de tec to r  i s  i n .  

T a l l y  reg ion  f o r  p o i n t  de tec to r .  

Ma te r i a l  number o f  p o i n t  de tec to r  (used o n l y  t o  g i v e  

r e a c t i o n  r a t e s  a t  t he  de tec to r )  

-1 i f  v o i d  

X coord ina te  p o i n t  de tec to r  l o c a t i o n  

Y coord ina te  p o i n t  de tec to r  l o c a t i o n  

Z  coord ina te  p o i n t  de tec to r  l o c a t i o n  



Source Rout ine  I n p u t  

The source r o u t i n e  i n p u t  i s  needed whenever a  Monte C a r l o  c a l c u l a t i o n  

i s  made. It i s  n o t  p u t  on t h e  r e s t a r t  tape. The i n p u t  descr ibed  here i s  

f o r  t h e  BMC-MG genera l  source r o u t i n e .  I f  a d i f f e r e n t  source r o u t i n e  i s  used, 

t h e  i n p u t  would go here. 

Card S-0 Format (315) Needed f o r  any Monte Ca r l o  C a l c u l a t i o n  

NREG The number o f  source reg ions .  

Cards S - l  throuqh S-6 a re  repeated NREG t imes 

INCH 0 - dimensions i n  cen t imete rs  

-1 - dimensions i n  inches 

The number o f  source energy spec t ra  

Cards S-7 through S-9 a r e  repeated NEGM t imes 

a f t e r  a1 1 se ts  o f  cards S-1 through S-6. 

NEGM 

Card S-1 Format (412, 2X, 2E10.0) 

LRGGS Type o f  geometr ica l  coo rd ina te  system t o  use i n  

t h i s  source reg ion .  

1, Rectangular  

2, C y l i n d r i c a l  

3, Spher ica l  

4, General Geometry 

1, n o t  used; must equal 1 .  

Angular  b i a s i n g  o p t i o n  f o r  source 

0 o r  1  - I s o t o p i c  

2  - Mono-d i rec t iona l  beam 

Supply t h e  d i r e c t i o n  cos ines on Card S-6 

NEGS 

LANGS 



IQRGS 

PRBRS 

3 - I s o t r o p i c  on X ha l f -p lane depending on s i g n  

of ALS 

4 - I s o t r o p i c  on Y ha l f -p lane depending on s ign  

o f  BTS 

5 - I s o t r o p i c  on Z ha l f - p lane  depending on s i g n  

o f  GMS. 

ALS, BTS, and GMS are  i n p u t  on Card S-6. 

6 - P a r t i c l e s  se lec ted  o n l y  i n  t h e  s o l i d  angle 

de f ined  by d i r e c t i o n  cosines llMlS L P  L 

UM2S (Card S-6) 

7 - P a r t i c l e s  se lec ted  from d i s t r i b u t i o n  

P = 1/ (1 -QUMS*U) w i t h  b i a s i n g  

8 - P a r t i c l e s  se lec ted  f rom d i s t r i b u t i o n  

P = 1  + QUMS*U w i thou t  b i a s i n g  

(an a n i s o t r o p i c  d i s t r S  b u t i o n )  

9 - P a r t i c l e s  se lec ted  f rom d i s t r i b u t i o n  

P = 112 (l+QUMS*U) w i t h  b i a s i n g  

QUMS i s  s e t  on Card S-6 

The geometr ical  r eg ion  t o  l ook  i n  f i r s t  t o  l o c a t e  a  

neutron born i n  t h i s  source region.  I f  the  neutron 

i s  n o t  i n  r e g i o n  IQRGS o r  i f  IQRGS = 0, a reg ion  

search w i l l  s t a r t  w i t h  reg ion  IWRGS + 1. 

The p r o b a b i l i t y  t h a t  a  neutron i s  born i n  t h i s  source 

reg ion  r e l a t i v e  t o  t h e  o t h e r  reg ions .  PRBRS does 

n o t  have t o  be normal Szed. 



WTPRS Weight o f  a neutron born i n  t h i s  source reg ion .  

1.0. I f  WTPRS = 0, i t  w i l l  be s e t  t o  1.0.) 

Card S-2 Format (412,2X,6E10.0) Needed o n l y  f o r  rec tangu la r  geometry, LRGGS = 1. 

LXD Type o f  spac ia l  d i s t r i b u t i o n  i n  t h e  X d i r e c t i o n .  

LZD 

L HOL 

1, P o i n t  a t  XI *. 

2, Uniforni  between X i  and X2. 
-. 

TI 3, Cosine . (X-Xo) betl:!een XI and X2. 
HX 

Spa t i a l  d i s t r i b u t i o n  i n  t h e  Y d i r e c t i o n .  (Same 

d i s t r i b u t i o n s  as under LXD.) 

Spa t i a l  d i s t r i b u t i o n  f o r  t h e  Z d i r e c t i o n .  

The number o f  c y l  i n d r i c a l  holes t o  i n c l u d e  i n  t h i s  

source reg ion .  ( I t  i s  o f t e n  necessary t o  exclude a 

c y l i n d r i c a l  r eg ion  such as a f u e l  r od  from a rec tan-  

g u l a r  source reg ion .  Th is  may be done by us ing  "holes" ,  

which a re  i n f i n i t e  c y l i n d e r s  i n  t h e  Z d i r e c t i o n .  The 

ho le  parameters a r e  i n p u t  on Card S-20. 

Spa t i a l  coord ina te  1 i m i  t s  



Card S-2A Format (6E10.0) Need i f  LXD,LYD, o r  LZD = 3. 

XZ The values f o r  Xo and Hx used i n  t he  cos ine 

d i s t r i b u t i o n  

i H X (LXD = 3 ) .  Same f o r  Y and Z. 

Y z 

Card S-20 Format (6E10.0) Needed o n l y  i f  LHOL > 0. 

XHOL The ho le  i s  a c y l i n d e r  centered a t  (XHOL, YHOL) 

w i t h  X r ad ius  RDA. Repeat as many cards as necessary, 

two se ts  o f  parameters per  card. 

Y HOL 

ROA 

LRD 

Card S-3 Format (512,6E10.0) Needed o n l y  f o r  c y l  i n d r i c a l  geometry, (LRGGS = 2) .  

L :[ 0 0, Z c y l  i nder 

1, X c y l i n d e r  

2, Y c y l i n d e r  

The type  of s p a t i a l  d i s t r i b u t i o n  i n  t h e  r a d i a l  

d i r e c t i o n .  

1, f i x e d  rad ius ,  r = r. 

2, un i fo rm i n  volume between r, and r2. 

3, Jo (2.405 * r )  between rl and r2. 

The rad ius  i s  centered a t  (Xo,Yo) , (Yo,Zo), o r  

(XO.ZO) 



LZD 

I X P M  

I Y PM 

The type  o f  s p a t i a l  d i s t r i b u t i o n  i n  t h e  a x i a l  

d i r e c t i o n .  

1, p lane a t  z  = zl, x  = xl, y = yl 

2, un i f o rm  between zl and z2, xl and x2, o r  yl and y2. 
(z-zo) 

3, cos ine  3 - between zl and Z2, xl and x2, 
Hz 

o r  y1 and y2. 

I X P M  and I Y P M  t e l l  which quadrants t h e  source neut rons 

may f a l l  i n .  If I X P M  = 0, then X can be p l u s  o r  minus. 

I f  I X P M  = +I, then X can o n l y  be p l us .  I f  I X P M  = 

-1, then  X can o n l y  be negat i ve .  I Y P M  c o n t r o l s  Y i n  

t h e  same way. 

Center l i n e  o f  t h e  c y l i n d e r .  

S p a t i a l  coo rd ina te  1  i m i  t s  

Card S-3A Format (3E10.0) Needed i f  LRD o r  LZD = 3. 

R C E x t r a p o l a t i o n  rad ius ,  rc. 

z z 
0 

HZ Hz 

Card S-4 Format (412, 2X, 6E10.0) Needed f o r  sphe r i ca l  geometry, LRGGS - 3. 

LRD Type o f  s p a t i a l  d i s t r i b u t i o n  

1, f i x e d  rad ius ,  r - rl . 



IXPM 

IZPM 

2, un i fo rm i n  volume between rl and r2. 

3, (S in  U)/U where U = n r / r .  Between rl and rp. 

The rad ius  i s  centered a t  Xo, Yo, Zo. 

Quadrant d e f i n i t i o n .  See IXPM under Card S-3. 

Coordinate d e f i n i t i o n s :  Center o f  t h e  sphere 

r e l a t i v e  t o  the  o r i g i n  used t o  descr ibe the  geo- 

m e t r i c a l  boundaries i n  CRDRD record  1 on page 46. 

! r d  S -5  Format (412, 2X, 6E10.0) Needed f o r  general geometry, LRGGS - 4, 

L RD Type o f  s p a t i a l  d i s t r i b u t i o n  

2, Uniform i n  volume between two surfaces (Tested 

f o r  two e l l i p s o i d s ;  one who l ly  i n s i d e  the o the r )  

I X P M  

IZPM 
' .  

Quadrant d e f i n i t i o n .  See I X M P  

Under card S-3 

Coordinate d e f i n i t i o n s  as above 
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AG 1 Parameters i n  t h e  equat ion AG* x2 + BG* y2 + CG* z2 = 

RG' 

CG1 (The number 2 equa t ion  represen ts  t h e  o u t e r  su r f ace )  

Card S-5A Format (7E10.0) 

AC2 

BG2 

CG2 

RG1 

RG2 

Card S-5 Format (6E10.0) D i r e c t i o n  angles and b i a s i n g  f a c t o r ,  r e f e r  t o  

card  S-1. (Needed if LANGS g r e a t e r  than  1 . )  

AL S 
BT S 
GMS 

UMl S 
LIM2S 

D i r e c t i o n  cos ines o f  t h e  s o l i d  ang le  

Cosines o f  t h e  s o l i d  angle l i m i t s  

QllMS B ias ing  f a c t o r  

Card S-7 Format (312, 4X, 6 ~ 1 0 . 0 )  Source s t r e n g t h  and spec t ra  c o n t r o l .  

LETS Type o f  source 

0, En te r  spectrum by cards 

1, Pu meta l  (spontaneous f i s s i o n )  

2, Pu02 (spontaneous f i s s i o n  and alpha, neu t ron)  

3, PuF4 (spontaneous f i s s i o n  and a1 pha, neu t ron)  

4, PuBe (spontaneous f i s s i o n  and a1 pha, neu t ron)  

5, PuC (spontaneous f i s s i o n  and alpha, neu t ron)  

6, Pun(N03), (spontaneous f i s s i o n  and alpha, neu t ron)  



NGAZ 

KWSP 

Type o f  c a l c u l a t i o n  

1, Neutron o n l y  

2, Gamma o n l y  

3, Coupled neu t ron  gamma 

Spectrum we igh t i ng  

0  - Read fro111 cards.  Card S-9. 

1  - I n t e r n a l l y  s e t  equal t o  1 .0  f o r  each group. 

-1 - I n v e r s e  o f  t h e  spectrum. 

For  LETS equal 0  must read weights  by group. 

SOR 1  Blank 

SOR2 Source s t r e n g t h  ( p a r t i c l e s / s e c )  when i n p u t  by cards 

AGE 

GRAMS 

Time i n  yea rs  s i n c e  i s o t o p i c  compos i t i on  was known 

Weight i n  grams o f  t h i s  source 

Card S-7a Format (7E10.4) Source spec t ra  (needed o n l y  i f  LETS = 0)  

KSP( JMAXX) Source spec t ra  by group 

Card S-8 Format (7E10.0) P lu ton ium I s o t o p i c  Composi t ion ( n o t  used if LETS = 0) 

WTO(13) I s o t o p i c  we igh t  f r a c t i o n s  i n  t h e  f o l l o w i n g  o rder :  



9. U-232 

10. Th-228 

11. Ra-244 

12. Pb-212 i n c l u d e s  Rn-220 and Po-216 

13. B i -212 i n c l u d e s  T I -208  and Po-212 

Card S-9 Format (7E10.4) Spectrum w e i g h t i n g  (needed i f  KWSP = 0  o r  LETS = 0 ) .  

WSP ( JMAXX) Source w e i g h t i n g  by group. 

The f o l l o w i n g  i n p u t  i s  read  by t h e  o u t p u t  r o u t i n e s  and i s  n o t  i n c l u d e d  

on  t h e  r e s t a r t  t ape  so must  be used w i t h  each r e s t a r t .  

Card 0-1 Format (615) 

NBSHSK 

LCXST 

LFXST 

NEBG 

Number o f  batches t o  s k i p  b e f o r e  s t a r t i n g  o u t p u t  

p rocess ing .  T h i s  c o u l d  be used, f o r  example t o  g e t  

s e v e r a l  g e n e r a t i o n s  away f r o m  t h e  source d i s t r i b u t i o n  

when making a  f i s s i o n  descendant c a l c u l a t i o n .  

0  - do n o t  process o r  p r i n t  c r o s s  s e c t i o n s  o r  

r e a c t i o n  r a t e s .  

1  - p r i n t  a l l  r e a c t i o n  r a t e s  and c r o s s  s e c t i o n s  

2  - p r i n t  r e a c t i o n  r a t e s  o n l y  

3  - p r i n t  r e g i o n  r e a c t i o n  r a t e s  o n l y  

0  - p r i n t  a l l  f l u x e s  

1  - suppress g roup  f l u x  r a t i o  m a t r i x  

2  - suppress group and r e g i o n  f l u x  r a t i o  m a t r i x  

3  - p r i n t  r e g i o n  f l u x  r a t i o  m a t r i x  o n l y  

Nurr~ber o f  o u t p u t  broad energy groups (Maximum o f  4 ) .  



Card 0-2 Format (6E12.0) 
I 

VOL (NFMAX) T a l l y  r e g i o n  volumes o r  volume r a t i o s .  Output  i s  by 

t a l l y  r e g i o n  and i s  based on these  volumes. 
8 

Card 0-3 Format (1415) Needed i f  NEBG > 0. 
* 

JEBGl (NEBG) Lowest and h i g h e s t  numbered energy group con ta ined  

. - 
.- JEGB2 (NEBG) I n  each o f  f o u r  broad groups. The o rde r  would be 

JEBGl(1) , JEBGZ(1) , JEBGl(2) , . . . , JEBG1 (NEBG) , 

Card 0-4 Format (7E10.4) Not  needed i f  LRAD i s  p o s i t i v e  o r  0 .  

FTDC (JMAXX ) Conversion t a b l e  f o r  r e g i o n  averaged a c t i v i t i e s .  

LRAD s e t s  o f  FTDC(JMAXX) needed. F l ux  t o  dose 

convers ion  f a c t o r s  go here now, b u t  may be b u i l t  

i n .  (JMAXX i s  s e t  on Card 4 and LRAD on Card 5.) 

Card 0-5 Format (1415) Not used I f  LRAD i s  nega t i ve .  

IDRAD Con t ro l  ca rd  f o r  b u i l t  i n  f l u x  t o  dose convers ion  

f a c t o r s  

1. Garni~a f l u x  t o  dose convers ion  f a c t o r s  

2. Neut ron f l u x  t o  dose convers ion  f a c t o r s  

3.  Coup1 ed neutron-gamma f l u x  t o  dose convers ion  

f a c t o r s .  



APPENDIX B 



PUSHLD 

PUSHLD i s  a  po in t -kerne l  code w r i t t e n  under t he  sponsorship o f  

HEDL by H. H .  Van Tuyl and J. N. Strode. This  code was w r i t t e n  s p e c i f i -  

c a l l y  t o  c a l c u l a t e  low energy gamma and x-ray dose ra tes  through t h i n  

sh ie lds  such as gloves. 

This  appendix conta ins an i n p u t  d e s c r i p t i o n  o f  the  code on ly .  A 

more d e t a i l e d  d e s c r i p t i o n  o f  the code i s  a v a i l a b l e  i n  the document HEDL- 

TME 73-89, see reference 4 i n  the  references sec t i on  o f  the document. 

For t h i s  c a l c u l a t i o n a l  system much o f  the i n p u t  r e f e r r e d  t o  i n  the document 

descr ibed above has been b u i l t  i n t o  the code. Except f o r  t h i s ,  the  codes 

descr ibed i n  the HEDL document and t h i s  document a re  the  same. 



Card 1 

FORMAT (12, 7E9, 4, 211) C 

IGEOM - 1. - P o i n t  Source 
2. - L ine  Source 
3. - D isc  Source a 

4. - Spher ica l  Source w i t h  S lab  Sh ie lds  
5. - Spher ica l  Source w i t h  Spehr ica l  She l l  Sh ie lds  -. 
6. - Cy l i nde r  Source w i t h  Slab Sh ie lds  
7. - Cy l i nde r  Source w i t h  C y l i n d r i c a l  She l l  She i lds  

and Slab Shie lds o f  the  Same Thickness on t he  Rods - .  ., 
8. Slab Source 

X X  - 
Y Y  - 
ZZ - Geometry parameters are de f i ned  on page 7 f o r  
WW--  each source type  IGEOM. 
RR - 
HH - 

- - 

DELTA - Accuracy des i red;  code i t e r a t e s  on how many source 
p o i n t s  a re  needed u n t i l  t he  change between i t e r a t i o n s  
i s  l e s s  than DELTA (Suggested i s  . I )  

IPRINT - 0 - Large P r i n t  o u t  
1  - Small P r i n t  o u t  

IDIST - 0 - Dis tance f rom source t o  de tec to r  p o i n t  independent 
o f  s h i e l d  th ickness  

1 - Detec to r  p o i n t  i s  placed on ou te r  s h i e l d  surface. 

Card 2 

FORMAT (E5.2) 

WEIGHT - Weight o f  Pu i n  grams. 

Card 3 

FORMAT ( I 4  E5.2) 

Elemental m a t e r i a l  composit ions i n  t he  f o l  1  owing o rder :  

Card No. 

3 
4  
5 
6 
7 
8 
9 

10 
11 
12 
1 .I 

M a t e r i a l  

Pu source 
PVC 
Luc i  t e  
Lead Glove 
S tee l  
Lead 
Lead g lass  
High d e n s i t y  l e a d  g love  
Lead apron 
Safety g lass  
n.. n 



On each card  a re  p laced  t h e  elemental  d e n s i t i e s  i n  t he  f o l l o w i n g  
o rder  i n  grams/cc f o r  each m a t e r i a l  above. 

Order 

1  
2 
3 
4  
5  
6 
7 
8 

Element 

Pu 
Hydrogen 
Carbon 
Oxygen 
C l  o r i n e  
I r o n  
Lead 
Cal c i  um 

Card 14 

FORMAT (212) 

NSHLD - Number o f  s h i e l d s  d e s i r e d  

NSHLDl - Number o f  s h i e l d s  remain ing f i x e d  

The code c a l c u l a t e s  dose r a t e  through t h e  f i x e d  
s h i e l d s  p l u s  each of t h e  o the r  s h i e l d s  sepa ra te l y .  
One s h i e l d  must remain f i x e d .  

Card 15 

FORMAT (14 E5.2) 

T(NSHLD) - Thickness o f  each s h i e l d  i n  cen t imete rs .  F ixed  
s h i e l d s  o n l y  must be ordered w i t h  i nc reas ing  
d i s tance  f rom the  source. Does n o t  i n c l u d e  source. 

Card 16 

FORMAT (3612) 

IBLD(NC0MP) - Number des igna t i ng  t he  bu i l dup  f a c t o r  t o  be used f o r  
each m a t e r i a l  i n  t h e  o r d e r  t hey  a r e  g iven on 
Cards 3  - 13. 



Number Bu i l dup  Fac to r  
Des igna t ion  Data 

Water 
A1 umi num 
I r o n  
T i n  
Tungsten 
Lead 
Uranium 

NCOMP i s  t h e  number o f  m a t e r i a l s  s p e c i f i e d  on 
cards 3-13, now f i x e d  a t  11. 

Card 17 

FORMAT ( 1  2A6 ) 

TAG(NC0MP) - A1 pha-numeric d e s c r i p t i o n  o f  each s h i e l d  m a t e r i a l  i n  
the  o rde r  g i ven  on Cards 3-13. 

Card 18 

FORMAT (3612) 

KSHLD (IVSHLD) - Numerical index  i d e n t i f y i n g  t he  p roper  s h i e l d  m a t e r i a l  
f o r  each th ickness  i n  t h e  o rde r  g i ven  on ca rd  15. 

Numerical Index 

1  
2  
3  
4 
5 
6  
7  
8  
9 
10 
11 

Ma te r i  a1 

Pu 
PVC 
Luc i  t e  
Lead g love  
S tee l  
Lead 
Lead g lass  
H igh  d e n s i t y  l e a d  g love I - 
Lead apron 
Sa fe ty  Glass - a 

Pu02 
a 



Card 18 

FORMAT (12A6) 

TAGBLD(NBLD) - Alpha numeric d e s c r i p t i o n  o f  bu i l dup  f a c t o r s .  P resen t l y  
o n l y  those bu i l dup  f a c t o r s  i n  the  o rde r  g i ven  below a r e  
ava i  1  ab le .  

Water 
A1 umi num 
I r o n  
T i n  
Tungsten 
Lead 
Uraniu~n 

NBLD i s  the  number o f  b u i l d u p  f a c t o r  se t s  ava i l ab le ,  now 
s e t  a t  7. 

Cards 20-32 

FORMAT (A6-E9.2, 213, F4.0) 

Cards desc r i b i ng  source i so topes  

SYMBOL(NUCL) - Alpha-numeri c  des igna t ion  of the  i so tope  ( i  .e. Pu-238) 

HALF(NUCL) - H a l f - l i f e  i n  t ime u n i t s  s p e c i f i e d  by 

NUNIT(NUCL) - Numerical index des igna t i ng  t ime u n i t s  o f  h a l f l i f e  

Numeri c a l  
Index 

1  
2 
3 
4 
5 

Time 
Un i t s  

Seconds 
Minutes 
Hours 
Days 
Years 

IVG(NUCL) - Nun~ber of energ ies w i t h  associated abundances b u i l t  
i n t o  code ( n o t  used). 

AN(NUCL) - Atomic weight  o f  i so tope  

NUCL i s  the  number o f  source i so topes  and i s  p r e s e n t l y  
s e t  a t  13. The cards g e n e r a l l y  used a r e  l i s t e d  on t he  
f o l  1  owing page. The energies and associated abundance 
data f o r  these isotopes a r e  b u i l t  i n t o  the  code. 



H a l f  - 
86 .O 

24360. 

NUNIT NG , AN -- - 
5 20 238 

Card 33 

FORMAT (3612) 

NTM - Number o f  t ime  s teps 

Card 34. 

FORMAT ( 1 2A6) 

TIME(NTM) - Alpha numeric d e s c r i p t i o n  o f  t ime  s tep  f o r  p r i n t  ou t .  

Card 35. 

FORMAT (14E5.2) 

RTIME(NTM) - Time i n  ascending o rde r  f o r  each t ime s tep  i n  
u n i t s  determined by n e x t  card.  



Card 36 

FORMAT (3812) 

ITUNIT(NTM) - Numerical index s p e c i f y i n g  t ime u n i t s  f o r  t ime 
s teps s p e c i f i e d  on card  35. 

Numerical Time 
Index U n i t s  

Seconds 
Minutes 
Hours 
Days 
Years 

Card p a i r s  37 and 38. 

Card 37 

FORMAT (1 4E5.2) 

Weight pe rcen t  o f  each i so tope  i n  t h e  source i n  
t h e  same order  as t he  i so topes  1 i s t e d  on cards 
20-32. 

Card 38 

FORMAT (1  2A6) 
- -- 

TITLE Card. 
Any number o f  c a r d    airs 37 and 38 a re  al lowed. 



D e f i n i t i o n  o f  Geometry Parameters f o r  Card 1 

1. Po in t  Source 

XX - Perpendicular distance* from the detec tor  t o  a plane passing 
through the  source and p a r a l l e l  t o  the  s lab  sh ie ld .  

YY  - Perpendicular d is tance from the source t o  the  l i n e  def ined by 
XX . 

XX, WW, RR, HH - Not used. 

2. L ine  Source 

XX - Perpendicular d is tance def ined by the  l i n e  from t h e  de tec to r  
p o i n t  t o  the plane P p a r a l l e l  t o  the s h i e l d  and passing through 
the end o f  the  1 i n e  nearest the  sh ie ld .  

YY - This d is tance i s  de f ined by a l i n e  i n  plane P and p a r a l l e l  t o  
the  plane Q formed by the source and i t s  p r o j e c t i o n  on the sh ie ld .  
The YY en t r y  i s  the d is tance from the l i n e  X X  perpendicular t o  
the plane Q where i t  conta ins the  p o i n t  d e f i n i n g  the end o f  the  
source nearest  t he  sh ie ld .  

ZZ - The perpendicular  d is tance from the l i n e  Y Y  t o  the p lane Q. 

WW - S i m i l a r  t o  YY except t h a t  i t  app l ies  t o  the  end o f  the  source 
f a r t h e s t  from the  sh ie ld .  

RR - Not used. 

HH - Not used. 

Disc Source (No Se l f -Sh ie ld ing)  

General - Locate t h e  center  o f  the  d i s c  and the  p o i n t  on the edge 
nearest the  sh ie ld .  The center o f  the d i s c  i s  t h e  midpoint  
o f  a 1 i n e  D formed by the  i n t e r s e c t i o n  o f  t he  d i s c  w i t h  a 
plane p a r a l l e l  t o  the s h i e l d  and passlng through the  center  
of t he  d i sc .  . i 

I 

XX - The d is tance from the  midpoint  o f  the  l i n e  D (center  o f  d i s c ) ,  t o  d 

t he  detec tor  po in t .  a 

YY - The perpendicular  d is tance from the  l i n e  D t o  t h e  l i n e  XX.  4 

ZZ - The d is tance along the 1 i n e  D from t h e  center  of t he  d i s c  t o  t h e  I 

XY plane. 

*A1 1 distances are i n  cent imeters. 



WW - The perpend icu la r  d i s t ance  t o  t h e  l i n e  XX f rom the  p o i n t  on t he  
edge o f  t h e  d i s c  neares t  t he  s h i e l d  and conta ined i n  a  l i n e  

* p a r a l l e l  t o  D. 

HH - Not  used. 
r 

RR - Radius o f  t he  d i s c  i n  cent imeters .  

4 

I 4 and 5. Spher ica l  Source 

General - S i m i l a r  t o  a  p o i n t  source. . E i t h e r  sphe r i ca l  s h i e l d s ( 5 )  o r  
s l a b  s h i e l d s  a re  poss ib l e (41  

XX - Perpend icu la r  d i s t ance  f rom the  d e t e c t o r  t o  a  p lane  pass ing 
through t he  cen te r  o f  t h e  sphe r i ca l  source and p a r a l l e l  t o  t he  
s l a b  sh ie l ds .  For sphe r i ca l  s h e l l  s h i e l d s  X X  i s  t h e  d is tance  
from the  cen te r  o f  t he  source t o  t h e  d e t e c t o r  p o i n t .  

Y Y  - Perpend icu la r  d i s t ance  f rom t h e  source cen te r  t o  t he  l i n e  d e f i n e d  
by XX.  Not  needed f o r  s p h e r i c a l  s h e l l  sh i e l ds .  

XX - Not  used. 

W W  - Not  used. 

RR - Radius o f  sphe r i ca l  source i n  cen t imete rs .  

HH - Not  used. 

6  and 7 .  C y l i n d r i c a l  Source 

General - E i t h e r  s l a b  s h i e l d s ( 6 )  o r  c y l i n d r i c a l  s h e l l  sh '  I d s  w i t h  
s l a b  s h i e l d s  o f  t h e  same th ickness  on t h e  ends ly)  a r e  
poss ib l e .  The same type  o f  coord ina te  system i s  used as 
w i t h  t h e  l i n e  source. 

XX - Perpend icu la r  d i s t a n c e  d e f i n e d  by t h e  l i n e  f rom the  de tec to r  p o i n t  
t o  t h e  p lane  P  p a r a l l e l  t o  t h e  s h i e l d  and pass ing  through t h e  
end o f  t h e  c e n t e r l i n e  nea res t  t h e  s h i e l d .  For c y l i n d r i c a l  s h e l l  
s h i e l d s  XX i s  t h e  pe rpend i cu la r  d i s t ance  f rom t h e  d e t e c t o r  p o i n t  
t o  t h e  c e n t e r l i n e .  

Y Y  - Th i s  d i s t ance  i s  def ined by a  l i n e  i n  p lane P and p a r a l l e l  t o  t h e  
p lane Q formed by t h e  c e n t e r l i n e  and i t s  p r o j e c t i o n  on t he  s h i e l d .  
The Y Y  e n t r y  i s  t he  d i s tance  f rom t h e  1  i n e  X X  perpend icu la r  t o  t h e  
p lane Q where i t  con ta ins  t h e  p o i n t  d e f i n i n g  t he  end o f  t he  cen te r -  
l i n e  nea res t  t he  s h i e l d .  For c y l i n d r i c a l  s h e l l  s h i e l d s  Y Y  i s  t he  
d i s tance  f r om t h e  d e t e c t o r  p o i n t  t o  t he  p lane o f  t h e  nea res t  end 
o f  t h e  c y l i n d e r .  



ZZ - The perpend icu la r  d i s t ance  from the  l i n e  Y Y  t o  t h e  p l ane  Q. 

WW - S i m i l a r  t o  Y Y  except  t h a t  i t  app l i es  t o  t h e  end o f  t h e  cen te r1  l n e  
f a r t h e s t  f rom the  s h i e l d .  For  c y l i n d r i c a l  s h e l l  s h i e l d s  WW i s  
t he  d i s tance  f r om t h e  d e t e c t o r  p o i n t  t o  t h e  p lane  o f  t h e  f a r t h e s t  
end o f  t h e  c y l i n d e r .  

1 

RR - Radius o f  t he  c y l  i nde r .  

HH - He igh t  o f  t h e  c y l i n d e r .  

--.. 

8. Slab Source 

XX - The perpend icu la r  d i s t ance  f rom t h e  d e t e c t o r  p o i n t  t o  t he  p l ane  
o f  t he  f r o n t  o f  t he  s l a b  source. 

Y Y  - The pe rpend i cu la r  d i s t a n c e  f rom the  l i n e  XX t o  t h e  p lane  o f  t he  
nea res t  s i de .  

ZZ - The perpend icu la r  d i s t ance  f rom t h e  1  i n e  X X  t o  t h e  nearer  p l ane  
o f  t he  t op  o r  bottom. 

WW - Thickness of t he  s l a b  source i n  t h e  same d i r e c t i o n  as XX.  

RR - Dimension o f  t he  s l ab  i n  t he  same d i r e c t i o n  as YY.  

HH - Dimension o f  t h e  s l a b  i n  t he  same d i r e c t i o n  as ZZ. 



APPENDIX C 



A Sample Simple Coup l ing  Code* 

A  c o u p l i n g  code i s  used f o r  c o u p l i n g  PN neu t ron  c ross  s e c t i o n  se ts ,  

PN gamma-ray cross s e c t i o n  se ts ,  and m u l t i g r o u p  secondary gamna-ray p ro -  

duc t i on  cross sec t i ons .  The neu t ron  cross sec t i ons  f o r  ING neu t ron  groups, 

the  gamna-ray cross s e c t i o n s  f o r  I G G  gamma groups, and the  secondary 

gamma-ray p roduc t i on  c ross  s e c t i o n s  f o r  ING neu t ron  groups, I G G  gamma 

groups a re  coupled i n t o  a  PN cross s e c t i o n  s e t  o f  ING p l u s  I G G  groups. 

The neu t ron  and gamma-ray cross s e c t i o n  se ts  a r e  i n p u t  t o  t h e  coupl- lng 

code i n  ANISN s t r u c t u r e .  Th is  i s  t h e  same s t r u c t u r e  used i n  t h e  BMC-MG 

code and exp la i ned  i n  Appendix A, page 39. The sec0ndar.y gamma-ray 

9 p roduc t i on  c ross  s e c t i o n s  must be i n p u t  i n  t h e  f o rma t  which POPOP4 punches 

t he  cross sec t i ons .  (Th i s  i s  t h e  fo rmat  used f o r  cross sec t i ons  a v a i l a b l e  

w i t h  t h e  c a l c u l a t i o n a l  system.) 

A l l  numer ica l  i n p u t  data a re  w r i t t e n  i n  FIDO format .  The cha rac te r -  

i s t i c s  o f  t h i s  sub rou t i ne  as used i n  t h e  BMC-MG code a re  descr ibed  on 

pages 40-42 o f  Appendix A. The p o s i t i o n  o f  ototal and o must be as 
99 

shown on page 31 o f  Appendix A  f o r  t h e  neu t ron  and gamma-ray PN cross 

s e c t i o n  s e t s .  A l l  da ta  se t s  p r e s e n t l y  i n  t he  l i b r a r y  a r e  f o r  i s o t r o -  

p i ca1  l y  e m i t t e d  gamma-rays and t h e  coup l i ng  code t h e r e f o r e  pu ts  t h e  

secondary gamna-ray p roduc t i on  cross s e c t i o n s  i n  t he  coupled Po down- 

s c a t t e r  m a t r i x  and f i l l s  t h e  co r respond ing  m a t r i x  p o s i t i o n s  i n  t he  Pn 

(n > 0) se ts  w i t h  zeros.  The code i nc l udes  an o p t i o n  t o  p r i n t  and/or 

punch t h e  HT coupled PN cross s e c t i o n  se t s .  The f i r s t  ca rd  o f  t h e  

punched o u t p u t  f o r  each o f  t h e  MT coupled se t s  w i l l  be t h e  t i t l e  card.  

The coupled se t s  a re  punched i n  FIDO format. 

'Wr i t ten by  F. R. Myna t t  and W.  E. Ford, 111. Th i s  appendix was taken 
d i r e c t l y  f r om  re fe rence  12 w i t h  few changes. 



The v a r i a b l e  d imension ing technique used i n  the  Sample Simple Coupl ing 

Code requ i res  an a l l o c a t i o n  o f  core i n  t he  b lank  common. Note t h a t  DUMY 

has been dimensioned by 40,000 (words) .  For  a coup l i ng  problem t o  " f i t "  

i n  the  program, LAST must be l ess  than o r  equal t o  the  dimension o f  DUMY, 

where 

The Sample Simple Coup l ing  Code I n p u t  

1. 1$ a r r a y  

a. ING 

b. I G G  

c.  ILN 

d. ILG 

e. MT 

f. IPO 

g. IPN 

- i n t e g e r  parameters i n  FIDO format  ( 7  e n t r i e s )  : 

Number o f  neu t ron  energy groups. 

Number o f  gamma energy groups. 

Length o f  the  neu t ron  cross s e c t i o n  t a b l e .  

Length o f  the  gamna-ray cross s e c t i o n  t a b l e .  

Number of  PN coupled cross s e c t i o n  se t s  expected. 

01112 p r i n t l p r i n t  and punch/punch t he  coupled PN cross 

s e c t i o n  s e t ( s )  . 
Order o f  s c a t t e r  o f  t h e  cross s e c t i o n  se t s  (N i n  PN). 

End t h e  1$ a r r a y  w i t h  a T. 



The f o l l o w i n g  da ta  a re  repeated FIT t imes : 

t h  2. T i t l e  ca rd  i d e n t i f y i n g  t he  i- n u c l i d e  and any o t h e r  u s e f u l  in fo rma-  

t i o n  ( f o rma t  20A4). If IPO i s  g r e a t e r  than zero, t h i s  t i t l e  ca rd  

i s  punched as t he  f i r s t  card of t h e  punched PN coupled cross s e c t i o n  

s e t .  

3. 2* a r ray  - f l o a t i n g  p o i n t  parameters i n  FIDO format ( ING.ILN*(IPN+l)  

e n t r i e s )  : 

The PN neu t ron  cross s e c t i o n  se ts  f o r  t he  i t h n u c l i d e .  The Po 

s e t  i s  en te red  f i r s t ,  then t he  PI s e t ,  e t c .  

4. 3* a r r a y  - f l o a t i n g  p o i n t  parameters i n  FIDO format  (IGG.ILG.(IPN+l) 

e n t r i e s )  : 

t h  The PN gamma-ray cross s e c t i o n  se t s  f o r  t he  i- nuc l i de .  The 

Po s e t  i s  en te red  f i r s t ,  then t he  PI se t ,  e t c .  

5. 4* a r r a y  - f l o a t i n g  p o i n t  parameters i n  FIDO fo rmat  (ING-IGG e n t r i e s ) :  

The Po mu l t i g roup  secondary gamma-ray p roduc t i on  cross sec t ions  

t h  f o r  t he  i- nuc l i de .  The cross sec t i ons  f o r  t he  h i g h e s t  neu t ron  

group a re  en te red  f i r s t  - one va lue  f o r  each gamma group (h i ghes t  

gamna group f i  r s  t )  . 

End t he  4* a r r a y  w i t h  a  T. 

t h  Th is  concludes t h e  i n p u t  f o r  t h e  1- nuc l i de .  If i < MT, r e t u r n  t o  2  

t h  
above and e n t e r  t he  t i t l e  card,  2*, 3*, and 4* a r rays  f o r  t he  i+l- 

nuc l i de .  I f  i = MT, t h i s  concludes t he  i n p u t  f o r  t he  coup l i ng  code. 
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