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Detailed information concerning the in t e rac t ions  of  high-energy 

(about 400 MeV) nucleons with matter  i s  of p a r t i c u l a r  i n t e r e s t  i n  the 

design of radigt ion sh ie lds  f o r  space vehicles  and high-energy p a r t i c l e  

acce lera tors .  

The Monte Carlo method has been applied t o  the  ca lcu la t ion  of such 
in t e rac t ions  i n  the  construct ion o f  the  Nucleon Transport  Code ( N T C ) ,  a 

l inked se r i e s  of newly wr i t ten  codes f o r  treatment of high-energy t r ans -  

po r t  and previously wr i t ten  codes f o r  the  treatment of neutrons of energies 

below 50 MeV. N E ,  wr i t t en  f o r  the ISM-7090 computer, ca lcu la tes  the  

t ranspor t  of  nucleons having i n i t i a l  energies as high as  400 MeV through 

complex a r b i t r a r y  configurations containing a maximwn of four  media, each 

of which may be composed of up to ten isotopes.  
p a r t i c l e  evaporation from exci ted nuclei  a r e  taken i n t o  account. The 

end r e s u l t  of NTC i s  one o r  more magnetic tapes containing the de t a i l ed  

records of a l l  quan t i t i e s  pe r t inen t  t o  the  t ranspor t  of the nucleon. 

These tapes can be independently analyzed by the individual  user of  NTC 

t o  produce desired solut ions t o  spec i f i c  problems. 

Cascade processes and 

Appendices include t y p i c a l  ana lys i s  rou t ines ;  a l i s t  of tape 
assignments; a u se r s '  manual f o r  the low-energy por t ion  of the code and 

f o r  the  geometry routine; and a fu l l - sca l e  demonstration problem, com- 

p l e t e  i n  a l l  d e t a i l s ,  which can be used t o  v e r i f y  sa t i s f ac to ry  performance 
by a l l  p a r t s  of the  code group. 
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1. Introduct ion 

. 

e 

The in t e rac t ion  of a high-energy proton or neutron with the  mater ia l  
of  a r ad ia t ion  sh ie ld  i n i t i a t e s  a complex avalanche of secondary p a r t i c l e s  

which proceed through the shield,  increasing i n  number and decreasing i n  
t o t a l  energy. 

with the  nucleons within the  nuclei  of  the  sh ie ld  cons t i tuents  produces 

severa l  secondary nucleons having energies ranging from a few MeV t o  a 
la rge  f r a c t i o n  of t he  incident  p a r t i c l e  energy. 

exci ted r eco i l ing  nucleus, which r i d s  i t s e l f  of most of i t s  excess energy 

by evaporating nucleons and heavy p a r t i c l e s  of r e l a t i v e l y  low energy, of 

the order of  a few MeV. In t e rac t ion  of the  high-energy secondaries con- 

t inues  and expands the  cascade. 

sh ie ld  OS a space vehicle  t o  know the  behavior of such avalanches as a 

function of energy and sh ie ld  thickness.  

I n  general, the  d i r e c t  i n t e rac t ion  of the i n i t i a l  p a r t i c l e  

There i s  l e f t  a highly 

It i s  e s s e n t i a l  t o  the  design of the  

A ca l cu la t iona l  method which i s  uniquely capable of encompassing 

a l l  desired d e t a i l s  of  avalanche behavior i s  the Monte Car lo  method. I n  

e f f e c t  it performs an idea l i zed  experiment upon a system whose proper t ies  

a re  completely known, using counters of known reso lu t ion  and pe r fec t  e f f i -  

ciency. Like a l l  counting experiments, however, it i s  subject  t o  counting 

uncer ta in t ies ,  and i n  appl ica t ion  a balance must be s t ruck between reduction 

of  these uncer ta in t ies  and computing costs .  

The Monte Car lo  method has been successful ly  applied t o  t he  treat- 
ment of  neutron t ranspor t  a t  f i s s i o n  energies and below i n  O5R, a code f o r  

1 t he  I B M  704 and 7090 computers. Two circumstances, however, prevent a 

simple extension of O5R t r e a t i n g  nucleons having energies grea te r  than 

f i s s ion .  F i r s t ,  a t  high energies nucleons may be absorbed, producing 

mult iple  secondary nucleons. 

t i o n  a t  a co l l i s ion ,  bu t  r a the r  continues with i t s  s t a t i s t i c a l  weight mult i -  

p l i e d  by t h e  nonabsorption p robab i l i t y  a t  the energy of the  co l l i s ion .  

Second, protons lose energy i n  f l i g h t  due t o  ion iza t ion  co l l i s ions ,  and 

I n  O5R a neutron never disappears by absorp- 

1. R. R. Coveyou, J. G. Sull ivan, and H. P. Carter,  "Tne O5R Code: A 
General. Purpose Monte Carlo Reactor Code f o r  t he  IBM-704 Computer," 
Codes f o r  Reactor Computations, In t e rna t iona l  Atomic % e r a  Agency, 
vienna'-(-ig-,T 267. 
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account must be taken of t h i s  e f f ec t .  For these reasons, then, the  approach 

t o  high-energy nucleon t ranspor t  embodied i n  the  present  Nucleon Transport 

Code (NTC) has been t o  t ranspor t  the  nucleons from high energy down t o  some 

appropriate  boundary energy by a separate  code. Below t h i s  boundary neu- 

t rons  a r e  t r e a t e d  by O5R and protons a re  t ransported a t  the  d i sc re t ion  of  
the  user.  

p a r t i c l e s  have energies  < 50 MeV, the d i r e c t  i n t e r a c t i o n  model does not  ap- 

p ly  below t h i s  l i m i t ,  and the proton range i s  s m a l l .  

A su i t ab le  boundary energy i s  50 MeV, s ince most evaporation 

The purpose of t h e  present  paper i s  t o  f a c i l i t a t e  use of the  Nucleon 

Transport Code (NTC) by in t e re s t ed  pa r t i e s .  

physical  models and t he  mathematical methods employed i s  therefore  reserved 

f o r  a l a t e r  publ icat ion.  The series of codes comprising NTC w i l l  f i r s t  be 

described i n  a general  way, followed by a more de t a i l ed  discussion of t he  

high-energy t ranspor t  and ana lys i s  codes. Running in s t ruc t ions  and a de- 

s c r i p t i o n  of input  w i l l  a l s o  be given, and a sample problem w i l l  be solved. 

A de t a i l ed  descr ip t ion  of the  

2. General Description 

The Nucleon Transport Code i s  ac tua l ly  a s e r i e s  of four  bas i c  codes, 

a l l  wr i t ten  f o r  t he  IBM-7090, which when combined ca l cu la t e  the  t ranspor t  

of  nucleons with energies up t o  400 MeV through complex a r b i t r a r y  configura- 

t ions  containing a m a x i m m  of four media, each of which may be compo'sed of 

as many as 10 isotopes.  

spec i f i c  subroutines. 

the  High-Energy Analysis Routine, the  O5R, and the  05R Analysis Code. D i s -  
cussed separa te ly  below, t h e i r  order and general  functions a r e  out l ined i n  

the  schematic flow c h a r t  of Fig. 2.1. 

Each basic  code i n  tu rn  employs a number of 

The bas ic  codes a r e  the  High-Energy Transport Code, 

2.1. High-Energy Transport Code - 
The High-Energy Transport Code introduces the  nucleons i n t o  t h e  

system and t ranspor t s  them down through t h e  region between 400 and 50 MeV. 

The only tasks  assigned t o  t h i s  code a r e  the  t r ac ing  of p a r t i c l e  paths  i n  

phase space and the  recording of information a t  s i g n i f i c a n t  po in ts  along 

t h e  paths .  When a nucleon has a co l l i s ion ,  escapes from a medium, o r  slows 

down past 50 MeV, d e t a i l s  of the  event such as the pos i t i on  and ve loc i ty  of 

. 

. 
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INTRODUCE NUCLEONS. 

TRANSPORT NUCLEONS OF ENERGY 
5 0  TO 400 MeV. 

WRITE HISTORY TAPE. 

HIGH -ENERGY TRANSPORT CODE 

I . 

USE HIGH-ENERGY HISTORY TAPE TO: 

1 .  FIND HIGH-ENERGY NUCLEON DISTRIBUTIONS. 

2 EVAPORATE NUCLEONS. 

3 ANALYZE PROTONS BELOW 5 0 M e v .  

4. PREPARE A NEUTRON SOURCE TAPE FOR 0 5 R .  

UNCLASSIFIED 
O R N L - L R - D W G  73080R 

ANALYZE 0 5 R  HISTORY TAPE. 
TRANSPORT NEUTRONS BELOW 5 0  Mev. 

WRITE HISTORY TAPE. 
4 

HIGH ENERGY ANALYSIS CODE 

Fig. 2.1. Schematic Flow Chart of the rJucleon Transport Code 
I w 
I 
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t h e  nucleon a t  the  time of the  event a r e  recorded on a hTstory tape.  This 
method w a s  o r ig ina l ly  devised f o r  O5R. It permits freedom i n  t h e  manner of 
analyzing the  p a r t i c l e  t r a j e c t o r i e s  and a l s o  allows saving t h e  data f o r  

fu ture  reanalysis  f o r  addi t iona l  information. 

code i s  shown i n  Fig. 2.2. 

A general  flow cha r t  of  the  

The computation starts with t h e  spec i f ica t ion  of the  uppeYi and 1oweyL 

energy l i m i t s  of the  calculat ion;  the  atomic number, atomic weight, nuclear 

density, and e f f e c t i v e  ion iza t ion  p o t e n t i a l  f o r  each isotope of each medium; 

the number of  source p a r t i c l e s  t o  be transported; a descr ip t ion  of the  

geometry of the  problem; and any source information required by the  source 

subroutine. A range t ab le  containing values of t he  dis tance a proton w i l l  

t r a v e l  for each of 101 values of the  energy equal ly  spaced between the  upper 

and lower limits i s  then computed, as wel l  as an inverse range t a b l e  con- 

t a in ing  values of t he  energy corresponding t o  101 values of t h e  range 

equally spaced between t h e  maximm range and zero. Quant i t ies  i n  both 

t ab le s  a r e  assmei3, t o  vary l i n e a r l y  between e n t r i e s .  

F l e x i b i l i t y  i n  the  geometry of  t he  problem i s  achieved by using 
2 

I rv ing ' s  general-purpose geometry routine,  

i n t e r e s t  i n t o  a number of paral le lepipeds,  each of which may be f u r t h e r  

subdivided by severa l  quadratic surfaces.  Given t h e  end poin ts  of a l i ne ,  

t h e  subroutine spec i f i e s  t he  coordinates of the  in t e r sec t ion  of the l i n e  

with the neares t  intervening surface, i f  any. 

which subdivides the  space of 

The r e p e t i t i v e  por t ion  of the High-Energy Transport  Code starts by 

the  source subroutine being ca l l ed  t o  s e l e c t  a source p a r t i c l e .  This sub- 

rout ine i s  a r b i t r a r i l y  wr i t ten  by the  user  t o  f i t  t he  requirements of t h e  

problem a t  hand. 

t i on  Ze-Zd, where Z i s  the  macroscopic t o t a l  geometric cross  section. 

If within the  dis tance d the  p a r t i c l e  escapes t h e  system, t h e  pos i t i on  of 
the s p a t i a l  boundary crossing i s  recorded on t h e  h i s t o r y  tape and i n t e r e s t  

i n  the  p a r t i c l e  ceases for t h e  code. 

A f l i g h t  distance, d, i s  next se lec ted  from the  d i s t r ibu -  
3 

If the  p a r t i c l e  being t r e a t e d  i s  a 

2. D. Irving, Neutron Phys. Div. Ann. Progr. Rept. , Sept. 1, 1962, ORNL- 

For hydrogen the  l a r g e s t  proton cross  sec t ion  i n  the  energy range, the 
n-p cross  sec t ion  a t  the  lower energy l i m i t ,  plays t h e  r o l e  of a 
geometric cross  section. 

---- - 
3360J P* 230e 

3.  
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PARTICLE = SELECT - READ INPUT DATA, 
CALCULATE RANGE AND INVERSE 

RANGE TABLES. - SOURCE - FLIGHT 
I N I T l A L l Z E  SOURCE SUBROUTINE PART I C L E DISTANCE. 

UNCLASSIFIED 
O R N L -  LR-DWG 7308lR 

IS  PARTICLE - YES 
A PROTON 7 

. 

P 

L E T  PARTICLE SELECT AN HAS HAS PROTON SLOWED 

CASCADE NUCLEUS. ESCAPED 7 CUT- OFF ENERGY? 
PAST THE No NO PARTICLE - 1 . INTERACTING -= INTERACT VIA BERTlNl - 

SUBROUTINE. 
1 I 

WRITE DETAILS OF HAVE A L L  DESCENDANTS OF PARTICLE = 
THE INTERACTION - CURRENT SOURCE PARTICLE NEXT -a NO 

ON TAPE. BEEN TREATED 7 DESCENDANT 

YES 

r-----l 
HAVE DESIRED NUMBER 
OF SOURCE PARTICLES 

BEEN TREATED ? 

k FINISH 

COMPUTE ENERGY 
AT END 

OF FLIGHT. 

I 
vl 
I 

Fig. 2.2. Flow Chart of the  High Energy Transport Code 
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proton, i t s  energy a t  the end of the  f l i g h t  i s  computed by in t e rpo la t ion  

i n  the  inverse range tab le .  If the  proton has crossed the  lower energy 

l i m i t ,  the  pos i t i on  a t  which it crosses  i s  recorded on the h i s to ry  tape 

and the  p a r t i c l e  i s  no longer considered by the  code. 

If the  p a r t i c l e  has ne i the r  slowed down below the  minimum energy nor 

escaped, it may su f fe r  a nuclear in te rac t ion .  The j t h  nucleus i s  se lec ted  

as the  t a r g e t  nucleus by the  requirement t h a t  
- 

where R i s  a random number uniform on the  unit  i n t e rva l ,  Z i  i s  the  i t h  

isotope geometric cross  section, and 
- 

c =  z i .  
i 

4 
I f  the  t a r g e t  i s  not  hydrogen, B e r t i n i ' s  cascade subroutine BERT i s  given 

the  energy and type of inc ident  p a r t i c l e  and the  atomic number and weight 

of the  ta rge t .  

energies, and d i r ec t ion  cosines of t he  cascade products. The energy 

va r i a t ion  of the  in t e rac t ion  cross  sec t ions  and t h e  p o s s i b i l i t y  of the  

passage of t he  p a r t i c l e  through the  nucleus without any i n t e rac t ion  are 

both considered by t h i s  subroutine. 

The subroutine ca lcu la tes  and re turns  the  nmber ,  t;ypes, 

Col l i s ions  with hydrogen are t r e a t e d  by s to r ing  the  n,p and p,p 

cross  sect ions as funct ions of  energy. 

[un,p(E) /om,] or [up,p (E)  /uma] f o r  inc ident  neutrons o r  protons, respec- 

t ive ly ,  where ux 
i s  the  microscopic pseudogeometric cross  sec t ion  f o r  hydrogen. 

l e s s  than the  r a t i o ,  a sca t t e r ing  takes  place as an apparent cascade, with 

A random number R i s  t e s t e d  aga ins t  

i s  the  microscopic cross sec t ion  a t  energy E and umax YP 
If  R i s  

4. H. W. Ber t in i ,  Monte Carlo Calculations on In t ranuclear  Cascades, ORNL- 
3383 (Apr i l  23,1963). - 
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. 

t w o  p a r t i c l e s  emitted. 

t inues  with no co l l i s ion .  

I f  R i s  grea te r  than the  r a t i o ,  t h e  p a r t i c l e  con- 

One vers ion of the  High-Energy Transport Code accounts f o r  mult iple  
5 Coulomb sca t t e r ing  (of  t he  primary beam only) by mems o f  Fermi’s theory. 

A “Coulomb dis tance” f o r  appl ica t ion  of the  deviat ion formulas i s  arbi-  

t r a r i l y  taken as 1/10 of the  range a t  the  cur ren t  energy of the  p a r t i c l e .  

However, t he  Coulomb dis tance must be grea te r  than 1 em. 

When a nuclear c o l l i s i o n  occurs, t h e  following d e t a i l s  a r e  recorded 

on the  h i s t o r y  tape: 

1. the  type of co l l i d ing  p a r t i c l e  (neutron or proton),  

2. the  posi t ion,  energy, and ve loc i ty  of the  co l l i d ing  p a r t i c l e  

a t  i t s  b i r t h ,  

3. the  pos i t i on  of  t he  c o l l i s i o n  and the  energy of the  co l l i d ing  

p a r t i c l e  a t  co l l i s ion ,  

4. the  number, types, energies,  and v e l o c i t i e s  of the  product 
nucleons having energies above the  lower-energy l imi t ,  

5. the  number, types, energies,  and v e l o c i t i e s  of the  product 

nucleons having energies below the  lower-energy l i m i t ,  

6. the  atomic number and weight and the  exc i t a t ion  and r e c o i l  

energies of the  r e s idua l  nucleus. 

I n  addi t ion  t o  being put  on the  h i s to ry  tape, t he  data f o r  t he  
product nucleons having energies above the lower-energy l i m i t  a r e  saved i n  

t h e  fas t  memory so t h a t  they may be transported i n  turn. 
p a r t i c l e ,  of  course, disappears and the  question i s  asked whether or not  

a l l  the  descendants of t he  o r i g i n a l  source p a r t i c l e  having energies above 
the  lower l i m i t  have been t rea ted .  I f  they have not,  the  next descendant 

becomes the  p a r t i c l e  of  i n t e r e s t ,  a f l i g h t  d i s tance  i s  selected,  and t h e  

e n t i r e  process i s  repeated. When a l l  descendants have been t rea ted ,  a 

The co l l i d ing  

5. B. Rossi ,  High-Energy Par t ic les ,  Prentice-Hall ,  Englewood, Mew Je r sey  
(1952), P* 71. 



-a- 

t e s t  i s  made t o  determine whether or not  the  desired number of source p a r t i -  
c l e s  has been considered. 

c a l l i n g  t h e  source rout ine  and the  s teps  following po in t  1 i n  the  flow 

char t  a r e  repeated. 

If not, another source p a r t i c l e  i s  se lec ted  by 

2.2. - The High-Energy Analysis Routine 

The High-Energy Analysis Routine uses the  h i s t o r y  tape, usua l ly  

ca l l ed  the  c o l l i s i o n  tape, from the  High-Energy Transport Code t o  do four  

th ings :  (1) t o  estimate the  high-energy nucleon d i s t r ibu t ions ,  (2) t o  

complete the  in t ranuclear  cascades by evaporating nucleons from t h e  highly 

exci ted residual nuclei ,  (3) t o  estimate the  d i s t r i b u t i o n  of protons below 

the  boundary energy, and ( 4 )  t o  prepare an O5R source tape f o r  neutrons 

having energies below the  boundary energy of  50 MeV. 

rout ine i s  shown i n  Fig. 2.3. 
A flow cha r t  of the  

The ana lys i s  i s  i n i t i a t e d  when a record from the  High-Energy Trans- 

p o r t  Code c o l l i s i o n  tape i s  read i n t o  t h e  memory and am arbitrary "Analysis 

I" subroutine i s  ca l l ed  t o  analyze t h e  p a r t i c l e  h i s t o r y  and determine i t s  
contr ibut ion t o  whatever d i s t r ibu t ions  a re  being estimated. It i s  

important t o  emphasize t h a t  t h i s  subroutine m u s t  be a r b i t r a r i l y  wr i t t en  by 

the  user  t o  e x t r a c t  t he  information required for a p a r t i c u l a r  problem. If  

the  record i s  t h a t  of a p a r t i c l e  which escaped from the  system, t h e  code 

obviously has no f u r t h e r  i n t e r e s t  i n  the  p a r t i c l e .  
a proton that  has slowed down pas t  t h e  lower-energy limit of the  high- 

energy code, a second completely a r b i t r a r y  ana lys i s  subroutine, "Analysis 

II", i s  cal led.  If t h e  record i s  t h a t  of a p a r t i c l e  t h a t  has suffered an 
in te rac t ion ,  t h e  code determines whether there  a r e  any product nucleons 

below the  lower-energy l i m i t  and, i f  there  are,  t r e a t s  protons with the  

Analysis I1 subroutine and wri tes  t he  neutron data on t h e  O5R source tape.  
Final ly ,  p a r t i c l e s  are evaporated from t h e  exci ted res idua l  nucleus 

by c a l l i n g  a subroutine vers ion o f  the  evaporation code constructed by 

Dresner, 

If  t h e  record i s  t h a t  of 

6 
with the  r e s u l t i n g  protons being channeled t o  Analysis I1 and 

6. L. Dresner, EVAP - A Fortran Program f o r  Calculat ing the  Evaporation of 
Various P a r t i c l e s  from &cited Compound Nuclei, OEWL m 6 1 - 1 2 - 3 0  
-(December 19, 196117 

- - 
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Fig. 2.3. Flow Chart of  t h e  High Energy Analysis Code 
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t he  neutrons put  on the  O5R source tape. Provision i s  a l s o  made i n  the  
code f o r  recording the  s p a t i a l  d i s t r i b u t i o n  of evaporated heavy-particle 

energy and f i n a l  r e s idua l  nucleus energy. 

Some d e t a i l s  of a t y p i c a l  High-Energy Analysis Routine a r e  given i n  

Appendix A. 

2.3. The O5R Code --- 
1 The O5R code has been described elsewhere. Using the  source tape 

produced by the  High-Energy Analysis Routine, O5R t r aces  the  neutron 
h i s t o r i e s  from 50 MeV t o  thermal energies,  producing a h i s t o r y  tape similar 
t o  the  one produced by the  High-Energy Transport Code. 

may be put  on t h i s  h i s to ry  tape.  
Some 34 parameters 

2.4. The O5R Analysis Routine -- 
A s  i s  the case with the  high-energy h i s to r i e s ,  the  ana lys i s  rou t ines  

f o r  the O5R h i s t o r i e s  a r e  a r b i t r a r i l y  constructed by t h e  user  f o r  t h e  

p a r t i c u l a r  problem involved. 

ana lys i s  of t h e  data for addi t iona l  information i s  p rac t i ca l .  
Since t h e  h i s t o r i e s  can be saved, l a t e r  r e -  

Input t o  Nucleon Transport Code (NW) 3. - - --  
The following i s  t h e  input  t o  ITIT Chain (1,3) and Chain (2 ,3)  t o  

produce a c o l l i s i o n  tape designated as l o g i c a l  tape 6. 

Chain (1,3) reads in :  

Card 1. Format (80H) 

A card containing Hol le r i th  information for i den t i f i ca t ion  

of pr in ted  output. 

Card 2. Format (@2) 

a. NRAN The s t a r t i n g  random number which i s  s tored i n  90 of 

C@TM#N, the  pos i t ion  of the  cur ren t  random number. 
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a b c d e  
Card 3. Format (ElO.3,ElO.~,I10,110,110) 

a. EMAX The maximum energy i n  the  range-energy tab les ,  i n  

MeV; EMAX - < 400. 
b. EMIN The minimum energy i n  t h e  range-energy tab les ,  

i n  MeV; EMIN - 50. P a r t i c l e s  a r e  not  followed 

below EMIN i n  the  High-Energy Transport Code. 

e. MXMAT The maximum number of media i n  the  system 

(MXMAT - < 4 ) .  

d. MAXCAS The number of source p a r t i c l e s  i n  each batch. 

e. MAXBCH The number o f  batches t o  be run. The user  may o r  

maynotwish t o  make use of  t h i s  number. 

The media must be spec i f ied  i n  order t o  compute cross  sec t ions  and 

range-energy tables .  For each medium cards 4a and 4b must be supplied. 

a b  
Card ha. Format (E10.3,IlO) 

a. DECJH(M) The hydrogen nuclear densi-ty- x f o r  the  Mth - 
medium. 

b. NEL(M) The number of elements i n  medium M with mass > 1; 

NEL(M) - < i o .  
a b C 

Card 4b. Format ( ElO. 3, ElO. 3, ElO. 3 )  

a. Z(1,M) The charge number of t he  - I t h  isotope i n  the  Mth - 
medium. 

b. A(1 ,M)  The mass number of the  - I t h  isotope i n  the - Mth 

medium. 

e .  DEN(1,M) The nuclear densi ty  x of the - I t h  isotope 

i n  the  Mth - medium. 

The index I runs from 1 t o  KEL(M); the  index M from 1 t o  MXMAT. 
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Chain (2,3) reads in :  

. 

1. The input  f o r  the  geometry routine,  GE@. 

described i n  the  @5R manual i n  Appendix D. 

This input  i s  

2. The input  f o r  the source routine,  S@RS, i f  any. 

S@RS i s  a subroutine wr i t ten  by the  user  which gives the  s t a r t i n g  

parameters f o r  the  source nucleons. It i s  ca l l ed  by the statement: 

CALL S@FG ( M, TIP, X, Y , Z, E, s SQ, U, V, W, WT) 

where 

M = 0 

= 1 

t o  i n i t i a l i z e  the source rout ine (one time only) 

i f  source data i s  t o  be provided, 

TIP = 0. i f  p a r t i c l e  i s  a neutron 
= 1. i f  p a r t i c l e  i s  a proton, 

X,Y,Z = s t a r t i n g  coordinates, i n  em, 

E = p a r t i c l e  energy, i n  MeV, 

SSQ = (speed)2 of the pa r t i c l e ,  i n  cm2/sec2, 

U,V,W = v e l o c i t y  components of t he  p a r t i c l e ,  i n  cm/sec, 

WT = weight of the source p a r t i c l e  (usua l ly  1.). 

Do not  s tar t  source p a r t i c l e s  on GE#M zone o r  block boundaries 

(see Gl$M spec i f ica t ions  i n  Appendix D) . 
CAUTION: --- ---- - 

Chain ( 2 , 3 )  t r anspor t s  MAXCAS source p a r t i c l e s  and t h e i r  products, 

wri t ing the h i s t o r y  tape described below on l o g i c a l  tape 6. 
Chain (3,3) which i s  the  start  of t he  a r b i t r a r y  ana lys i s  rout ines .  

It then c a l l s  

4. High-Energy Col l i s ion  Tape - 
The high-energy c o l l i s i o n  tape may be analyzed f o r  t he  desired nuc1.e- 

on d i s t r ibu t ions  between the  upper- and lower-energy l i m i t s .  

process i s  not complete, however, and subroutine WEK, described i n  See. 5, 
must be used t o  evaporate addi t iona l  p a r t i c l e s  from the  exci ted r e s idua l  

nuc le i .  

The cascade 

Neutrons with energies below the lower-energy l i m i t  may be counted 
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and reported on magnetic tape t o  enable the preparat ion of the  O5R 
input.  

The high-energy c o l l i s i o n  tape format i s  as follows: 

1. N@AS 

2. NC@L 

3. NAME 

4. TIP 

The number of the  source p a r t i c l e  which i n i t i a t e d  t h e  
cur ren t  cascade. Source p a r t i c l e s  a r e  numbered from 

1 through MAXCAS. 

A n  in teger  ind ica t ing  the kind of  event: 

1 = nuclear  in te rac t ion ,  

2 = escape from the  system, 

3 = slowing down of  a proton below EMIN, 
4 = escape from a region, 

5 = nuclear i n t e rac t ion  with no products resu l t ing ,  

7 = Coulomb in t e rac t ion  (pr imaries  only).  

The number of the p a r t i c l e  considered i n  t h i s  event. NAME 

s tar ts  with 1 f o r  each source p a r t i c l e  and increases  

by 1 f o r  each addi t iona l  product p a r t i c l e  i n  the  
case ade . 
The type of p a r t i c l e :  

0. = neutron, 

1. = proton. 

The energy of t he  p a r t i c l e  a t  b i r t h ,  i n  MeV. 

The ( speed)2 of the  p a r t i c l e  a t  b i r t h ,  i n  cn?i/sec2. 

The ve loc i ty  of the  p a r t i c l e  i n  the x, y, and z 
di rec t ions ,  respect ively,  i n  m/sec.  

The pos i t ion  coordinates of the  p a r t i c l e  a t  b i r t h ,  

i n  em. 

The weight of the  p a r t i c l e .  
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14. T€ET 

15. XC 

16. YC 1 
17. zc J 
18. EC 

19. SSQC 

20. I!dMED 

21. NABdV 

22. NLd 

23. ZPR 

24. APR 

25. EX 

26. EXEC 

The mean f r e e  (geometrical)  f l i g h t  time a t  energy E, 

equal t o  l / ( C S ) ,  where C i s  the  macroscopic geometrical 

cross  sec t ion  and s i s  the  speed. 

The pos i t ion  coordinates of the  event, i n  em. 

The energy of t he  p a r t i c l e  a t  the  s tar t  of the  event. 

The ( speed)2 of t he  p a r t i c l e  a t  t h e  s ta r t  of the  event. 

The number of t he  medium i n  which the  event occurred. 

The number of cascade products having energies above EMIN. 

The number of cascade products having energies below EMIN. 

The charge number, Z, of t he  r e s idua l  nucleus. 

The m a s s  number, A, of the  r e s idua l  nucleus. 

The exc i t a t ion  energy of t he  r e s idua l  nucleus, i n  MeV. 

The r e c o i l  energy of the  r e s idua l  nucleus, i n  MeV. 

Quant i t ies  2 1  through 26 a re  nonzero only i f  NC#L = 1 or 5. 

If a nuclear i n t e rac t ion  takes  place and NAB#V i s  grea te r  than zero, 
a record of  the products having energies g rea t e r  than EMIN i s  given i n  the 

following form: 

NAME(1) The name of t he  product. 

TIP(1) The type of p a r t i c l e :  

0. = neutron, 

1. = proton. 

E ( 1 )  The energy of the  p a r t i c l e ,  i n  MeV. 

SSQ(1) The (speed)2 o f  the  p a r t i c l e ,  i n  cm2/sec2. 

The ve loc i ty  components i n  the  x, y, and z d i rec t ions ,  

'(I) I i n  cm/sec. 
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wT(1) The s t a t i s t i c a l  weight of t he  p a r t i c l e .  

, The index I runs from 1 t o  NAB&. 

If p a r t i c l e s  having energies below EMIN a r e  produced(NL@ i s  g rea t e r  

thanzero) ,  they a r e  reported on one record as  follows: 

TIP(1) The type of p a r t i c l e :  

0. = neutron, 

1. = proton. 

E ( 1 )  The energy of the  p a r t i c l e ,  i n  MeV. 

AIsHA(1) The d i r ec t ion  cosines of  the  p a r t i c l e  f l ight,  r e fe r r ed  to 
In  t h i s  system the  t h e  coordinate system x", yff ,  and 2''. 

z'l ax is  i s  coincident with the ve loc i ty  vector  of  t he  parent  
p a r t i c l e .  The r e l a t i o n  between the  x", y f f y  z", and 

BETA(1) 

GAMMA(1) x, y, z axes i s  shown i n  Fig. 4.1. 1 
The index I runs from 1 t o  MLd. 

5. Range-Energy Tables 

The range-energy t ab le s  were b r i e f l y  mentioned i n  connection with 

the  High-Energy Transport Code ( S e e .  2.1).  These t ab le s  a r e  re ta ined  i n  
C@MM@D for use i n  analyzing the  high-energy proton d i s t r ibu t ions .  A s e t  

of two t ab le s  i s  prepared for each medium, a range t ab le  and an inverse-  

range o r  energy t ab le ,  Each range t a b l e  entry i s  the  dis tance t r ave l l ed  

by a proton of specif ied energy before i t s  energy i s  reduced t o  EDEN by 

ion iza t ion  losses. 

equally spaced values of  energy, beginning w i t h  E3lAX and ending with 

EMIN. To i l l u s t r a t e  the  use of the range table ,  assume a proton of energy 

E ly ing  between EMAX and EMTN. 
i t s  energy reaches EMIN can be computed by the following FORTRAN s t a t e -  

ments : 

The ranges a r e  s tored i n  descending order for 101 

The dis tance the  proton can t r a v e l  before 

I = (EMAX - E)/DELER + 1. 
FI = I 

DIST = RNGE(1 + 1 , M )  + (RNGE(1,M) - IwGE(1 + l , M ) ) *  
( E  - EMAX + FI*DELER)/DELER 
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where 

! .  

i 

DELER = the width of the  uniform energy i n t e r v a l  i n  the  range t ab le  

( DELER = (EMAX - m / i o o )  , 
RNGE(1,M) = t he  - I t h  en t ry  i n  the  range t a b l e  for med.ium M. 

The inverse-range o r  energy t a b l e  e n t r i e s  a r e  the  energy a proton 

must have i n  order  t o  t r a v e l  a given dis tance before  ion iza t ion  losses  

reduce i t s  energy t o  EMIN. 
order a t  101 equal ly  spaced values of t he  range beginning with the  range a t  

EMAX and ending with zero. 

range tab le ,  consider a proton whose range t o  EMTN i s  R. 

be computed by means of t he  following FORTRAN statements:  

The inverse ranges a r e  s tored  i n  descending 

A s  an i l l u s t r a t i o n  of t he  use of the  inverse- 

I t s  energy can 

I = (RNGMX(M) - R)/DELRNG(M) + 1. 
FI  = I 

EXERGY = E R ( 1  + 1 , M )  + (ER(1,M) - ER(1 + l,M)*(R - RNGMX(M) + 
FI++DELRNG ( M) ) /DEL;RNG ( M) 

where 

mGMX(M) = the  range a t  EMAX i n  medium M, 

DELRNG(M) = t he  width of the  range i n t e r v a l  i n  the  inverse-range 

t ab le s  f o r  medium M ( = RNGMX(M)/100), 

ER(1,M) = the  - Ith en t ry  i n  the  inverse-range t ab le  f o r  medium M. 

I n  addi t ion t o  the  range-energy tables, a number of other  quan t i t i e s  

which may be of i n t e r e s t  a r e  s tored  i n  C$IViM$N. A complete l i s t i n g  and de- 

s c r ip t ion  of t he  C$IViM$drJ s torage i s  given i n  Table l. 

6. Subroutine WFX - 
Subroutine WEK, which ca lcu la tes  the evaporation of p a r t i c l e s  from 

the  exci ted r e s idua l  nuclei ,  i s  the evaporation program o f  Dresner" put  

i n t o  subroutine form so  t h a t  it may be used i n  an a r b i t r a r y  ana lys i s  code 

t o  complete t h e  cascades. When used i n  the  NTC code, the  WELK data a r e  

s tored on l o g i c a l  tape 1 a f t e r  t he  19 records required f o r  t he  cascade 

da ta ;  therefore,  a 19-record skip on the  tape i s  necessary t o  en te r  t he  
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Table 1. List and Descri tion of Quantities 
Stored in C&@N 

Position 
in 

C@rn@N Quantity Dimension Description 

1-85 
86 

87 
88 

89 
90 

91 
92 

93 

94-97 
98-101 
102 -141 

142 -181 
182 -221 

222-261 
262-265 

266-305 

306-309 

Used by GE$M 

See input specifications 

See input specifications 

See input specifications 

See input specifications 

See input specifications 

See input specifications. 

Batch counter. 
Not used by Chain (1,3) or Chain (2,3). 
Width of the uniform energy interval in 
the range tables. 
all media. 

See input specifications. 

See input specifications 

See input specifications. 

See input specifications. 

The average ionization potential for the 
Ith element in the Mth medium. 
calculated by 

Set initially to 00. 

It is the same for 

It is - - 

EI$Iv(eV) = 9.0 x Z, Z 2 30; 
= z[12.8 - 3.8(2 - 5)/25], 

5 < z < 30; 
= 59.0, z - = 4; 
= 34.5, z = 3; 
= 44., z = 2; 
= 17.5, z = 1. 

See input specifications 

Macroscopic geometric total cross sec- 
tion for medium M. 

Ratio of macroscopic geometric total 
cross section for-- Ith-element in medium M to SIGT(M). - 

See input specifications. 
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Table 1 (cont.) 

Po si ti on 

C@Z$h Quantity Dimension Description 

310 HS IGMX 1 Hydrogen n,p cross section at EMIN 
311-314 RNGMX(M) 4 Range at EMAX for medium M 

315 -318 DELRNG( M) 4 Range interval in inverse-range tables 

319-722 RNGE(1,M) (101,4) Range tables: I = entry; M = medium 

723-1126 ER( I,M) (101,h) Inverse-range tables: I = entry; 

for medium M. 

M = medium 
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WEK data .  This skip cannot be a FORTRAN skip s ince the  cascade data  i s  

ne i the r  wr i t ten  nor read i n  FORTRAN. A subroutine ca l l ed  SKIP has been 

wr i t ten  i n  FAP t o  perform t h e  skip.  

where it i s  used by some add i t iona l  subroutines ca l l ed  by WEK. 

must be assigned by means of  appropriate  DIMENSI@N and C@MM@N statements 
i n  WEK, @ST, W A P T B ,  and ENERGY t o  preserve o ther  needed C@MM#N. I n  the  

High Energy Analysis Routine discussed i n  Appendix A, t he  WEK data starts 

i n  1947 of  C@MM@N. 

The WEK data i s  read i n t o  C@MM@N 

The C@MM@N 

WEK i s  ca l l ed  by the  statement: 

CALL W K ( M I ,  NAPR, NZPR, EX, M4, NH, WART, EPART, SUM, U) 

where 

M I  = 1 i f  the  subroutine i s  being entered f o r  the  f i r s t  time 
= 2 f o r  a l l  subsequent e n t r i e s .  

I f  M I  = 1, input  t ab le s  a re  read from l o g i c a l  tape 1. 

i n  the  ca l l  statement a r e  defined as:  

The o ther  parameters 

NAPR = The m a s s  number of the  r e s idua l  nucleus (an i n t e g e r ) .  

MZPR = The charge number of t he  r e s idua l  nucleus (an  i n t e g e r ) .  

Ex = The exc i t a t ion  energy, i n  MeV. 

M 4  Not used a t  present .  

NH = The number of h i s t o r i e s ,  s e t  equal t o  1 for t h i s  appl ica-  

t i o n .  

es t imate  the  p robab i l i t y  of ( n , n ' ) ,  ( n ,p ) ,  (n,2n),  and 
similar react ions by s e t t i n g  NH equal t o  t he  number of 

t r i a l s  desired for the  est imat ion.)  

WART = a dimensioned ar ray  ind ica t ing  number of  p a r t i c l e s  produced 
i n  NH t r ia l s :  

(WEK may be used independently of the  N E  code t o  

WART(1) = number of neutrons, 

NF'ART(2) = number of protons, 

NF'ART(3) = number of deuterons, 

NPART(4) = number of t r i t o n s ,  

NPART(5) = number of He3 nuclei ,  

NPART(6) = number of alpha p a r t i c l e s .  



-21- 

WART = A two-dimensional array,  EPART( 100,2), ind ica t ing  the  energy 

of  the  - I t h  evaporated nucleon, i n  MeV. 

EPART(1,l) = neutron (index I goes from 1 t o  NPART(l)) ,  

WART(I,2) = proton ( index goes from 1 t o  TspART(2)). 

SUM = The sm of the  k ine t i c  energies of - a l l  of t h e  charged 

p a r t i c l e s .  

U = The energy remaining i n  the r e s idua l  nucleus a f t e r  a l l  of 

the p a r t i c l e s  have been evaporated. 

his tory,  U may be negative because of  the s t a t i s t i c a l  

nature of  t he  calculat ion.  I f  a r e s idua l  nucleus can 

evaporate a p a r t i c l e ,  it w i l l .  The p a r t i c l e ,  however, may 

come off  with a k ine t i c  energy grea te r  than the exc i t a t ion  

energy l e s s  the  binding energy ( s ince  no t e s t  i s  made on 

the  k ine t i c  energy), thus yielding a negative r e s idua l  

energy. The r e s idua l  energy averaged over many h i s t o r i e s ,  

however, w i l l  be pos i t ive .  

For an ind iv idua l  

7. p15R Source Preparat ion 

Neutrons having energies below the boundary energy EMCN r e s u l t  f rom 

both d i r e c t  i n t e rac t ions  of inc ident  nucleons within the nucleus and evapo- 

r a t ion  from a highly exci ted compound nucleus. The required parameters of 

these neutrons a r e  put  on tape t o  form a source f o r  @5R treatment with one 

FORTRAN record p e r  neutron. Each record i s  assumed t o  have the form: 

1. NEW@ The nmber  of the  neutron. A negative value of NEUTN@ 

i s  a convenient way t o  s igna l  t he  end of the  source 

tape.  

2. E The neutron energy, i n  eV. 

3- SSQ The ( ~ p e e d ) ~  of t he  neutron, i n  cm2/sec2. 

The ve loc i ty  components of the neutron, i n  cm/sec. 

6. w] 
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8. Y The position coordinates of the neutron, in em. 

10. WT The statistical weight of the neutron. 

A complete user's manual for e(5R is given in Appendix D. The 

user has considerable liberty in choosing the format of the collision tape 

which is produced by $5R, and complete freedom in constructing the nec- 

essary analysis routines. 
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Appendix A. - Typical High-Energy - and Analysis Routines 

I n  the preceding discussion it has been emphasized t h a t  the  primary 

functions of both the  High-Energy Transport Code and the  65R code a re  t o  

produce p a r t i c l e  h i s t o r i e s  which can be a r b i t r a r i l y  analyzed by the  user. 

This f l e x i b i l i t y  may be more c l e a r l y  demonstrated by an examination of 

some port ions of an ana lys i s  rout ine spec i f i ca l ly  wr i t ten  for i n f i n i t e - s l a b  

geometry. 

and it c a l l s  Chain (5,3) t o  process the  data  batch by batch, thus furnishing 
a meansfor estimating s t a t i s t i c a l  e r ro r s .  

f o r  the  tabula t ion  o f  the  energy deposited l o c a l l y  by evaporated p a r t i c l e s  

with A > 1 and the  energy of the  r e s idua l  nucleus a f t e r  evaporation. 

then c a l l s  the  ANAL subroutine t o  analyze the  nucleon d i s t r ibu t ions  above 

EMIN and the A.NAL 2 subroutine t o  analyze the  proton d i s t r ibu t ions  below 

EMIN. 

This rout ine assumes t h a t  source nucleons a r e  run i n  batches, 

The main rout ine merely allows 

It 

Chain (3,3) computes range-energy t ab le s  from 1 MeV t o  EMII'?. 

ANAL estimates the  angular d i s t r ibu t ions  of  uniformly wide energy 

groups of nucleons escaping from the  r e a r  faces  of  as many as four  i n f i n i t e  

s labs  which a r e  i n t e g r a l  subdivisions of  t he  i n f i n i t e  s lab  for which the  

high-energy t ranspor t  ca lcu la t ion  was made. 

i s  a r b i t r a r i l y  specif ied.  

as a funct ion of a r b i t r a r i l y  wide ( n o t  necessar i ly  equal) i n t e r v a l s  of the 
cosine of the  angle between the  normal t o  the  s l ab  and i t s  r e a r  face,  i n  
un i t s  of  nmber.MeV-l. ( u n i t  cosine) ( inc ident  source nucleon) -I. The 

s t a t i s t i c a l  e r r o r  attached t o  each estimate i s  a l so  computed. I n  addition, 

a summation over a l l  angles i s  made t o  give an est imate  of the  energy spec- 
t r u m  of nucleons emerging from the  r e a r  face of each subslab. 

permits study of the spread of t he  beam as it proceeds through a medium by 

estimating the va r i a t ion  with radius  r of t he  f r a c t i o n  of p a r t i c l e s  emerg- 

ing  from the r e a r  face of the slab within a c i r c l e  of radius  r centered 

a t  the in t e r sec t ion  of the  ve loc i ty  vector  of  t he  primary beam with the 

s lab face.  

g rea t e r  than EMIN emerging from t h e  r e a r  faces  o f  the  subslabs per  inc ident  

source p a r t i c l e  and an estimate of t he  t o t a l  number of neutrons with 

energies g rea t e r  than EMIN escaping from both f r o n t  and rear faces  of  the  

subslabs per  inc ident  source p a r t i c l e  a r e  reported. 

The unif o m  energy group width 

The number of nucleons i n  each group i s  reported 

ANAL a l s o  

Final ly ,  an estimate of the number of neutrons with energies 
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ANAL 2 est imates  the  angular d i s t r ibu t ions  of uniformly wide energy 

groups of protons having energies below EMIN within the  subslabs, i n  t he  

hope t h a t  d i s t r ibu t ions  of such protons emerging from the  slabs can be suf- 

f i c i e n t l y  well  determined from these data.  

reported as  a funct ion of a r b i t r a r y  i n t e r v a l s  o f  the  cosine of t he  angle 

between the  normal t o  the  s lab  and i t s  face, i n  u n i t s  of cm.~rn-~.MeV-l. 

( u n i t  cosine) 

angles gives the  energy-dependent f lux.  

The proton angular f l u x  i s  

( inc ident  source p a r t i c l e )  -I. In tegra t ion  over a l l  

Input t o  t h e  main routine,  ca l l ed  f o r  f i r s t ,  and input  t o  ANAL and 

ANAL 2 a r e  described i n  d e t a i l  below. 

Al.1. Input t o  Main Routine --- 
a b e d  

Format (ElO. 3,110,110,110) 

a. XCAP Thickness of the  i n f i n i t e  s lab,  i n  em. 

b. JMAX The t o t a l  number of subslabs i n  which the energy deposited 

by evaporated p a r t i c l e s  with A > 1 and the  r e s idua l  energy 

of the  nuclei  after evaporation a r e  t o  be estimate'd. 

e. NREC The number of input cards from t h e  GE@M input  t o  the  end of 
t h e  inp-ct, inclusive.  

d. NRECl  The number of input cards from t h i s  card t o  the  end of  the  

input, inclusive.  

NREC and NREC1 a r e  used t o  hunt back on the  input  tape i n  running succes- 

s ive  batches. 

A1-2. Input t o  ANAL --- 
a b e d  

Card 1. Format (E10.~,110,110,110) 

a. T The s lab  thickness,  i n  em. 

b. NX The number of subslabs i n t o  which the  i n f i n i t e  s l ab  i s  t o  

be divided; NX < 4. 
for each subslab. 

A l l  quan t i t i e s  are computed a t  the  r e a r  - 
For a 10-em-thick s lab  and NX = 4, f o r  
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example, t he  leakage spectra,  angular d i s t r ibu t ions ,  e tc . ,  

of nucleons emerging from 2.5-, 5.0-, 7.5-, and 10-cm- 

th i ck  s l abs  will be computed. 

c. NR The number of r a d i a l  boundaries for t h e  computation of 

spreading; NR < 16. See below. - 
d. NA The number of angular groups i n  the  computation o f  angular 

d i s t r ibu t ion ;  NA < 10. - 
Card 2. Format (7ElO.3) 

FMLT(1) The cosines of t h e  lower l i m i t  of t he  angular groups with 

cosines i n  increasing order ,  

I=l,NA It i s  assumed t h a t  the  upper l i m i t  of group 1 i s  90" 

( C 0 s - l  = 0 ) .  

Card 3. Format (7ElO.3) 

R ( 1 )  The upper boundaries of the  I t h  r a d i a l  groups i n  increasing 

order. 
- 

I = l , N R  The spreading i s  computed a t  each subslab and i s  reported 

as t h e  f r a c t i o n  of the  t o t a l  number of p a r t i c l e s  emerging 

from the  s labs  ly ing  within R. 

a b e  
Card 4. Format (E10.3,E10.3,110) 

a. EHI The upper energy f o r  the  energy spectrum calculat ion,  MeV. 

b. EL$ 

e. NE 

The lower energy f o r  t he  energy spectrum calculat ion,  MeV. 

The number of (equal)  energy i n t e r v a l s  between EX1 and EL$. 

Al.3. Input to ANAL2 

Card 1. 

--- 
a b c  d 

Format ( 110,110,110, E10.3) 

a. NX The number of subslabs. See ANAL input.  

b. IVE The number of  energy groups below EMIN f o r  t he  ca lcu la t ion  

of proton spectra;  NE - < 5. 
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e .  NA The number of angular groups i n  the  computation o f  angular 

d i s t r ibu t ion ;  NA - < 10. 

d. T The s l ab  thickness,  i n  em. 

Card 2. Format ( 7ElO. 3 )  

E ( 1 )  The lower-energy l i m i t ,  i n  MeV, of t he  - I t h  group i n  

descending order with E N I N  as  t he  upper l i m i t  f o r  

group 1. 

Card 3. Format ( VlO. 3) 

FMIJ(1) The cosine of t he  lower l i m i t  of t he  angular group. 

I = l , N A  Same as i n  Card 2 of ANAL input.  

The neutrons which appear with energies below FJCN a re  put  on the  

$5R source tape and a re  t ransported by p/5R u n t i l  they e i t h e r  leak  from the  

system or a r e  k i l l e d  by Russian Roulette. 

the angular d i s t r ibu t ions  of a r b i t r a r i l y  wide energy groups of neutrons 

having energies below F,MIN which emerge from t h e  r e a r  faces  of t he  subslabs 

mentioned i n  the  descr ip t ion  of ANAL. The number of neutrons, i n  u n i t s  of  

number.Mev-l. ( u n i t  cosine) 

i n  the  same format  a s  the  nucleon ana lys i s  of ANAL. The angular groups 

a re  summed over a l l  angles t o  give an energy spectrum and, again as i n  ANAL, 

an est imate  i s  made of neutrons emerging from the  r e a r  faces  of the  sub- 
s labs  as  wel l  a s  of  neutrons emerging from both f r o n t  and r e a r  faces  o f  the  

subslabs, both normalized t o  u n i t  inc ident  high-energy source p a r t i c l e .  

The $5R Analysis Routine est imates  

(high-energy source p a r t i c l e )  -I, i s  reported 

The p/5R c o l l i s i o n  parameters a r e  NC@LL, NAME, X1, U$, X$, WT@, h, 
and SO, and the  f i r s t  c o l l i s i o n  tape i s  l o g i c a l  tape 1. 

A1.b. Input t o  Analysis Code 

Card 1. Format ( 110,110,E10.3,E10,3,F10,F10yE10.3) 

-- 
a b  C d e f  g 

a. NX The number of  subslabs i n t o  which the  s l ab  i s  subdivided 

(same as NX i n  ANAL inpu t ) .  

b. NA The number of angular groups (same as NA i n  ANAL inpu t ) .  



I .  

e. TLIMl 

d. TLDP 

e. DL1 

f. DL2 

g* TQlT 
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The upper-energy l i m i t ,  i n  MeV, of the  f i r s t  major energy 

group f o r  energy spec t ra  ca lcu la t ion .  

The upper-energy l i m i t ,  i n  MeV, of the  second major energy 

group f o r  energy spectra  ca lcu la t ion .  

The energy group width, i n  MeV, of the  minor energy groups 

i n  the  f i r s t  major energy group. 

The energy group width, i n  MeV, of  the  minor energy groups 

i n  the  second major energy group. 

The t o t a l  number of source nucleons, i . e . ,  MAXCAS*MAxBCH, 

which gave r i s e  t o  the  neutrons i n  65R. 
t o  normalize r e s u l t s  t o  u n i t  source strength.  

This va,lue i s  used 

The energy spec t ra  a re  ca lcu la ted  f o r  groups of width DL1 from 0 t o  

TLZMl and f o r  groups of width DL2 from TLIMl t o  TLIM2. The t o t a l  number of 

energy groups must be equal t o  o r  less than 22. 

Card 2. Format ( DlO. 3)  

FMU(1) The same quant i ty  as FMIT(1) i n  ANAL; I = 1,NA. 

Card 3. Format (ElO.3) 

T The thickness of the  s lab,  i n  em. 

Note: This ana lys i s  rout ine assumes the  following quan t i t i e s  t o  be wr i t ten  

f o r  each co l l i s ion :  NCOLL, NAME, X1, UO, XO, WTO, LAMBDA, and SO. It i s  

therefore  required t h a t  item C on card I of the O5R input  ( s ee  Appendix D ) 
have the  value 110000100001001~0100000000000110. 



-2a- 

Appendix - -  B. Tape Assignments 

The tape assignments f o r  running the  High-Energy Transport Code of 

NTC a re  as  follows: 

Log. Tape No. Absolute Assignment R m c  t i o n  

1 A5 Contains BERT and WEX data.  

2 Channel B Scratch tape used by BERT subroutine. 

6 High-energy h i s to ry  tape.  

9 Standard output tape.  

10  Standard input  tape. 

- B3 Chain tape.  

Only the above a re  used f o r  running Chain (1,3) and Chain (2,3). If 

Chain ( 3 J 3 ) ,  Chain (4,3), and Chain (5J3)  of Appendix A a re  a l s o  used, t he  
add i t iona l  tapes l i s t e d  below a r e  required: 

Log. Tape No. Function 

7 Scratch tape t o  s t o r e  batch r e s u l t s .  

a @5R neutron source tape. 
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Routine 

MAIN 

GTHSIG 

NPSIG 

PPSIG 

READ 

RANGE 

I N C  

ZF$I 

MAIN 

J@ET 

Appendix C. Routines i n  the  High-Energy -- 
Nucleon Transport Code - 

Language 

F$RTRAN 

F#RTRAN 

FAP 

FAP 

FAP 

FQIRTRAN 

F#RTRAN 

F$RTRAN 

F#RTRAJ 

FAP 

F~RTRAN 

Function 

Chain (1,3) 

Reads some input,  computes and s to re s  cross  

sect ions,  s e t s  up range tab les .  

Given the  energy and type of p a r t i c l e ,  f inds  

the  proton sca t t e r ing  cross sect ion.  

Se ts  t h e  cross sect ions f o r  n,p sca t t e r ing  a t  

the  energies which bracket E i n  GTHSIG. Cross 

sect ions e x i s t  f o r  every 10  MeV from zero. 

Se ts  the p,p cross  sect ions a t  the  energies 

which bracket  E i n  GTHSIG. 

Reads BERT da ta  tape on channelA5 and p icks  

o f f  geometric cross  sect ions f o r  A = 1 t o  239. 

Computes and s to re s  range and inverse range 

tab les .  

Computes d ~ / d ~  a t  energy E for use i n  "RANGE." 

Computes e f f ec t ive  ion iza t ion  po ten t i a l .  

Chain ( 2 , 3 )  

Reads geometry and source input  data, t r a n s -  

po r t s  nucleons, and wri tes  h i s to ry  tape on 

l o g i c a l  tape 6. 

Establ ishes  the storage f o r  t he  GE$M rout ine 

and t r ans fe r s  t o  t he  appropriate en t ry  i n  

the  GE#M rout ine t o  read i n  the geometry 

spec i f ica t ions .  

Reads i n  source input  data  i f  f i r s t  argument 

i s  0 or provides data f o r  a source p a r t i c l e  

if the f i r s t  argument i s  1. 
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E C ~ L  

SPREAD 

GAURN 

G$MPRP 

CASCAD 

GTHS I G  

NPSIG 

PPSIG 

PSCAT 

BERT 

REC$IL 

SPDSQ 

F$RTRAN Calls L$#KZ t o  s e t  necessary quant i t ies  i n  
GE#M. 

F$RTRAN Given the range, computes the energy of a 

proton. 

F$RTRAPJ Computes Coulomb small-angle sca t te r ing .  

F$RTRAN 

F$RTRAN 

Picks from a Gaussian d is t r ibu t ion .  

Se ts  up and c a l l s  GE@M f o r  a p a r t i c l e  f l i g h t  

t o  see i f  p a r t i c l e  has escaped from region. 

F#RTRAN Selects  a t a r g e t  nucleus and c a l l s  the  nec- 

essary routines t o  perform the nuclear  

in te rac t ions  or, i n  the case of hydrogen, 

the  e l a s t i c  sca t te r ing .  

zm/ Same as i n  Chain (1,3) 

FAP 

F$RTRAN 

FAP Performs the in t ranuclear  cascade. 

Computes n,p or  p,p e l a s t i c  sca t te r ing .  

F$RTRAN 

F$RTW Given an energy, computes a speed squared. 

Computes r e c o i l  energy of res idua l  nucleus. 

FKND#M PACKAGE FAP Selec ts  random var iab les  from various 

d ls t r ibu t ions .  

GE@M PACKAGE FAP See Appendix D. 

BERT FAP Per foms in t ranuclear  cascade calculat ion.  

Chain ( 3 , 3 )  

MAIN F@RTRAN Computes range -energy re la t ionships  f o r  

various media i n  t h e  energy range from 1 

t o  50 MeV. 

Same as Chain (1,3) 
RANGE F~RTRAN 

I N C  F$RTFWY 
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Chain (Q) 

MAIN F#RTRAN 

SKIP FAP 

WEK F~RTRAN 

ANAL F$RTRA_N 

ANAL2 F~RTRAN 

M M  PACKAGE FAJ? 

M A I N  

mALl 

mAL2 

D$ST 

ENERGY 

WWTB 

EC$L 

F#RTRAN 

F@RTRAN 

F@RTRAN 

F#RTRAN 

F#RTRAN 

F$RTRAX 

F#RTRAN 

Calls ANAL and ANAL2 t o  put  batch r e s u l t s  on 

l o g i c a l  tape 7. Puts $5R source neutrons on 

l o g i c a l  tape 8. Decides i f  a l l  batches a r e  

run. Assumes s lab  geometry. 

H u n t s  19 records on A5 p a s t  BERT data  t o  

WEX data. 

Evaporates p a r t i c l e s  from excited nuclei .  

Analyzes nucleon d i s t r i b u t i o n s  above cutoff 

energy. 

Analyzes proton d is t r ibu t ions  below cutoff  

energy . 
Same as Chain (23). 

Reads in,  from l o g i c a l  tape 7, r e s u l t s  of 

Chain (4,3) analyzes batch by batch, computes 

standard deviation and reports  r e s u l t s .  

Analyzes the batch r e s u l t s  from ANAL i n  
Chain (4,3). 

Analyzes the batch r e s u l t s  from ANAL2 i n  

Chain ( h , 3 ) .  

Returns k C o r  ka f o r  given Z ( s e e  r e f .  6, 
1)’ P’ 

P 4). 

Returns e i t h e r  experimental or, i f  there  i s  

none, calculated binding energy f o r  given A 

and Z. 

F i l l s  i n  the gaps i n  the tab le  of experimental 

binding energies with calculated values.  

Same as i n  Chain (2,3). 
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Appendix D. O5R User 's  Manual - -  
R. R. Coveyou and J. G.  Sull ivan 

D . l .  In t roduct ion 

The O5R code, a Monte Carlo neutron t r anspor t  code for t he  IBM 7090 
It may be used f o r  the  generation of computer, has three  bas ic  purposes. 

comparison standards f o r  t he  evaluation of o ther  methods of  computation; it 
may be used t o  do research on t h e  c a p a b i l i t i e s  of the Monte Carlo method; 

or it may be used t o  do spec i f i c  reac tor  physics ca lcu la t ions  as comprehen- 

s ive  as the study of complete r eac to r  systems. F r inc ipa l ly  because of the  

f i r s t  purpose, g rea t  care  has been taken t o  assure  an adequate representa-  

t i o n  o f  neutron cross  sect ions.  Cross sect ions may be given a t  as many as 

io4 energy values.  

Speed i n  t h e  construct ion of neutron h i s t o r i e s  i s  achieved i n  s p i t e  

of t h i s  vo lme  of cross-sect ion data  by construct ing many neutron h i s t o r i e s  

i n  p a r a l l e l .  Neutron in t e rac t ions  a re  followed i n  space and energy from 

b i r t h  of the neutron i n  the system u n t i l  i t s  disappearance. 

The d e t a i l s  of every c o l l i s i o n  experienced by a neutron during i t s  

l i f e t ime  &re recorded on one or severa l  h i s to ry  o r  c o l l i s i o n  tapes .  These 

tapes  a r e  then ava i lab le  as input  t o  ana lys i s  rou t ines  spec ia l ly  t a i l o r e d  

by the  user t o  ca l cu la t e  t he  answers t o  a given problem. The separat ion of 
the generation of the  h i s t o r i e s  from t h e i r  ana lys i s  no t  only allows f l e x i -  

b i l i t y  i n  the types of problems which may be t r e a t e d  but  a l s o  permits r e -  
ana lys i s  of h i s t o r i e s  for addi t iona l  information. 

P a r t  of the  O5R system i s  a geometry rout ine  which can handle a l l  

systems whose mater ia l  boundaries can be described a s  quadric or plane 

surfaces,  the s ing le  r e s t r i c t i o n  being t h a t  curved boundaries cannot i n t e r -  

sect .  A s  many as s i x  d i f f e r e n t  mater ia l  media a r e  allowed, with each medium 

allowed up t o  seven sca t t e re r s .  Any s c a t t e r e r  may s c a t t e r  an i so t rop ica l ly  

i n  the center-of-mass system. 

The O5R source spec i f ica t ion  permits v a r i a t i o n  i n  space, energy, and 

i n i t i a l  d i r ec t ion  of the  neutron. I n  addition, i n  f i s s ion ing  systems t h e  

neutrons produced by one f i s s i o n  generation may be used as the  source f o r  

the succeeding generation. 
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D.2. Defini t ions 

The de f in i t i ons  l i s t e d  below will be found he lp fu l  i n  understanding 

the discussions of the  various f ea tu res  of O5R which follow. 

a r e  defined as they a r e  encountered i n  the  t ex t .  

Other terms 

Batch: Some number (1-1000) of neutron h i s t o r i e s  handled i n  
p a r a l l e l .  

Run: 

FTI : 

H i s  t o ry  : 

One or more batches. 

Fortran-type integer .  

The d e t a i l s  of the  in t e rac t ions  of a neutron from i t s  

appearance i n  the  system u n t i l  i t s  in te rac t ions  a re  no 

longer of i n t e r e s t .  

Col l i s ion  Tape: A tape or tapes  containing a l l  t h e  h i s t o r i e s  from one 

run. 

AC : 

BC : 

Medium: 

Region : 

Supergroup : 

Element : 

After  the co l l i s ion .  

Before the  co l l i s ion .  

The element or compound within which the  f l i g h t  of the  

neutron i s  t o  take place.  Media a re  numbered and 

i d e n t i f i e d  by NMED, FTI's beginning with 1. 

A subdivision of the  volume of  i n t e r e s t ,  p r imar i ly  used 

i n  the appl ica t ion  of  weight standards associated with the  

pos i t i on  of the  neutron. Only one region i s  permitted 
i n  the  O5R por t ion  of the Nucleon Transport Code. 

A d iv is ion  of the neutron energy range, having boundaries 

a f a c t o r  o f  two apar t .  The energy range encompassed by 

O5R, from 77 MeV t o  l om4 eV, i s  divided i n t o  40 super- 

groups. Supergroups a re  numbered consecutively, with 

the  h ighes t  supergroup on the  reac tor  data  tape being 

nmbered 1. 

The p a r t i c u l a r  s c a t t e r e r  with which a neutron c o l l i s i o n  

takes  place.  

lows  t he  medium element spec i f ica t ions  used i n  preparing 

the  reac tor  data  tape. 

ELEM f o r  each medium begins with 1 and f o l -  
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Name : 

S Z  : 

f,( s2,Q) : 

A FTI (NAME,) ident i fy ing  the  n th  - neutron, beginning a t  

1 f o r  each batch. 

The energy of the  n th  - neutron; t he  energy i s  measured 

i n  units such t h a t  it i s  numerically equal t o  the 

square of the speed i n  cm/sec. 

The ve loc i ty  vector  i n  the laboratory system of coordinates 

associated with the  n th  - neutron; 2 2 2 2 
% + vn + wn = sn 

The pos i t i on  of the  nth - neutron. 

The mean f r e e  f l ight time for a neutron of  energy s2 

i n  medium m. 8 = l/sCT where Z i s  the macroscopic 

t o t a l  cross sect ion i n  medium m. 
my Tm 

The number of  mean f r e e  paths t o  be t r ave l l ed  t o  a c o l l i -  

sion. It i s  a random var iab le  drawn from an exponential  

d i s t r ibu t ion .  

The nonabsorption p robab i l i t y  for a neutron of  energy s2 

i n  medium m. 

The p robab i l i t y  t h a t  a neutron with energy s2 w i l l  have 

a sca t t e r ing  c o l l i s i o n  with the  J t h  - nuclide i n  medium m. 

The p robab i l i t y  t h a t  a f i s s i o n  neutron of un i t  weight 

will be produced by a neutron of energy s2 and u n i t  weight 

having a c o l l i s i o n  i n  medium m. 

The average value of the cosine of  the  sca t t e r ing  angle 

i n  the  center-of-mass system a t  energy s2 for nucl ide Q. 

D.3. General Description -- of O5R Processes 

I 

D . 3 . l .  Construction - of Neutron His tor ies  

The procedure followed by O5R i n  construct ing the  neutron h i s t o r i e s  

i s  given below i n  ou t l ine  form. The d e t a i l s  of t he  more important opera- 

t i ons  a re  discussed i n  l a t e r  sect ions.  
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1. Each neutron i s  given a name, a FTI which dis t inguishes  it from 

every other  neutron. 

2. An i n i t i a l  speed, so, and d i rec t ion  of the  source f l i gh t  i s  
assigned. 

3. The coordinates of t he  b i r t h  pos i t ion  of t h e  neutron, xo, yo, 

and ZO,  a re  assigned. 

4. An i n i t i a l  s t a t i s t i c a l  weight, do, i s  assigned t o  the  neutron. 

See discussion below. 

5. A geometry routine,  GEOM, determines i n  which medium the  source 

neutron l i e s .  

The i n i t i a l  conditions having been establ ished,  the slowing-down 

process then procedes as  follows. 

6. If weight standards a re  being applied, t he  weight of the  neutron 

i s  t e s t e d  fo r  " s p l i t t i n g "  or  "k i l l i ng .  ' I  

7. A possible  pos i t i on  f o r  the next co l l i s ion ,  based upon a considera- 

t i o n  of the  mean f r e e  path i n  the  medim i n  which t h e  neutron 

i s  t r ave l l i ng ,  i s  calculated from the  re la t ionships  

where the subscr ip ts  zero d-enote the o r ig in  of the f l i g h t  path and 

the subscr ip ts  one the  poss ib le  c o l l i s i o n  point ;  7 i s  the number 

of mean f r e e  paths, 8 i s  the  mean f r e e  f l i g h t  time i n  the medium, 

and u, v, and w a r e  the  ve loc i ty  components of  the neutron 

f l i g h t .  

If the f l i g h t  path i s  e n t i r e l y  i n  the o r i g i n a l  medium, then 

the calculated XI, y1, and z1 give t h e  poin t  a t  which the next 

c o l l i s i o n  w i l l  occur. If,  however, the  f l i g h t  pa th  en ters  

another medim, the pos i t i on  o f  the  neares t  boundary crossing 

along the f l i g h t  path from xo, yo, and zo i s  calculated and the  

number of mean f r e e  paths, 7 ,  i s  reduced by the  nmber  of  paths, 
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8.  

9. 

10. 

11. 

y', needed t o  be t r ave l l ed  i n  order t o  a r r i v e  a t  the boundary. 
The coordinates of  the boundary-flight path in t e r sec t ion  then de- 

sc r ibe  the s t a r t i n g  poin t  and the process i s  repeated, using the  

reduced y, t o  f i nd  another t en ta t ive  c o l l i s i o n  poin t .  Unless the  

neutron escapes from the system the  r e p e t i t i o n s  continue un t i l  a 

c o l l i s i o n  poin t  i s  accepted. A geometry rout ine of considerable 

genera l i ty  ca l cu la t e s  the  boundary crossing poin ts  and performs 

the  necessary bookkeeping. 

When a c o l l i s i o n  poin t  i s  found, a new neutron s t a t i s t i c a l  weight, 

wT1, i s  computed by multiplying wTo by the  surv iva l  probabi l i ty ,  

@, i n  the medium of the  c o l l i s i o n  poin t .  This procedure t r e a t s  
every c o l l i s i o n  as  a sca t t e r ing  co l l i s ion ,  allowing f o r  absorp- 

t i o n  by means of the  weight change. 

The nuclide from which the neutron i s  t o  be sca t te red ,  L, i s  

chosen by considering the sca t t e r ing  cross  sec t ions  of a l l  of the  

nuclides of t h e  medium i n  which the  c o l l i s i o n  occurs. 

From t h e  mass of nucl ide L, the  neutron ve loc i ty  before c o l l i s i o n  

( i n  the  laboratory system) and the average value of  the  cosine 

of the  sca t t e r ing  angle i n  the center-of-mass system, f l y  a new 

ve loc i ty  f o r  the  neutron i n  the laboratory system (u1, vl, w 1 )  
i s  se lec ted .  

The r e su l t i ng  energy of  the  neutron3 sf, (= u2 + 3 + $) i s  

compared with an input  cutoff energy. If the neutron energy i s  

g rea t e r  than the  cutoff  energy, t he  slowing-down process i s  

continued by repeating the  procedures f rom 6 above. I f  t h e  
neutron energy i s  below the  cu tof f ,  the  slowing-down process i s  

ended and the  neutron en ters  t he  thermal group. 

D. 3.2. F is  sioning 

Provision i s  made f o r  allowing fas t  and/or thermal f i s s ion ing  i n  

any medium. A t  each c o l l i s i o n  i n  a medium i n  which f i s s ion ing  may occur 

the code decides whether o r  not  one f i s s i o n  neutron should be introduced 

a t  (x ,y ,z) ,  the  c o l l i s i o n  posi t ion,  i n  the  next batch.  The weight t o  be 
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a- FM - PFW~ - 'M -+ 'F - PF'wn - FM -+ PFwn 
i 

where FM i s  the  weight t o  be assigned the f i s s i o n  neutron, PF i s  the  mean 

number of f i s s i o n  neutrons produced per  co l l i s ion ,  R i s  a random number 

uniform on the  i n t e r v a l  (O,l), Wn i s  the weight of t h i s  neutron having 

the co l l i s ion ,  and WF i s  the weight o f  the  f i s s i o n  neutron. 

The parameters associated with the  pos i t ion  and weight of the  f i s -  

s ion neutrons a re  s tored on a tape and a t  t h e  completion of a batch the  

next generation i s  read from the tape and becomes the  source f o r  t he  new 

batch. 

batch without using these produced f i s s ions  as the  source f o r  the next 

generation. 

a l ready known, then the average number of f i s s i o n s  produced by severa l  

batches using the  known source would give the mul t ip l ica t ion  constant, k, 

f o r  t h i s  p a r t i c u l a r  source. 

It i s  a l s o  possible  simply t o  count up the  number of f i s s i o n s  pe r  

For instance,  i f  the  source d i s t r i b u t i o n  over the  reac tor  i s  

D. 3.3. Thermal Neutrons 

A t  present  a simple one-velocity model i s  used f o r  treatment of 

thermal neutrons. 

d i f fus ion  process must be supplied: the  mean f r e e  path, 8, for thermal 

neutrons i n  t h a t  medium, and the  survival  probabi l i ty ,  I), f o r  a c o l l i s i o n  

i n  the same medium. 

a r e  the  macroscopic sca t t e r ing  and t o t a l  c ross  sect ions f o r  thermal 

For each medium two parameters which character ize  the  

I n  general, 8 = ~/CT and = Zs/C~, where 2, and CT 
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neutrons i n  the  medium. 

a value, calculated o r  experimental, f o r  D, t he  d i f fus ion  constant,  and 

Cay the  macroscopic absorption cross  sect ion,  one can, following d i f fus ion  

theory, ca l cu la t e  8 and $ as 8 = 313 and $ = 1 - 3 Ca D. 

t h a t  t h i s  prescr ip t ion  i s  su i t ab le  only i f  3 ZaD i s  small. 

If, however, t he  ava i lab le  information includes 

Note, however, 

Final ly ,  i f  thermal f i s s i o n  i s  t o  occur i n  a medium a t h i r d  

parameter, v,Zf/Zty must be supplied, where v i s  t h e  mean number of neu- 

t rons per  f i s s i o n  and Cf i s  t h e  macroscopic thermal f i s s i o n  cross  sec t ion .  

D.3 .4 .  Neutron Weights 

Each neutron, i, of a batch i s  assigned an i n i t i a l  weight, WTi ( t h e  

value normally assigned i s  l.), and the r e l a t i v e  s t a t i s t i c a l  importance of 

N - 
t h i s  neutron i n  a batch of neutrons i s  equal t o  WTi / )- WTn . Afte r  

n= 1 

each c o l l i s i o n  the  weight of the  neutron i s  mul t ip l ied  by the  p robab i l i t y  

of i t s  not being absorbed on t h a t  co l l i s ion ,  $. 
the  i t h  - neutron not  having been absorbed a f t e r  j c o l l i s i o n s  i s  WT’ i = 

WTp x $1 x $2 x . . . $3, where the  superscr ip ts  on the WTi represent  t he  

c o l l i s i o n  number. 

Thus the  p robab i l i t y  of 

One advantage a r i s i n g  from the  use of  t h i s  method of weighting t h e  
neutrons i s  t h a t  i f  there  i s  an appreciable amount of  absorption i n  the  
reactor,  the variance of the  r e s u l t s  computed by ana lys i s  rout ines  may be 
reduced from that  obtained by allowing absorption t o  take place.  

weighting system a l s o  makes it ra the r  simple t o  concentrate neutrons i n  a 

p a r t i c u l a r  volume of  t he  reac tor  where g rea t e r  accuracy might be required.  

The 

Consider the  following example: 

i n i t i a l l y  200 neutrons of o r i g i n a l  weight 1. 

severa l  co l l i s ions  there  might then be 100 neutrons with weight .9, and 
100 with weight .01. 

t ron  does not matter and we a r e  in t e re s t ed  i n  t h e  number of neutrons 
escaping from the  core.  It i s  c l e a r  then t h a t  i f  we have t o  spend an equal 

amount of computing time on each neutron ( regard less  of i t s  weight) before  

it escapes, then the  computing time spent on a l l  100 of the  neutrons of 

In  a reac tor  core there  a r e  

Af te r  the  neutrons have had 

Let us assume t h a t  t h e  s p a t i a l  pos i t i on  of each neu- 
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a- 

w e i g h t  .01 y ie lds  s t a t i s t i c a l  information which i s  approximately equal i n  

importance t o  the information gained from the computing t i m e  spent on 

only one of the  high weight neutrons. I n  o ther  words, about ha l f  t he  

computing time would be wasted gaining l i t t l e  addi t iona l  information. 

prevent t h i s  s o r t  of imbalance from occurring the use of "weight standards," 

i s  encouraged so  t h a t  the  amount of computing time spent on eachneutron 

will produce information approximately equal i n  s t a t i s t i c a l  value.  When 

cal led f o r  by ce r t a in  input  parameters, the weight of the neutron af ter  

each c o l l i s i o n  i s  compared with two numbers, WTHIT and WTL#W, ca l l ed  weight 

standards. 

purpose, the reac tor  i s  divided i n t o  geometric regions) and energy group 

of the neutron. The region boundaries and medium boundaries need not be 

the  same. 

To 

These numbers may be a function of t he  pos i t ion  ( f o r  t h i s  

c w  k i l l  
R-WAVE - wTn + - O+wTn 

b 

If W I T  < WTn then the neutron i s  " s p l i t  i n  two," t h a t  i s ,  the  

o r i g i n a l  neutron has i t s  weight cu t  i n  ha l f  and another neutron (with a 

d i f f e ren t  " N ~ "  a weight one-half t he  or ig ina l ,  bu t  with a l l  other  neu- 

t ron  d e t a i l s  the same) i s  added t o  the  neutron l i s t .  These two neutrons 

then generate independent h i s t o r i e s  from the  pos i t ion  where the o r i g i n a l  

neutron w a s  s p l i t  ( t h e i r  f irst  f l i g h t  from the  posi t ion,  however, w i l l  be 

i n  the same d i r ec t ion ) .  

If WTMW > WTn then, as i l l u s t r a t e d  i n  the flow chart ,  

where R i s  a random number uniformly d i s t r ibu ted  between 0 and 1, the  

neutron 's  weight i s  e i t h e r  s e t  t o  zero ( t h e  neutron i s  "ki l led")  or i s  

replaced by an input  weight, WTAVE, which i s  a function of region and 

energy group. 

device t o  make the code run faster and more e f f i c i e n t l y  by not  compelling 

it t o  follow neutrons of low s t a t i s t i c a l  weight through the reactor .  

This process, known as "Russian Roulette" i s  simply a 
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NOTE: If few neutrons a r e  expected t o  escape from a thermal reactor ,  

then the  only way i n  which h i s t o r i e s  can be terminated i s  by the  neutron 

weight becoming l e s s  than WTL@W, t he  lowest weight allowed. 

almost a l l  reac tors  a lower weight standard must be spec i f ied  f o r  reasons 

o f  economy. Determining exac t ly  what t h i s  weight ought t o  be i s  a matter  

f o r  insp i red  guesswork, bu t  probably 1/50 of the  o r i g i n a l  weight of a 

source neutron i s  much too low and, i n  most problems, 1/20 of t he  o r i g i n a l  

weight would be qui te  adequate. 

I n  running 

D.4 .  Random Variable Select ion i n  O5R -- 
A general-purpose Monte Carlo r eac to r  code such as O5R requi res  e f -  

f i c i e n t  and p rec i se  techniques f o r  the  se l ec t ion  of random var iab les  from 

the  p robab i l i t y  d i s t r ibu t ions  involved. Among the  more important techni-  

ques required a r e  the  following: 

1. A fast  and completely r e l i a b l e  method f o r  t he  se l ec t ion  of  pseudo- 

random numbers, i . e . ,  numbers on the  u n i t  i n t e r v a l  so chosen as 

t o  approximate choices of a random var iab le  uniformly d i s t r i b u t e d  

on the  u n i t  i n t e r v a l .  The method chosen f o r  t he  generation of  
pseudo-random numbers i s  the  “congruent ia l  mul t ip l ica t ion“  method. 

Let P be the i n t e g r a l  capaci ty  of the  machine; P - 1 i s  the  

l a r g e s t  i n t ege r  expressible  as a f ixed  poin t  number by the  machine. 
L e t  A be an appropriately chosen in teger ,  known as the  generator 

of  the  random number sequence. 

i n  the  sequence. Then 
L e t  Xn be the nth - random number 

PXn f An [mod PI . 

For the I B M  7090 machine, P = 235, while A w a s  chosen t o  be 515. 
It can be shown t h a t  t h i s  choice of A l eads  t o  a per iod of 233 f o r  
the  sequence, t h a t  i s ,  XI, . . ., X 33 a r e  d i s t i n c t ,  while X 1  = X 33 

This sequence has been subjected t o  a very wide v a r i e t y  of s ta t i -  
s t i c a l  t e s t s  and no deviat ion from s a t i s f a c t o r y  random behavior 

has been observed. Further, it can be shown a n a l y t i c a l l y  t h a t  

2 2 +l 



t h e  co r re l a t ion  between successive members of the sequence i s  

acceptably s m a l l .  

2. A method for choosing a random f r e e  path, the  dis tance t raveled 

by a neutron between two co l l i s ions ,  measured i n  un i t s  of a mean 

f r e e  path.  If n i s  such a random var iab le ,  then 

Prob ( X  < u < X  + dx) = e-' dx . - -  

It i s  r ead i ly  seen t h a t  t h e  negative of the  logarithm of a random 

nmber i s  so d i s t r ibu ted .  

c lever  technique f o r  generation of such a random variable ,  due t o  

John von Newnann, which may b e s t  be expressed by the flow cha r t  

shown i n  Fig. D.l. 

There is ,  however, another and very 

S t a r t  7 

Fig.  D.l. Selec t ion  o f  Random Number of  Mean Free Paths:  
P r o b ( X < u < X + d X ) = e  - -  -X dX; O < X < c o  

The random-variable subroutines which a r e  ava i lab le  f o r  use 

i n  or with O5R a r e  l i s t e d  i n  Table D . 1 .  
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Table D. 1. O5R Random-Variable Subroutines* 

Routine Function 

FLTRN 

RNSGN 

FXDRN 

EXPm 

AZIRN 

p $ m  

FISRN 

MAxm 

GAURN 

Places i n  the  accumulator a f loa t ing-poin t  pseudo-random number 

uniformly d i s t r ibu ted  on the  i n t e r v a l  [ O , l ]  . 
Gives a random sign t o  the  contents of the  accumulator. 

Places i n  the  MQ r e g i s t e r  a fixed-point random number uniformly 

d i s t r ibu ted  on the  i n t e r v a l  [O,l]. 

Places  i n  t h e  accumulator a f loa t ing-poin t  number chosen from 

the  d i s t r i b u t i o n  funct ion P(x)  dx = e-x dx. 

Stores  i n  c e l l  1 ,4  the s ine  of an angle a and s to re s  i n  c e l l  2, 

4 the  cosine of an angle a where a i s  uniformly d i s t r ibu ted  on 

( O Y 2 f i ) .  

Stores  i n  c e l l  1 ,4  the  s ine  of an angle g and s t o r e s  i n  c e l l  

2,4 the  cosine of an angle g, where cosg i s  chosen uniformly on 

t h e  i n t e r v a l  (-1,l). 

Places  i n  the  accumulator a f l o a t i n g  po in t  ( speed)2 chosen from 

the  Nerenson-Rosen f i s s i o n  s p e c t m .  

Places i n  the  accumulator a f loa t ing-poin t  random number from 
the distribution P(x) dx = 8 e dx (0 < x < 17) .  

Places i n  the  accumulator a f loa t ing-poin t  random number from 

the  d i s t r i b u t i o n  P(  x )  dx = (lm) e -x2/2 dx ( -  1 5  < x < 1 5 ) .  

Both numbers a re  i n  f l o a t i n g  point .  

Both numbers a r e  i n  f l o a t i n g  poin t .  

The r e s u l t  i s <  3.02 x 102'. 

*All subroutines re turn  cont ro l  t o  c e l l  1,4 except AZIRN and P@LRN which 
re turn  con t ro l  t o  c e l l  3,4. 
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D.5. Cross Sections 

D . 5 . l .  Cross-Section Representation 

The O5R code i s  designed t o  encompass a neutron energy range extend- 

ing from 77 MeV t o  

groups," whose energy boundaries a re  a f a c t o r  of two apart ,  as  shown i n  

Table D.2. 

energy width, where n i s  equal t o  o r  l e s s  than 8, a t  the option of t he  

user.  The data  a re  assumed constant within each subgroup. This method 

of  representat ion reproduces f a i r l y  wel l  the general  tendency of cross  

sec t ions  t o  vary r a the r  more regular ly  with le thargy than with energy and 

takes  i n t o  account the  f a c t  t h a t  within a supergroup it i s  eas i e r  t o  work 

with equal energy spacings. 

i s ,  within a l i n e a r  transformation, the  machine memory address of a wanted 

cross sect ion.  

cross sect ions which do not  f l uc tua te  too abrupt ly  128 subgroups pe r  

supergroup a r e  adequate. 

eV. This range i s  divided i n t o  40 so-cal led "super- 

n Each supergroup i R  t u r n  i s  divided i n t o  2 subgroups o f  equal 

With equal spacings the  energy of a neutron 

Some tes t s  have been performed which ind ica t e  t h a t  f o r  

The huge volume of cross-sect ion data  implied by the  above scheme 

cannot, of c o u s e ,  be contained i n  the fas t  storage of the computer and 

a t  f i r s t  glance it would seem t h a t  a continuous demand f o r  cross  sec t ions  

from the  magnetic tape storage would inord ina te ly  s low the computation. 

The way around t h i s  d i f f i cu l ty ,  however, i s  c l ea r .  It cons is t s  of using 

the  c rass  sect ions ava i lab le  i n  the  f a s t  storage with maximum e f f i c i ency  

by construct ing many (200-1000) neutron h i s t o r i e s  i n  p a r a l l e l .  Each neu- 

t ron  i s  processed as far as  possible  by using the  supergroup data then i n  

f a s t  storage, then s tored u n t i l  a l l  o ther  neutrons have undergone s i m i l a r  

t reatment.  
cross  sec t ions  f o r  a succeeding supergroup a r e  read from tape and the  

processing repeated. 

When a11 neutrons have been processed through a supergroup, 

D.5.2. Cross-Section Handling - Code Package 

The cross-sect ion package cons is t s  of  a group of seven numbered 

codes, performing the  functions l i s t e d  below. 
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Table D.2. Upper Energy and Speed-Squared L i m i t s  
of O5R Supergroups 

Energy Speed2 Energy Speed2 
(4 ( em2 /s ec2 ) (4 ( cm2/sec2) 

x lo6 

77 13 
38.57 
19.28 

9.642 
4.821 
2.410 
1.205 

io3 
602.6 
301.3 
150.7 
75.33 
37.66 
18.83 
9.416 
4.708 
2.354 
1- 177 

x loo 

588.5 
294.2 
147.1 

73.56 
36.78 
18.39 
9 1-95 
4.598 
2 299 
1.149 

574.7 
287.3 
1-43 7 
71.84 
35 92 
17.96 

8.980 
4.490 
2.245 
1.122 

0.561 
0.281 

0.1403 F8 
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Code 1: 

Code 2: 

Code 3: 

Code 4: 

Code 5: 

Code 6: 

Code 7: 

Accepts po in t  cross  sect ion data  together with an element and 

type-of-cross-section ind ica tor  and generates a cross-section 

tape.  

Adds cross  sect ions t o  the cross-section tape.  

Edi ts  (prepares a pr in tout )  of the  cross-section tape.  

Deletes spec i f ied  cross  sect ions from the  cross-section tape.  

Performs ar i thmetic  on any two specif ied cross  sect ions from the  

cross-section tape i n  order t o  produce a new cross  section. 

Prepares a tape containing da ta  needed by the O5R code. 

Averages selected microscopic cross sect ions over the group 

s t ruc tu re  used by the  O5R code. 

The cross-section tape contains two records ( l o g i c a l  FORTM type) 

pe r  cross  sect ion.  The f i r s t  record i d e n t i f i e s  the element, the  type of 

cross section, the  manner i n  which in te rpola t ion  between successive data  

points  i s  t o  be made, and spec i f ies  t he  number of po in t  cross  sect ions 

given i n  the second record. A t  the  present  t i m e  th ree  choices of  i n t e r -  
polat ion methods are avai lable:  The logarithm of the  cross  sect ion i s  

assumed l i n e a r  i n  lethargy; the cross  sect ion i s  assumed l i n e a r  i n  

lethargy; o r  the  cross  sect ion i s  assumed l i n e a r  i n  energy. 

The second record contains a le thargy poin t  ( a  le thargy zero of 

100 MeV i s  used t o  convert energy t o  le thargy)  followed by the  cross  sec- 

t i o n  or i t s  logarithm a t  the given lethargy, f o r  as many po in t s  as the 

f i r s t  record has specif ied.  A record with a negative element i d e n t i f i e r  

marks the end of the cross-sect ion tape.  

A p a r t i c u l a r  code i s  ca l l ed  f o r  by an input  card having the  l e t t e r s  

"CODE" punched i n  columns 1 through 4, no punch i n  column 5, and the  code 

nmber  punched i n  column 6. Following t h i s ,  i n  columns 7-10, i s  punched a 

log ica l  tape number designating var iously a scratch tape required f o r  codes 

4 and 5, t he  reac tor  da ta  tape from code 6, or the  tape of  averaged cross  

sect ions produced by code 7. 
l og ica l  tape No. 12 will be used. 

If t h i s  l o g i c a l  tape number i s  not  provided, 

The format i s  ( 1 A ~ , 1 X , 1 1 , 1 ~ ) .  
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The c a l l i n g  card i s  followed by the  p a r t i c u l a r  input  da ta  required 

by the code. 

which follow, references t o  "CODE 1" through "CODE 7" denote a card 

punched i n  the  above fashion. 

Another code-call ing card may follow. I n  the  paragraphs 

D5 3. Code 1 and Code --- 2 :  - Cross -Section Input Codes (Cards t o  Tape) --- 
The purpose of these codes i s  t o  wri te  point  cross  sect ions on 

log ica l  tape 11 i n  a convenient form f o r  preparing the  reac tor  da ta  needed 

by the  O5R code. 

Code 1 i n i t i a l i z e s  the  cross-sect ion tape by wr i t ing  the  end-of-tape 

marker and rewinding the  tape.  It then proceeds as i f  Code 2, which 

simply adds cross  sect ions t o  the tape, had been ca l led .  

The only difference between Code 1 and Code 2 i s  t h a t  

The input  contains an " iden t i f i ca t ion  card" l i s t i n g  the element, 

type of  cross  sect ion,  and type of in te rpola t ion  t o  be used between suc- 

cessive cross-sect ion points .  

cards" which give the  energy i n  eV and the  cross  sec t ion  i n  barns a t  t h a t  

energy. 

energy, with the  highest  energy appearing f i r s t .  

This card i s  followed by "cross-sect ion 

The cross-section cards must be arranged i n  order of descending 

After each s e t  of cross  sect ions i s  wr i t ten  on l o g i c a l  tape 11 an 

"end-of-tape" marker i s  writ ten,  so  t h a t  i f  a s e t  o f  data  i s  subsequently 

punched inco r rec t ly  the  cross-sect ion tape w i l l  s t i l l  be i n  usable form 
and will s t i l l  contain a l l  cross-sect ion e n t r i e s  p r i o r  t o  the  one i n  

e r ro r .  The tape will not  be correct ,  however, i f  an e r r o r  occurs during 

the  process of wri t ing cross  sect ions.  A copy should be made before 

attempting t o  update a tape.  

Each s e t  of cross  sect ions successful ly  loaded on l o g i c a l  tape 11 

w i l l  have i t s  i d e n t i f i c a t i o n  card pr in ted  out.  If an erroneous input  

occurs the data  i n  e r r o r  will l i e  i n  the  s e t  immediately following the  

l as t  i d e n t i f i c a t i o n  pr inted.  

The input  t o  Codes 1 and 2 i s  a s  f o l l o w s :  
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a b e d  e f 
Card A: Format ( I 5  , 15,15,15,F10.5,5A6) 

> 0: Element i d e n t i f i e r  
Blank: End of  all cross  sect ions being loaded. a. 

(1. Total  5. v x f i s s i o n  
2. E l a s t i c  s ca t t e r ing  6.  v 
3. I n e l a s t i c  s ca t t e r ing  7. f l  

b .  Type of cross  sect ion 

(4. Fission 

The parameter v i s  the average number of  neutrons pe r  f i ss ion;  

fl i s  the average cosine of the  angle of s ca t t e r ing  i n  the 

center-of-mass system. 

e .  Method t o  be used i n  in te rpola t ing  between points :  

0: Logarithm of cross sect ion assumed l i n e a r  
between points ;  e =  

8:  
-8: 

Cross sect ions assumed l i n e a r  i n  lethargy; 

Cross sect ions assumed l i n e a r  i n  energy. I 
d. Used by code f o r  counting cross-sect ion poin ts .  

e .  A decimal number (suggested use: Mass). 

f .  Thi r ty  characters  of Hol le r i th  input .  

a b 
Card B: Format ( E l 5 . 5 , E l 5 . 5 )  

a .  The energy, i n  eV. 

b .  The cross  section, i n  barns, f l  values, or v values. A blank 

card B denotes the end of the  l i s t  of cross  sect ions f o r  a 

p a r t i c u l a r  element. 

Cards are loaded i n  the following sequence: CODE 1 o r  CODE 2, 

A,B,B, . . .B,B(blank) ; A,B,B, . . .B(blank); A,. . . ,B(blank) , A(b1ank). 

D5.4 .  Code 3: Cross-Section Edi t  Code -- -- 
Code 3 "edi t s , "  i . e . ,  p r i n t s  out, the  contents  of the  cross-section 

tape produced by Codes 1 o r  2. 

i s  required. 

It i s  ca l l ed  by "CODE 3" and no other  input 

D5.5 .  Code 4: Cross-Section Deletion Code - 
Code 4 i s  used t o  de le te  specif ied cross  sect ions from the  cross-  

It i s  followed by as sect ion tape.  "CODE 4" c a l l s  the de le t ion  code. 
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many cards as needed -- one card f o r  each cross  sect ion t o  be deleted.  

Using Format ( 2 I 5 ) ,  these cards give the element i d e n t i f i e r  and the cross-  

section i d e n t i f i e r .  A blank card s ignals  the end of the l i s t .  The code 

p r i n t s  out both the  i d e n t i f i c a t i o n  port ion of each cross  sect ion deleted 

and a l i s t  of the  c ross  sect ions f i n a l l y  remaining on the  tape.  

de le t ions  a r e  accomplished the remaining cross sect ions a r e  wr i t ten  on 

l o g i c a l  tape 11. Tape L, a scratch tape, i s  a copy of tape 11. 

After  the  

~ 5 . 6 .  -- Code 5: Cross-Section Arithmetic Code 

Code 5 adds, subtracts ,  divides, o r  mul t ip l ies  any two cross  sections 

from the cross-section tape and produces a new cross  sect ion.  A cross sec- 

t i o n  i s  produced f o r  every energy point  l i s t e d  i n  e i t h e r  of the two o r i g i n a l  

cross sect ions.  The new data a r e  wri t ten on output tape l o g i c a l  number L, 

and may be punched on cards, added t o  the  cross-sect ion tape, or both. 

The input  t o  Code 5 i s  as follows: 

Card A:  Format ( 1 2 ~ 6 )  

72 columns of Hol le r i th  characters .  

Card B: Format (I5,I5,E10.5,I5,15,ElO.5,15,15,15) 
a b  c d e  f g h i  

a. I D 1 :  Element 1 i d e n t i f i e r .  

b. ISIG1: Element 1 cross-section i d e n t i f i e r .  

e .  DENS1: A number by which a l l  element 1 cross  sect ions a re  
mult ipl ied.  

d.  ID2: Element 2 i d e n t i f i e r .  

e .  ISIG2: Element 2 cross-section i d e n t i f i e r .  

f .  DENS2: A number by which a l l  element 2 cross  sect ions a r e  

mult ipl ied.  

< 0: Add cross  sect ions 

= 1: Subtract element 1 cross  sect ion from 
element 2 cross sect ion 

= 2: Multiply cross  sect ions 

= 3: Divide element 1 cross  sect ion by 

- 

element 2 cross  sect ion.  

g. NARITH 
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= 0: Negative r e s u l t s  produced by subtract ion a re  

0: Negative r e s u l t s  produced by subtract ion a r e  
s e t  equal t o  zero 

accepted 

= 1: Produce a BCD (b inary  coded decimal) tape of 
r e su l t an t  cross sect ions 

= 2: Perform both N$UT = 1 and NfkJT = 3 
i. N$UT 

= 3: Add re su l t an t  cross  sec t ion  t o  cross-sect ion tape 

= 4: Do ne i ther  N$UT = 1 nor N@JY = 3. 
a-d e f 

Card C : Format ( 415, F10.5,5A6) 

Card C i s  the  element i d e n t i f i c a t i o n  card f o r  t he  c ross  sec t ion  

r e su l t i ng  from the operations of Code 5. This card i s  i d e n t i c a l  with 

card A of  Codes 1 and 2 .  

A, B, and C .  

Cards a r e  loaded i n  the  sequence: C@DE 5, 

The manner of i n t e rpo la t ing  between points  of the  cross  sect ions 

r e su l t i ng  from the  above ar i thmetic  i s  l e f t  t o  t he  user.  Some caut ion 

should be exercised, e spec ia l ly  over i n t e r v a l s  where t h e  c ross  sec t ions  

change value rapidly.  

cards punched from it w i l l  be i n  the  proper format for l a t e r  loading by 

Codes 1 or 2. 

Logical tape L i s  wr i t ten  i n  such a manner t h a t  

D5 .7 .  Code 6: Reactor Data Preparation - Code 

Code 6 prepares a reac tor  data  tape needed for t he  O5R code. 

preparat ion o f  these data i s  based upon the  supergroup-subgroup s t ruc tu re  
previously defined and upon t h e  media which make up the  system. 

s t ruc tu re  data f o r  a medim a r e  averages o f  cross  sect ions over each o f  

N subgroups within a supergroup. Given N, the  number of subgroups, t he  

averaged cross  sect ions between the  supergroup l i m i t s  2k-1 and 2.k [ the 
energy i n  u n i t s  of ( ~ m / s e c ) ~ ]  a r e  

The 

The group 

a (u)  du /p du l < i  - -  < N  

U i -1 

- 
u ( i )  = 

U i -1 

where u 
group and i s  equal t o  Rn( 1.9132 x 1$0/[2k(2N - i) /2N]) 

i s  the  le thargy  associated with the  lower energy l i m i t  o f  t he  - 5th 
i 
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The number of subgroups, N, may be d i f f e ren t  f o r  each medium. 

For each supergroup the  code computes and wri tes  on tape a record 

of mean - f r e  e - f l i g h t  t i m e s  , nonab sorpt ion p robab i l i t i e s  , and probab ili ti e s 

fo r  s ca t t e r ing  f o r  each nuclide.  If anisotropic  sca t t e r ing  i s  spec i f ied  

the  average cosine of s ca t t e r ing  angle ( i n  the center-of-mass system) i s  

computed and wri t ten.  

p robabi l i ty  i s  computed and wri t ten.  

order of descending energy and an "end-of-file" i s  wr i t ten  a t  t he  end of 

t he  information. 

the  subgroup between i and i - 1 i n  a supergroup spanning 2k-1 t o  2 k i s  
equal t o  l / s (  i) Z (i) , where s i s  given by 

If f i ss ioning  may occur i n  a medium the  f i s s i o n  
Data a re  s tored  on the  tape i n  

I n  computing the data, the mean-free-fl ight t i .me  f o r  

T 

4N - 2 i  + 1 *k 
2 , l < i < N ,  s ( i) = - -  4N 

and 

where J i s  the  number of nuclides composing the  medium and N .  i s  the  atomic 
dens i ty  of  nuclide j .  J 

The nonabsorption probabi l i ty  f o r  a medium i s  computed from 

C.& i) /ZT( i) , where 

and J i s  the  number of s ca t t e r ing  nuclides i n  the  medium. 

The probabi l i ty  f o r  s ca t t e r ing  with a p a r t i c u l a r  nuclide, j ,  i s  

computed from 
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m e  f i s s i o n  p robab i l i t y  i s  v.Zf (i> / zT (  51, where 

vz  f (i) = r, N. vaf j (i) . 
j=1 

The input  t o  Code 6 i s  as follows: 

Card A: Format (12~6) 

72 columns of Ho l l e r i t h  iden t i f i ca t ion .  

a b  C 
Card B: Format (15,E10.5,E10.5) 

a .  NMED: Number of media. 

b. ET#P: Highest energy of cross  sect ions needed, i n  eV. 

e .  EL#W: Lowest energy of cross  sect ions needed, i n  eV. 

a b  
Card C,: Format (15,15) (One Card for Each Medium) 

a .  NOELM: Number of elements i n  medium M. 

b. NPT: Number of po in ts  per  supergroup f o r  medium M 

a b b b b b  c 
Format (15,15,15,15,15,15,E10.5) (One Card for Each Element 

of Each Medium) 
Card DMYL: 

a .  Element "L" i d e n t i f i e r  . 
b. Cross-section i d e n t i f i e r s  f o r  element "L." I f  l e s s  than the 

5 allowed a r e  needed, blanks or zeros may be used t o  s a t i s f y  

the  format. 

e .  lon2* x atoms/cm3 of element "L." Note: The order i n  which 

elements a r e  specif ied here determines the  order of specifying 

masses on card H, as well  as the  order i n  which the  values of 

LP1 a re  given on card F of the O5R input .  
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Card E: Format (1015) 

A l i s t  of anisotropic  s c a t t e r e r s  by element i d e n t i f i e r .  

i n  which anisotropic  sca t t e re r s  are specif ied here determines 

the  in teger  "N" used f o r  LF1 of card F of  the  O5R input .  

The order 

The order of loading the  above cards i s :  

D,C,D,.  . . ,DYE.  

C@DE 6, A,B,C,D,. . . ,D,C,D, .  . . , 

The code i s  l imited t o  not more than 6 media, no t  more than 8 scat- 

t e r s  per  medium, no t  more than a t o t a l  of 10 anisotropic  sca t t e r s ,  a 

maximum energy (ET@P) of < 77 MeV, and a minimum energy (EMIN) of 

> 0.141 x eV.  The data  are wri t ten on l o g i c a l  tape "L" i n  b inary  

format. 

~ 5 . 8 .  -- Code 7: Special  -- Tape of Averaged Cross Sections 

Code 7 produces a magnetic tape of microscopic c ross  sect ions 

averaged as i n  Code 6, the  reac tor  data  tape.  

I f  u ( L  = 1, NSIGS) , where NSIGS i s  the  number of cross  sect ions L 
requested) i s  the order of loading, then the  FORTRAN statement used f o r  

wri t ing t h i s  tape i s  The f i r s t  

supergroup w i l l  bracket  the energy ET@P and t h e  l a s t  supergroup the  energy 

E@Id i n  the same manner as explained f o r  code 5.  
corresponds t o  the  highest  energy and I = W T  corresponds t o  the  lowest 
energy of each supergroup. 

WRITE TAPE 12, (u (L , I ) ,  I=I"T ,kl ,NSIGS).  

I n  each record I = 1 

The input  t o  Code 7 i s  as follows: 

Card A: Format (12~6) 

72 columns of Ho l l e r i t h  iden t i f i ca t ion .  

a b  c d 
Card B: Format (15,15,E10.5,E10.5) 

a. NSIGS: Number of cross  sect ions requested. 

b .  j NPT: Number o f  points  pe r  supergroup (NPT = 2 , 0 - -  < j < 8). 

e .  ET@P: Highest energy of c ross  sect ions needed, i n  eV. 

d. EL@W: Lowest energy of cross  sect ions needed, i n  eV.  



-53- 

a b  
Card C: Format (I5,15) 

a. Element i d e n t i f i e r .  

b .  Cross-section i d e n t i f i e r .  

The order of loading the  above cards i s :  

i s  l imi ted  t o  not  more than 12 NSIGS, an ET@P of < 77 MeV, and an EL@W of 

B0.141 x 
order of the C-card input .  

CjdDE 7,A,B,C,C,. . .,C. The code 

eV. The cross-sect ion output i s  i n  the  same order as t h e  

D.6 .  Geometry Routines* 

The geometry rout ine cu r ren t ly  being used with O5R i s  GE!2h!I. It takes  

the s t a r t i n g  and ending poin ts  of a neutron f l i g h t  and determines (a) whether 

o r  not the  f l i g h t  l i e s  e n t i r e l y  within a medium and ( b )  t he  point  a t  which 

the  f l i g h t  leaves the  o r i g i n a l  medium, i f  it does so. The geometries ac- 

cepted by GE@M a r e  of the  following type: 

The e n t i r e  system i s  enclosed i n  a para l le lep iped  whose faces  a re  

p a r a l l e l  t o  the  coordinate planes.  The enclosing para l le lep iped  i s  cu t  i n t o  

zones by planes p a r a l l e l  t o  t he  coordinate planes. 

zone boundary cu t s  completely across the system, dividing it i n t o  two 

groups of  zones. Each zone i s  s imi l a r ly  cu t  i n t o  blocks. Each plane 

used as  a block boundary cu ts  completely across  a zone, bu t  need not be 

used as a block boundary i n  an adjoining zone. 

one or  two media. 

the  two may be any quadric surface,  thus a medium boundary may be e i t h e r  

a block boundary o r  a quadric surface.  

Each plane used as a 

Each block may contain 

If a block contains two media, t he  boundary between 

The purpose of t he  block system i s  twofold. Wherever possible  block 
boundaries serve as medium boundaries; elsewhere a l l  o ther  medium boundaries 

a re  separated so t h a t  no block contains more than two media separated b y  

a quadric surface.  Through the  use of the  zone system the  number of  

blocks required i s  reduced,since one zone may require  a number of s m a l l  

%is por t ion  of t h i s  repor t  was prepared by D. C .  I rving.  
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blocks t o  separate the  quadric surfaces  while an adjoining zone may require  

only one block. 

Upon en t ry  GE@M assumes the following: 

Absolute Octal  
Address Quantity Me a n i  ng 

7745 3 
77452 
77451 

The coordinates of the  s t a r t i n g  po in t  

o f  the  neutron f l i g h t .  

Z@LD : 

Y#LD: 
Z@LD: 

The coordinates of t h e  t e n t a t i v e  end 

of f l i g h t .  

77456 
77455 
77454 

7745 7 ETA : The number of mean f r e e  paths f o r  t h i s  
f l i g h t .  

77461 NMED : The number of the medium of the  s tar t -  
ing point .  

77450 
77447 
77446 

u@LD:) The X, Y, and Z d i r ec t ion  cosines of 

the  neutron ve loc i ty .  V@LD: 

W@LD : 

77445 SP#LD: The speed squared of the  neutron. 

77336 BLZ@N or L&ATE: A packed word containing t h e  zone and 
block loca t ion  o f  the neutron a t  the  
start  of f l i g h t .  

If the  neutron f l i g h t  l i e s  e n t i r e l y  within t h e  med ium of t he  start- 

ing point,  GE@M leaves everything e l s e  unchanged and suppl ies  t he  follow- 

ing  : 

Absolute Octal  
Addre s s Quantity 

77460 m: Contains 1 i n  decrement. 

77336 @ATE: A packed word containing the  block and 
zone loca t ion  of t he  terminal  po in t  o f  
the neutron f l i g h t .  

Meaning 

If the  f l i g h t  leaves the  o r i g i n a l  medium, GEdM suppl ies :  
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Absolute Octal  
Addre s s Quantity Meaning 

The coordinates of the  poin t  a t  which the  77456 
77455 
77454 

neutron f l i g h t  leaves the  o r i g i n a l  medium. 
zejm : 

77461 NMED : The new medium of the neutron. 

77336 

77460 

L@ATE : The block and zone loca t ion  of the po in t  
a t  which the  neutron leaves the  o r i g i n a l  
medium. 

MARK: MARK contains -1 i f  the  neutron escaped 
the  system; -2 i f  t he  neutron entered an 
i n t e r n a l  void; 0 otherwise. 

Space outs ide the  system of i n t e r e s t ,  y e t  within the  enclosing 
paral le lepiped,  i s  assumed t o  be e x t e r i o r  void. 

An i n t e r i o r  void i s  a region within which a neutron has an i n f i n i t e l y  

long mean f r e e  path.  

across the void u n t i l  it en te r s  another medium; i t s  path through the  void 

i s  of length zero i n  mean f r e e  paths.  

A neutron encountering an i n t e r i o r  void i s  ca r r i ed  

D 6 . 1 .  Input f o r  GE$M -- 
Input will be on cards i n  columns 1-72. 

Numbers have a var iab le  length f i e l d ,  and in t ege r s  a re  unsigned s t r i n g s  
of d i g i t s .  Float ing point  numbers have the form - +X.YE+Z, - where X, Y, and 

Z a r e  in tegers .  

f i e l d s  X, Y, and EZ w i l l  be assumed zero i f  omitted. 

sect ions t o  the  input .  

A l l  blanks w i l l  be ignored. 

Signs will be assumed t o  be pos i t i ve  i f  omitted and the 

There a re  three  

a. Zone boundaries: The X, Y, and Z values used as zone boundaries, 
including the  outer  limits of t he  system. A t y p i c a l  example 

m i g h t  be as follows: 

x zejm B@JXDARIES (0, .1, .5, 8 ~ 4 ,  1) 
Y zejm B~~UNDARIES (0, .5, 1) 
Z Z@IW B@UNDARIES (0, .3, .65, 1.0) 

The order of t he  l i s t i n g  i s  i r r e l e v a n t .  
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b. The quadratic functions def ining the curved surfaces:  

The quadratic surfaces  used as in t e r f aces  between media may be 

defined by f ( X , Y , Z )  = 0, where f i s  of second order o r  l e s s  i n  

X, Y, and Z. One medium then l i e s  on the  pos i t i ve  s ide  of the 

surface,  i n  the region where f ( X , Y , Z )  > 0, and the  other  medium 

l i e s  on the  negative s ide.  The format i s :  

where n i s  the  number of  curved surfaces.  To i d e n t i f y  the  sur -  

faces  they a re  nmbered consecutively from 1 t o  n; however, 

they need not be l i s t e d  i n  consecutive order i n  the  input .  

Each f (x ,y ,z )  i s  wr i t ten  as one would normally wr i te  a 

funct ion except t h a t  XSQ, YSQ, and ZSQ a re  used f o r  X2, p, 
and Z2. Parentheses may not  be used, therefore  expressions 

such as (x + 1)2 must be expanded as XSQ f 2.X i- 1. Coeffi-  

c i e n t s  a r e  i n  f l o a t i n g  point ,  and i f  omitted a r e  taken t o  be 

l., i . e . ,  "-XSQ" i s  equivalent t o  "-1.XSQ." Note t h a t  

f (x ,y ,z )  i s  a function and not an equation; an equal sign i s  

not  permitted . 
e .  For each zone i n  the  system the  following spec i f i ca t ions  m u s t  

be made: 

1. "Z@W (R,m,n)" i d e n t i f i e s  the descr ip t ion  t o  follow as 

t h a t  f o r  the  zone which i s  the  Rth i n  the  x d i rec t ion ,  

the  mth i n  the y d i rec t ion ,  and the  n th  i n  the  z d i r ec -  
t i o n .  

- 
- - 

2. The x, y, and z values used as block boundaries i n  t h a t  

zone, including the boundaries o f  the  zone. A t y p i c a l  

example might be as  follows. 

X B~UrJDARIEs ( -1, .5)  Z B$UNDARIES ( .65, .7,. 8,1.) 
Y B@WARIES ( . 5 ,  .75,1.). 

The order  of the three  l i s t s  i s  i r r e l e v a n t .  

3. The l i s t  of media i n  each block. If a block contains  only 
one medium, t h i s  spec i f ica t ion  i s  merely the  medium number. 



-57- 

If there  a re  two media i n  a block, however, the spec i f ica-  
t i o n  i s  "n/i/m," where n i s  the  number of the  medium on 

the  pos i t i ve  s ide  of t he  curved surface,  i i s  the  number 

of  the curved surface i n  the  block, and m i s  the medium 

number on the  negative s ide  of the  curved surface.  I n t e r i o r  

voids a re  designated as medium No. 0 and e x t e r i o r  voids as  

medium No.  1000. 

The spec i f i ca t ion  f o r  each block i s  separated from the  next by a 

comma. The blocks must be l i s t e d  i n  the order (1,1, l), (2,1, l), (3,1, l), 

... , (n ,1 ,1) ,  (1,2,1), (2,2,1),-.-, (nym, l ) ,  (1,1,2), ..., (n,m,R), where 
(i, j , k )  denotes the block which i s  the  i t h  i n  the  x d i r ec t ion  j t h  i n  the  

y d i r ec t ion  and k th  i n  the z di rec t ion .  
- - 

- 

An example of a block spec i f ica t ion  i s  

which would describe 4 blocks. 

second contains medium 3 on the  pos i t i ve  s ide of quadric surface 1 and 

medium 2 on the  negative s ide  of quadric surface 1; the  t h i r d  contains 

medium 3 on the  pos i t i ve  s ide of surface 1 and medium 2 on i t s  negative 

s ide;  and the four th  block contains only medium 2. 

The f i r s t  contains only medim 3; the  

The end of t he  input  i s  signaled by an END card having "FAD" 

punched i n  columns 8-10. 

~n example of a complete input  for GE$M follows: 

xz$m B~UNDARIES (o,i. ) 

Y Z $ ~  B$UNDARIES ( 0, 1. ) 

CURVED B$UNDARIES ( ~/~,XSQ+YSQ+ZSQ-X-Y-Z+. 5)  

BL$CKS 1, 1, 1, 1 

BL&KS 2/1/1 

ZZ@E B$UNDARIES (0, .5,1. ) 

Z$m (1,1,1) D ( 0 ,  .5,1.) YB(0, .5,1.) ZB(0,.5) 

Z$JE (1,1,2) XB(0,l.) YB(0,l.) ZB(.5,1.) 

EXD 
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The procedure f o r  reading input i n t o  GEdM i s  as follows: 

a. Place the  address of the  l a s t  loca t ion  t o  be used f o r  input  
storage i n  X R 1  (Index Register 1). 

Then TSX $ J @ I I N , 4 .  J$MIN w i l l  s to re  input  i n  successively 

lower loca t ions  and r e tu rn  t o  1,4 with t h e  l a s t  address not 

used f o r  storage i n  XR1. 

JflMIN w i l l  wr i te  appropriate e r r o r  f l a g s  and t r a n s f e r  t o  the  

Monitor E x i t  Routine. Input i s  assumed t o  be on l o g i c a l  tape 

10 and output ( f o r  e r r o r  f l a g s )  on l o g i c a l  tape 9. 

b .  

If there  a re  e r ro r s  i n  the  input  

The present  l imi t a t ions  on GE@M a re :  

zqhws: 1023 

BL&!KS: 1023 per  zone (no t  more than 31 blocks i n  e i t h e r  the 

X, Y, o r  Z d i r ec t ions  i n  a s ingle  zone).  

MEDIA: 511, no t  counting voids.  

There i s  no l i m i t  upon the number of quadric surfaces  allowed. 

A rough estimate of the  amount of storage used f o r  input  i s  given 

by: 
number of blocks.  

11 x number of curved surfaces  + 14 x number of zones + 4 x t o t a l  

D. 7. O5R Input  -- 
The input  required t o  run the  O5R code cons i s t s  of t he  appropriate  

neutron source spec i f ica t ions ,  a descr ip t ion  of the  geometry of  the system 

being studied, t he  r eac to r  data, i . e . ,  a complete spec i f i ca t ion  of t he  
c-7- u J u u c ~ ,  L - and a su i t ab le  subroutine f o r  t r e a t i n g  i n e l a s t i c  sca t te r ing ,  i f  it 

i s  b e i q  considered. Each sec t ion  of the  input i s  discussed below. 

D7.l. - O5R Neutron Sources 

The information required by O5R f o r  each source neutron a r e  the  

pos i t ion  of the  neutron, i t s  energy, i t s  s t a t i s t i c a l  weight, and the  d i r ec -  

t i o n  of i t s  f i r s t  f l i g h t .  For the  ensuing discussion the  following 

de f in i t i ons  may be he lpfu l .  

Y, and Z a r e  the X - a x i s ,  Y - a x i s ,  and Z - a x i s  coordinates,  i n  em. U, V, 
SSQ i s  the  neutron energy, i n  crn2/sec2. X, 
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and W a r e  the  X-, Y-, and Z-direction cosines, respect ively,  and 

+ V2 + I8 = 1. WT i s  the s t a t i s t i c a l  weight of t he  neutron. NEW i s  

an in teger  associated with a p a r t i c u l a r  neutron, and NEUTS i s  the number 

of neutrons t o  be given source data .  

Three choices a r e  ava i lab le  f o r  E. It may be the same f o r  a l l  
source neutrons, it may be chosen from an empirical  f i s s i o n  spectrum 
energy d i s t r i b u t i o n  by O5R, or it may be computed by the subroutine 

SOURCE, wr i t ten  by the  user .  

Two choices a r e  ava i lab le  for X, Y, and Z. They may be the  same 

f o r  a l l  neutrons o r  they may be computed by SOURCE. 

Three choices a r e  ava i lab le  f o r  U, V, and W .  They may be the same 

f o r  a l l  neutrons, they may be chosen i s o t r o p i c a l l y  by O5R, o r  they may be 

computed by SOURCE. 

Two choices a r e  ava i lab le  f o r  WT. It may be the  same f o r  a l l  

neutrons o r  it may be computed by SOURCE. 

Two methods of supplying the  source data a re  used. Any quant i ty  

which i s  t o  be t h e  same f o r  a l l  neutrons may be given t o  O5R on an input  

card.  This card i s  Card D of the  05R reac tor  da ta  input  described below, 

and the permissible a l t e r n a t i v e s  ava i lab le  by using t h i s  card a re  covered 

i n  t h a t  descr ip t ion .  

neutron or from batch t o  batch, however, it must be computed or supplied 

by Subroutine SOUFCE. SOURCE data always take precedent over input  card 

data.  The c a l l  statement i s  

If any source parameter may vary from neutron t o  

This subroutine must be included if any of the values needed t o  

specify the  source cannot be supplied by the  source input  card. Argu- 
ments must appear i n  the  order given i n  the FORTM statement above, even 

though some of them may not be used. The subroutine i s  entered once for 

each neutron u n t i l  the  t o t a l  number of source neutrons, NEWS, has been 

processed. NEUT i s  i n i t i a l l y  1 and i s  incremented by 1 on each subse- 

quent en t ry  u n t i l  NEUT = NEUTS, a t  which point  t he  data f o r  the  f i n a l  

neutron will be processed. As an example, suppose tha t  ha l f  of  the  
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souree neutrons a r e  t o  have an energy of 1. MeV and the  other  h a l f  an 

energy of 2. MeV, with a l l  other  parameters t o  be supplied by source card.  

A subroutine t o  provide f o r  t h i s  might be as follows: 

SUBR@UTINE S$JRCE ( SSQ,U,V,W,X,Y,Z,WT,N~,NUTS,~D) 
I F  (NUTS -.NEUT-.NEUT) 2 , 1 , 1 

1 SSQ = 2.*1.913220092E18 

RETURN 

2 SSQ = 1.913220092318 

m m  
m 

A s  i s  evident i n  the  subroutine above, the conversion f a c t o r  from energy 
i n  eV units t o  energy i n  speed squared units, t h e  units used i n  O5R, i s  

1.913220092 x 

I f  it i s  intended t o  compute U, V, and W by SOURCE, a t  l e a s t  one 

of U, V, or W must be nonzero on the  input  card.  

must equal 1. 

The sum of + V2 + I$ 

CAUTION: Do not s tar t  a neutron on a zone or block boundary. This 

w i l l  lead t o  ser ious d i f f i c u l t i e s  with the  GE@M package. 

D7.2. Reactor Data Input -- 
Much of the v e r s a t i l i t y  of O5R i s  obtained through t h e  f l e x i b i l i t y  

of i t s  data input  spec i f ica t ions  coupled, of course, with equal ly  f l e x i b l e  

source and geometry systems. Input t o  O5R i s  straightforward, a s ing le  

general  caution being t h a t  some of the  quan t i t i e s  spec i f ied  i n  input  a r e  

a l s o  found i n  some of the  cross-section,geometry, and source routines,  
and care  should be taken t o  insure  i n t e r n a l  agreement. 

The input  cards for the  O5R reac tor  da ta  input  are individual ly  

considered below. 

Card A: Format (12~6) 

A card containing 72 columns of  Ho l l e r i t h  information for i d e n t i -  
f i c a t i o n  of t he  p r in t ed  output.  
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a b c d e f  g h 
Card B : Format ( 15,15,15,15,15,15, E10.5,15) 

a .  NSTRT: 

b.  NM@ST: 

e .  NITS: 

d.  JlJHOW: 

e .  QUIT: 

f .  FISTP: 

g. ECUT: 

h. TKERM: 

The number of neutrons with which t o  s ta r t  of f  each 

batch. 0 < NSTRT < NMOST. - 

The maximum number of neutrons permitted to appear 

during one batch. NSTRT < N$ST < 1000. (The number 

of neutrons which can appear from s p l i t t i n g  by applying 

weight standards can be control led.  ) 

- 

The number of batches i n  the  run. 

Directs whether t h e  o r i g i n a l  source i s  t o  be repeated 

f o r  each batch (NHOW > 0) or whether succeeding source 

batches a re  t o  be made up out of  f i s s i o n  neutrons from 

the  preceding batch (NHOW = 0 ) .  

Number of runs (> 0 ) .  

The l o g i c a l  scratch tape number ava i lab le  f o r  s tor ing  

intermediate f i s s i o n  source data. 

i s  permitted, FISTP can be l e f t  blank or 0. )  

(If no f i s s ion ing  

The energy, i n  eV, below which neutrons a r e  considered 

t o  be i n  the  thermal group. 

Determines the manner i n  which the thermal group i s  

t o  be t r ea t ed :  

THERM = 0: No thermal group. 

TEE04 = 1: One-velocity thermal group. (The 
one-velocity parameters w i l l  be given 
on card G of  t h i s  input . )  

by a subroutine SNAFU (wr i t t en  by the  
user,  bu t  must be ca l l ed  SNAFU.) 

THERM = 2: Thermal. parameters w i l l  be computed 

a b e d  e 
Card C: Format (15,15,15,15,E10.5) 

a. MEDIA: The number of media, exclusive of  voids, i n  t h e  

reac tor .  

appearing on the  reac tor  da ta  tape.  

This number must agree with the  number 

0 <MEDIA < 6. 
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b.  T\SF@!E: The number of an iso t ropic  s c a t t e r e r s  appearing on t h e  

reac tor  data tape.  

e .  CONT1: 

d. CONT2: 

The l o g i c a l  t ape  number of the reac tor  data tape.  

The l o g i c a l  tape number of a copy of the reac tor  data 

tape.  (For problems which involve a wide range 

between the  highest  and lowest energy on the  r eac to r  

data tape and several  media, a considerable f r a c t i o n  

of machine time i s  expended i n  rewinding the data 

tape.  To ge t  around t h i s  d i f f i c u l t y  a second tape, 

i den t i ca lwi th  tkfirst ,  may be spec i f ied  so the  O5R 

may s h u t t l e  between them, rewinding one tape while 

using data  from the o the r . )  

e .  E W E :  The m a x i m u m  energy, i n  eV, of t he  reac tor  data tape.  

This value must be the  same as tha t  given t o  the  

reac tor  data code. 
a b C d e 

Format (E10.4, E10.4,ElO. 4, E10.4, E10.4) Card D: 

Card D i s  t h e  source input  card. 

"O5R Neutron Sources" f o r  f u r t h e r  explanation. 
See t h e  preceding discussion of 

a. ESflURCE: The source energy, i n  eV. 

The d i r ec t ion  cosines of t he  source neutrons.  If 
these a re  t o  be supplied by subroutine S@URCE, a t  
l e a s t  one of them must be nonzero on t h i s  card.  

b. Ulm: 

d. WINP: 

e.  WTSTRT: The s t a r t i n g  weight of t he  source neutrons. 

Card E: Format (E10.4, E10.4, E10.4,15,15) 

The s t a r t i n g  coordinates of t he  source neutrons, 
unless otherwise given by subroutine 

e .  ZSTRT: 

d. NMED: The medium number of XSTRT, YSTRT, ZSTRT. 

e .  NREG: The region number of XSTRT, YSTRT, ZSTRT. 
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a b c  d e 
Card( s) F: Format (15,15,15,E10.5,5~, 812) 

a. SCATS: The number of s c a t t e r e r s  i n  the medium. 

b.  PJdINTS: The number of subgoups per  supergroup on the reac tor  

data  tape f o r  t h i s  medium. 

agree with the spec i f ica t ion  of the reactor  data  tape.  

The value of P@rJTS must 

e .  FISSIJdN: Indicates  whether o r  not there  i s  fas t  f i ss ioning  

i n  t h i s  medim. 

i s  permitted; i f  FISSIJdN = 1, fast  f i ss ioning  i s  

allowed. 

If FISSI@N = 0, no fas t  f i ss ioning  

d. @W: The weight t o  be assigned t o  neutrons produced by 

f i s s i o n  (usua l ly  1. ) . 
e .  LF1: Used t o  inform O5R whether o r  no t  sca t te r ing  i s  

anisotropic  f o r  each s c a t t e r e r  i n  the medium and, i f  

some of the nuclides of  the medium do s c a t t e r  anisotropi-  

cal ly ,  which pos i t ion  on the reac tor  data tape i s  t o  be 

used. A value of LFlmust  be given f o r  each s c a t t e r e r  i n  

the  medium i n  the order i n  which t h e  s c a t t e r e r s  a r e  

specif ied i n  cards D 

package. If a s c a t t e r e r  i s  an i so t ropic  s c a t t e r e r ,  then 

no f l ' s  appear f o r  it and W1 = 0. If a nuclide i s  an 

anisotropic  s c a t t e r e r ,  then LF1 i s  the pos i t ion  the 

s c a t t e r e r  occupies on card E of Code 6. 
a m e d i u m  contains H, C, and 0, with 0 and C l i s t e d  as 

anisotropic  s c a t t e r e r s  on card E of Code 6 i n  t h a t  order, 

and i f  H, C y  and 0 a r e  specif ied as the elements i n  the  

medium on cards DM 
would be @ 0 6 2 0 1. (The symbol a i s  used t o  

ind ica te  a space.)  If the elements on card %,L were 

specif ied i n  the order C, H, and 0, then I31 would be 

of  Code 6 of  the cross-section 
MY L 

For example, i f  

of Code 6 i n  t h a t  order, then LF1 
Y 

@ 2 @ O Q l .  

There w i l l  be an individual  card F f o r  each medium, 

and they a r e  loaded i n  the same order as the media ap- 

pear on the reac tor  da ta  tape.  



- 64- 

a b C 

Card( s)  G: Format (E10.5,E10.5,E10.5) (One-velocity parameters) 

a.  S@TH: The thermal neutron mean f r e e  path f o r  t h i s  medium. 

b.  SL#PS: The thermal-neutron nonabsorption p robab i l i t y  f o r  

t h i s  medium. 

e.  S@W: The average number of f i s s i o n  neutrons produced by a 

c o l l i s i o n  a t  thermal energies i n  t h i s  medium, given by 

V Z f / Z t .  

If one-velocity parameters a r e  c a l l e d  f o r  on card By by s e t t i n g  

THERM = 1, then a G card immediately follows each F card f o r  each medium. 

Card H: Format ( 7ElO. 5) 

The H cards a r e  loaded by medium - one card t o  a medium. The 
atomic masses, i n  mu,  a re  specif ied f o r  each s c a t t e r e r  of a medium i n  
t he  same order as the s c a t t e r e r s  appear on the  r eac to r  data tape, which 

i s  t h e  order i n  which they were spec i f ied  on card D 

i n e l a s t i c  s c a t t e r e r  i s  signaled by a mass o f  zero which, when encountered 

by O5R, t r i g g e r s  the  c a l l i n g  of subroutine KINNY which t r e a t s  i n e l a s t i c  

s ca t t e r ing .  For example, i f  t he  medium consis ted of water, with hydrogen, 

s c a t t e r i n g  e l a s t i c a l l y ,  and oxygen sca t t e r ing  both e l a s t i c a l l y  and i n -  

e l a s t i c a l l y ,  card H would show three  masses: 
. 00000 * 

o f  Code 6. An 
MY L 

1.00000, 16.00000, and 

a b  C 
Card I : Format ( I 5 , I 5 , 5 X Y  3611) 

a .  HISTR: The l o g i c a l  tape number t o  be assigned t o  t h e  f i r s t  

c o l l i s i o n  tape t o  be used. 

b. HISMX: The highest  l o g i c a l  tape number a c o l l i s i o n  tape may 

be assigned. HISTR < HISMX. When the  f i r s t  c o l l i s i o n  

tape, HISTR, has been f i l l e d  the  l o g i c a l  tape number 

i s  increased by one, t he  l o g i c a l  number increasing by 

one f o r  each succeeding tape u n t i l  HISMX i s  reached. 

After  HISMX i s  f i l l e d  the  l o g i c a l  tape number i s  s e t  

- 
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e .  NBIND: 

back t o  one and the  process continues. 

t h a t  enough time f o r  machine operating personnel t o  

remove a f i l l e d  tape and replace it with a pool tape 

w i l l  be ava i lab le . )  

be on the same machine channel as the  reac tor  data 

tape or t he  f i s s i o n  tape.  

Se lec ts  from the l i s t  of parameters ava i lab le  a t  each 

co l l i s ion ,  as shown i n  the discussion of ana lys i s  

rou t ines  below. 

bank l i s t ,  e i t h e r  a 0 or a 1 must be punched. 

s e l e c t s  the  parameter, a 0 does not s e l e c t  it. 

(It i s  expected 

None of these c o l l i s i o n  tapes  may 

For each o f  t h e  parameters i n  the  

A 1 

a 
Card J: Format (1612) 

a. RANDM: The o c t a l  representat ion o f  t he  i n i t i a l  random number 

t o  be used i n  t h e  generation of random numbers. 

l e f t  blank the code will i n s e r t  343277244615. 

random numbers must end i n  1 or 5 i n  order t h a t  the  

per iod of t he  random number sequence be t h e  m a x i m u m  

for t he  I B M  7090. 

If 

S t a r t i n g  

The m a x i m u m  period i s  233. 

a b e d  
Card K: Format (15,15,15,15) 

a. NSPLT: 

b. NKILL: 

e .  REGMX: 

d.  GPMAX: 

An index cont ro l l ing  s p l i t t i n g .  I f  NSPLT = 1, s p l i t -  

t i n g  i s  allowed; i f  NSPLT = 0, s p l i t t i n g  i s  prohibi ted.  

A n  index cont ro l l ing  Russian Roulette.  
Russia1 Roulette i s  allowed; i f  X I L L  = 0, Russian 

Roulette i s  prohibi ted.  

The m a x i m u m  number of regions i n  the  reactor .  

REGMX must equal 1 i n  the present  version, f o r  reasons 

which a re  given below. 

The number of fast  groups p lus  the  number of thermal 

groups. The l a t t e r  quant i ty  i s  e i t h e r  zero or one. If 

GPMAX i s  l e f t  blank, the  code suppl ies  the  value 40. 

If  rJKILL = 1, 
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b .  NDG: 

a b c d e f  g h i 
Card( s)  L: 
a r e  included only if NSPLT or NKILL (Card K) a r e  nonzero. 

Format ( 15,15,15, 15,15,15, E10.5, E10.5, E10.5) These cards 

applied.  

group NGP2 and f o r  region N R G l  i n  s teps  of NDRG 

For group NGF1 i n  s t eps  of NDG through 

f .  NRG2(=1)* 1 N G P l  = -1 must be supplied t o  s igna l  

weight standards have been loaded. 

t h a t  all 

g. WTHIH: Neutrons having weights above t h i s  value i n  the regions 

and groups indicated will be s p l i t .  

h. WTLjdW: Neutrons having weights below t h i s  value i n  the  regions 

and groups indicated w i l l  undergo Russian Roulette.  

i. WAVE: The weight which replaces  the  cur ren t  weight o f  a 

neutron surviving Russian Roulette.  

The format of t h i s  card may be easier t o  understand i f  the follow- 

ing  FORTRAN statements a re  considered. 

D@ 1, I = NGPl, NGP2, N E  

I$ 1, J = NGR1, NGR2, NDRG 

WTHIH(I,J) = ~ I I H  

WTL$W(I,J) = WTL~W 

WTAVEX(1,J) = WAVE. 

*The geometry rout ine included here does not  provide f o r  s p a t i a l  regions 
i n  which d i f f e r e n t  weight standards for Russian Roulette and s p l i t t i n g  
apply, thus the  number of regions must be 1 throughout the  ca lcu la t ion .  
Di f fe ren t  weight standards may be used i n  d i f f e r e n t  energy groups, 
however. 
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D.8. Treatment of Nonelastic Sca t te r ing  - 
The O5R code handles nonelas t ic  s c a t t e r i n g  by c a l l i n g  subroutine 

“~(SSQ,NMED,NELEM,X,Y,Z,NEWS,SLIST,~)  

whenever a s c a t t e r e r  of  zero mass i s  encountered by the  subroutine which 

s e l e c t s  t h e  nucl ide s t ruck  by the  neutron. 
above.) The arguments a re :  

(See card H of O5R input,  

? 

SSQ:  

NMED: 

The speed squared of the inc ident  neutron, i n  cm2/sec2. 

The number of the  medium within which the  event occurred. 

NEM: The number of the element with which the neutron co l l ided  
- counted from 1 i n  the  order punched on card H of the  O5R 
input .  

X,Y,Z: The s p a t i a l  coordinates of the event. 

NEUTS: The number of neutrons r e su l t i ng  from the co l l i s ion .  

NEWS < 10 and provides f o r  (n, 2n) , (n, 3n),  . . . , e t c .  
events.  

- 

SLIST: A l i s t  o f  t he  energies (speed squared) of each of t h e  
product neutrons: 

t h a t  the  product neutrons a r e  emitted i s o t r o p i c a l l y  i n  the  

laboratory system of reference.  It must be dimensioned as 

SLIST( I),  I = 1, NEUTS. It i s  assumed 

SLIST( i o )  . 
WT: The weight of the  neutron going i n t o  the  nonelast ic  event.  

This weight i s  assigned t o  each o f  the product; neutrons. 

KIKNY must be self-contained and read i n  i t s  own input as required.  
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D.9 .  Problem Analysis 

I n  order t o  insure maximum f l e x i b i l i t y  i n  the  range of problems 
O5R can handle, the  production of the  neutron h i s t o r i e s  pe r t inen t  t o  a 
p a r t i c u l a r  problem i s  completely divorced from t h e i r  ana lys i s .  

data  generated by O5R a re  transmitted t o  t he  problem ana lys is  code by 

means of a "co l l i s ion f f  tape o r  tapes .  The input  da ta  f o r  O5R permits t he  

programmer t o  choose the  c o l l i s i o n  parameters required f o r  t he  problem 

ana lys is  rout ine.  A t  each c o l l i s i o n  the  se lec ted  parameters a re  wr i t ten  

on the  c o l l i s i o n  tape i n  a p a r t i c u l a r  manner explained below. A program 

can then be wr i t ten  t o  accept data  from the  c o l l i s i o n  tape f o r  ana lys i s .  

The ana lys i s  code may be wr i t ten  completely i n  F O R T W  i f  desired,  s ince  

the  parameters ava i lab le  and the c o l l i s i o n  tape i t s e l f  a r e  compatible 

With the FORTRAN system. 

Col l i s ion  

. !  

Among the  advantages of  t h i s  separat ion of codes a r e  the  reduction 
of core storage problems, the f a c t  t h a t  debugging of ana lys i s  codes does 11 

not  require  a rerunning of  O5R for each debugging r u n ,  and the  poss i -  

b i l i t y  of mult iple  use of t he  c o l l i s i o n  tape, t h a t  is ,  a c o l l i s i o n  tape 

prepared f o r  the so lu t ion  of one problem may be reanalyzed f o r  the  solu-  

t i on  of  another. 

It appears t o  be a reasonable r u l e  of thumb t h a t  any d a t m  which 

might conceivably be desirable  f o r  t he  problem ana lys is  should be ca l l ed  
for on the c o l l i s i o n  tape.  It i s  much less expensive t o  call f o r  too 

much da ta  than it i s  t o  rerun 05R t o  ge t  a quant i ty  which suddenly tu rns  
out t o  be necessary. Some quan t i t i e s  put on the  c o l l i s i o n  tape a re  

redundant; f o r  instance,  S2 ( t h e  speed squared) i s  determined i f  U, V, 

and W, t he  d i r ec t ion  cosines, a r e  given (S2 = @ + V2 + w") , bu t  it i s  

nevertheless almost always simpler and i n  the  long run cheaper t o  inclLide 

such numbers as, i n  t h i s  case, S2. 

D9.l. Col l i s ion  Tape 

Each record wr i t ten  on the c o l l i s i o n  tape  i s  composed of fewer 

than 129 words, so  t h a t  the tape i s  compatible with FORTRAN. The f i r s t  

word of each record contains the  in t ege r  1. This number ind ica tes  t he  
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number of physical  records contained i n  the  l o g i c a l  record and i s  required 

by the  FORTRAN tape rout ines .  

The second word of each record contains t h e  run record number, and 

i s  increased by 1 as each successive record i s  wr i t ten  on tape during a 

run. 

The t h i r d  word of each record contains a FORTRAN-type integer ,  NTYFE, 

which ind ica tes  t h e  type of data f i l l i n g  out t he  r e s t  of  the record.  

NTYPE = 0 ind ica t e s  a normal co l l i s ion  record. 

of the  record contains t h e  requested c o l l i s i o n  parameters f o r  as many 

c o l l i s i o n s  as there  i s  room. 

s ion a re  ca l l ed  for, then one tape record would contain the r e s u l t s  of 

1 2  neutron co l l i s ions ,  s ince t h i s  r e s u l t s  i n  120 words of data p lus  t h e  

3 required words a t  the  beginning o f  the  record, o r  123 words, which does 

not  exceed the  permissible m a x i m m  of 128 words. When the l a s t  record 

o f  a batch i s  not  completely f i l l e d  with c o l l i s i o n  parameters, t he  r e -  

mainder &' the  record i s  set t o  zero. A s  each batch i s  completed a record 

i s  wr i t ten  with NTYPE = 1 and the  r e s t  of t he  record f i l l e d  i n  with zeros.  

If, i n  wri t ing the  c o l l i s i o n s  an end of tape i s  reached, the  code wr i tes  

a record with NTYPE = 2 and continues on t o  another tape.  After  a l l  

batches of a run have been processed a record i s  wr i t ten  with NTYPE = 3. 

If l!dTYPE = 0, the  remainder 

For instance,  i f  10 parameters per  c o l l i -  

It i s  intended t h a t  a l l  data concerned with s ign i f i can t  events i n  

t h e  h i s t o r y  of a neutron s h a l l  be ava i lab le  for t h e  subsequent ana lys i s  

of  the  system. Thus not only i s  the  data concerning the  r e a l  c o l l i s i o n s  
of neutrons with nucl ides  recorded, bu t  other  ava i lab le  information 

("pseudo co l l i s ions" )  i s  a l s o  recorded. Pseudo co l l i s ions  a re  recorded 

when changes i n  the  neutron weight occur through the  appl ica t ion  of 
weight standards, when medium boundaries a re  crossed, as soon as the  

source data f o r  a neutron a r e  avai lable ,  and when the  neutron escapes 

from the  system of i n t e r e s t .  Each of these events i s  i d e n t i f i e d  by a 

marker index which t e l l s  whether or not  the  c o l l i s i o n  i s  r e a l  and, i f  it 
i s  a pseudo co l l i s ion ,  what has taken place.  

parameters which may be se lec ted  t o  be wr i t ten  with each record, and i s  

described as item 1 below. 

This index i s  one o f  t h e  
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D9.2. Parameter - L i s t  

Any se l ec t ion  from the following l i s t  o f  parameters may be made by 
The parameters appropriately punching item c of  card I of the  O5R input .  

selected will be wr i t ten  a t  each c o l l i s i o n  i n  the order l i s t e d .  All 

numbers a re  f l o a t i n g  point  except when indicated otherwise. 

1. NC@LL: A F@RTRAN-type in t ege r  ind ica t ing  the  type of c o l l i s i o n .  

N C ~ ~ L L  E 1: 

2: 

3: 
4: 
5: 

6: 

7: 
8: 

9: 

Source data appears. 

A r e a l  c o l l i s i o n  of a neutron with a nucl ide.  

NeQtron k i l l e d  by Russian Roulette.  

Neutron escaped from the  reac tor .  

S p l i t t i n g  occurs through the  appl ica t ion  of 
weight standards.  The data given a r e  those 
f o r  the  o r i g i n a l  neutron with i t s  new weight. 

Same as 5 except t h a t  t h e  data f o r  t he  
dupl icate  neutron a r e  given. 

Neutron crosses  a medium boundary. 

Neutron survives Russian Roulette and weight 
i s  increased. 

Neutron p a r t i c i p a t e s  i n  a nonelast ic  i n t e r -  
ac t ion .  

2. NAMEn: A FORTRAN-type in teger  i den t i fy ing  t h e  neutron having 

the  co l l i s ion .  

3. S:: The speed squared of the neutron a f t e r  c o l l i s i o n .  

4* 
5 .  
6. ~ 1 :  j 

7. x1: 

\ ( The neutron ve loc i ty  i n  the X, Y, and Z d i rec t ions ,  

'1: r respect ively,  a f t e r  c o l l i s i o n .  

The coordinates o f  t h e  c o l l i s i o n  loca t ion .  a. yl: 

9. 21: 

10. wT1: The neutron weight a f t e r  c o l l i s i o n .  

11. SE: The speed squared of the neutron before c o l l i s i o n .  
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The neutron ve loc i ty  i n  the  X, Y, and Z d i rec t ions ,  
respect ively,  before c o l l i s i o n .  

14. wo: 

16. YO: The coordinates of the  d i r e c t l y  previous event. I 15. Xo: 

17. Zo: 

18. WTo: The neutron weight before c o l l i s i o n .  

19. THETA(SE,m) : The mean-free-flight time t o  the c o l l i s i o n  po in t .  

20. PSI(S$,m) : The nonabsorption p robab i l i t y  a t  t h e  c o l l i s i o n .  

21. ETA: The number of mean f r e e  paths used t o  a r r i v e  a t  the  

c o l l i s i o n  poin t .  

22. GR#W: A FORTRAN-type in teger  ident i fy ing  the  energy group 

within which SE l i e s .  

23. ELF,M: A FORTFW-type in t ege r  ident i fy ing  the  nuclide co l l ided  

with. 

24. NREG: A FORW-type  in t ege r  ident i fy ing  t h e  region within 

which the c o l l i s i o n  occurred. 

25. NPED: A FORTRAP\T-type in teger  ident i fy ing  t h e  medim within 

which t h e  c o l l i s i o n  occurred. 

26. NAMFXn: A FORTRAN-type in t ege r  giving the  o r i g i n a l  NAME 
of the  neutron from which t h e  cur ren t  neutron w a s  

produced by s p l i t t i n g .  

27. MDRGLn: A packed word containing the  medium and region where 

the  c o l l i s i o n  occurred, t he  nucl ide co l l ided  with, and 

the  energy group associated with S:. 

the  form GGGMMMLLLRRR, where GGG = group; MMM = medium; 

LLL = element pos i t i on  i n  medium MMM; and RRR = region. 

MDRGLn i s  of 

28. BLZNT: A packed word giving t h e  block and zone loca t ion  of 

X1, Y1, and Z1. 

29. BLZON: A packed word giving the  block and zone loca t ion  o f  

XO, Yo, and Zo. . 



-72- 

30. LAMBDA: The mean f r e e  path of t he  neutron i n  t h e  medium 

before c o l l i s i o n .  

31. S o :  The speed o f  t he  neutron before c o l l i s i o n .  

32. S1: The speed of t h e  neutron a f t e r  c o l l i s i o n .  

I n  order  t o  make c l e a r  exac t ly  which o f  t he  above parameters have 

s ignif icance f o r  var ious types of r e a l  o r  pseudo co l l i s ions ,  t he  follow- 

ing coments  a r e  appended: 

a. 

b .  

C .  

d .  

e. 

f .  

g. 

NC@LL = 1, a source c o l l i s i o n .  

allowing any neutron t o  have a f l i g h t  from the source pos i -  
t ion ,  records the  source data.  S ign i f i can t  items a r e  1-10, 

The code, before  

24, 25, 28, 29. 

NC@LL = 2, a r e a l  co l l i s ion .  

NC@LL = 3, neutron k i l l e d  by Russian Roulette.  

be 0, items 1-18, 22, 24-26, and 28 w i l l  have s igni f icance .  

Items 5-10 will be t h e  same as items 11-18. 

NC@LL = 4, neutron escaped from t h e  reac tor .  

except 23 w i l l  have s ignif icance.  

the  same, respect ively,  as items 11-14 and 18. 
w i l l  l oca t e  the  point  a t  which the  escape w a s  located.  

NC$LL = 5, neutron s p l i t  i n  two. 

w i l l  have s ignif icance.  Item 2, NAME, will be the  same as 

NAME before  s p l i t t i n g .  Items 3-9 will be the  same as items 
11-17. Item 8 w i l l  be twice i tem 10. 

NCgLL = 6, neutron s p l i t  i n  two. 

assigned t o  the  new neutron and i tem 10 w i l l  contain the NAME: 

of the  o r i g i n a l  neutron. The s i g n i f i c a n t  items w i l l  be t h e  

same as for NC@LL = 5. 
NCgLL = 5 data on t h e  tape .  

NC$LL = 7, neutron crosses  a medium boundary. 
23 w i l l  have s ignif icance.  

items 11-14 and 18. 
entered and items 7-9 w i l l  l oca t e  the  crossing po in t .  

 AI^ items a r e  s ign i f i can t .  

Item 10 will 

All items 

Items 3-6 and 10 will be 

Items 7-9 

Items 1-18, 22, and 24-29 

A new NAME w i l l  have been 

NCgLL = 6 da ta  will immediately fol low 

All items except 

Items 3-6 and 10 w i l l  be the  same as 

Item 25 w i l l  r e f e r  t o  t h e  medium being 
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h. NC@LL = 8, neutron survives Russian Roulette and weight i s  

increased. Item 9 will be the  new weight, i tem 18 the  o l d  

weight. Items 1-18, 22, and 24-30 will have s ignif icance.  

Items 3-9 will be the  same as items 11-17. 

i. NCfiLL = 9. If no product neutrons a r e  born from a nonelast ic  

If only one neutron 

If more than one 

co l l i s ion ,  thaNCdLL = 9 and WT1 = 0. 

r e su l t s ,  then NC@LL = 2 and WT1 = WTo. 
neutron r e su l t s ,  t he  f i rs t  has NC@LL = 2 and IT1 = WTo, while 

t h e  addi t iona l  neutrons appear with T\TC@LL = 9 and WT1 = WTo. 
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Appendix E. - Demonstration Problem 

A s  an example of  the  input preparat ion f o r  the  Nucleon Transport 

Code and t o  show the  r e s u l t s  obtained from the  various codes, the d e t a i l s  

of a t y p i c a l  problem a r e  presented below. 

t h i s  mater ia l  w i l l  c l a r i f y  any vague poin ts  which may e x i s t  i n  t he  descr ip-  

t i ons  of input .  

of the  user  can be v e r i f i e d  by running t h i s  problem and dupl icat ing the  

r e s u l t s  presented. 

It i s  hoped t h a t  reference t o  

In  addi t ion,  the  proper functioning of NTC i n  the  hands 

The problem considers the  d i s t r ibu t ions  i n  angle and energy of the  

neutrons and protons r e su l t i ng  from 4,000 160-MeV protons normally i n c i -  

dent on an i n f i n i t e  s lab  of aluminum 10 em th ick .  The source protons were 

run i n  batches o f  '2,000 each, and the  desired d i s t r ibu t ions  were obtained 

from the ana lys i s  rout ines  described i n  Appendix A. The 10-em-thick slab 

w a s  divided i n t o  four equal subslabs f o r  the  ana lys i s  but,  i n  order t o  

save space, only the  r e s u l t s  f o r  t he  10-em s lab  a r e  presented. 

The problem input  i s  shown i n  Fig.  E l .  The f i r s t  f i v e  l i n e s  com- 

p r i s e  the input  t o  N E  Chain (1,3), discussed on pages 10 and 11 of t h i s  

r epor t .  

noted on page 12. The next l i n e  i s  the  source input .  The l i n e s  which 

follow a r e  the  inputs  t o  the ana lys i s  rout ines ,  which were discussed on 

pages 24 through 26. 

The next s ix  l i n e s  a r e  the  GE$M input  read i n t o  Chain ( 2 , 3 )  as 

The output from the  high-energy t r anspor t  analysis ,  f o r  t he  10-cm- 
th ick  s lab only, i s  shown i n  Figs.  E2 through Ell, and i s  general ly  s e l f -  
explanatory. As  the  batches run, there  a r e  p r in t ed  the  t o t a l  number of 

source p a r t i c l e s  run, up t o  and including the  cur ren t  batch, and the  t o t a l  

number of neutrons which have been pu t  on l o g i c a l  8, the  O5R source tape.  

The GE$M input  follows each of these pr in touts ,  s ince the  input  tape i s  

reposit ioned so t h a t  a new batch may be run. 

such p r in tou t s .  

Figure E2 i s  a sample of two 

The time required t o  run and analyze the  two batches w a s  19.2 min. 

Before O5R could be run, it w a s  necessary t o  prepare a master c ross -  
sec t ion  tape f o r  aluminum and, from it, a reac tor  da ta  tape.  Code 1 (see  

page 46) w a s  run t o  prepare the master cross-sect ion tape, and Code 3 
( see  page 47) w a s  used t o  p r i n t  the  r e s u l t s ,  which a r e  shown i n  Figs .  E10 

through E14. 
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2 BATCHES OF 2000 160 MEV PROTONS INTO 10 CM. OF ALUMINUM, 
262746553275 

2 160. 50 .  1 2000 
0 1 

13. 26.9815 .0603116 
X ZONE B O U N D A R I E S  ( 0 , l O . )  
Y ZONE B O U N D A R I E S  (-10.E+20,10.E+20) 
Z ZONE BOUNDAR I E S  (-10.E+20,10.E+20) 
Z O N E ( 1  , 1  , ~ ~ ~ ~ ~ ~ , ~ ~ . ~ Y ~ ~ ~ l ~ . E + 2 O , l O . E + 2 0 ~ Z B ~ - l O . E + 2 O , l O . E + 2 O )  
BLOCKS 1 

E NO 

160. 1 
10. 10 19 12 
10. 4 16 9 

.1737 .342 

.9848 1.  
.766 .866 .9397 .5 .6428 

.2  .3 .4  .5  

.9  1 .  1.5 2.  

.05 .1  .15 
.6 .7 .8 
3. 5. 

160. 50. 11 

5 9 10. 4 
40. 30. 20. 10. 0. 

. 1 7 3 7  .342 

.9848 1. 
,766 .866 .9397 .5 .6428 

Fig. E l .  Problem Input:  Nucleon Transport Code 



i . 

2 F A T C H E S  nF ?COP 160 M E V  PQOTONS I N T O  I C  CM, OF ALUMINUM. 
I N I T I A L  RANDOW NUMBER # 2 6 2 7 4 6 5 5 3 2 7 5  
€ P A Y  # 16CI.OE EMIY # 5lI.00 MAXFn4T I# I M A X C A S  # 2003 MAXBCH # 2 
T H I S  IS M E C I U P  NUMBER I 
U E N H I I U )  # Q o  h J E L I  # I 
Z tf 13.0 A # 27.0 C E N  # C.6031 16E-01 
X Z C V E  E O U N D A R I E S  (0 ,  I O o )  

L ZCNE @ O U ( V D A R I E S  ( - I Q o E + 2 0 , 1 0 . E + 2 0 )  
Y ZCNE R O U N D A R I E S  t - I O . E + 2 0 . 1 0 . E + 2 C )  

Z C N E ~ I , I , I  ) X R ( C , I O . ) Y R I - I O . E + ~ ~ , I ~ . E + ~ ~ ) Z ~ ~ - I O , E + ~ ~ , ~ ~ . E + ~ ~ ~  
H L O C K S  I 

ENC 

B A T C H  I SOURCE P A R T I C L E S #  2G00 

@ATCt - i  2 S O U R C E  P A R T I C L E S #  4GQC 

05R P;EUTS# 7 c  1 

Fig. E2. Output from H i g h  Energy Transport Analysis 

I I 



e . . 

T #  i o 0 0 0 E  01 NX# 4 NR# 16 N A #  9 

COSINE GROUP LIMITS 

I .737E-01 3.42LlE-01 5,nCCE-01 6.428E-01 7.66DE-01 8.660E-01 9.397E-01 9.848E-01 I -000E 00 

RADIAL GROUP LIMITS 

5.000E-02 I .OOOE-OJ 1.5COE-01 20000E-01 3.000E-01 k * O O O E - O i  5.00DE-01 6.000E-01 7.000E-01 8.000E-31 

9.000E-01 1.000E 00 1.500E 00 2-000E 30 3.000E 00 5.000E 00 

€UP# 1.600E 0 2  ELO# 5.000E 01 DELTA E #  1.OOOE 01 

Fig. E3. Output from High Energy Transport Analysis 1 
4 
-4 

I 



I 
2 
3 
4 
5 
6 
7 
8 
9 

10 

C H A R G E D  
5.653E-0 I 
5.286E-E I 
5.504E-01 
6 ,736E-01 
6.926E-0 I 
6 .649E-0  I 
40274E-01  
9 -  I74E-02 
9.739E-C!3 
7 - 9 7  1 E-04 

1 .7466-02  
3.694E-Cl2 
1.C16E-01 

9 . 8 9 8 E - 0 4  
2 .253E-01 
7 . 2 2 5 F - 0 2  
2 472E-02 
9 . 7 3 7 E - 0 3  
7,371E-(34 

9 , 7 4 z ~ - n 2  

9 E S  I DUAL 
1.31 I € - O l  3.483E-C? 
1 24--E-L3 I 2.C1 3E-UZ 
I *  I I I E-71 I .  1917-02 
1.571E-01 I .  Cl64E-02 
1 56HE-Ll I I .  769E-02 
I . 7 2 7 E - V  7. I35E-I13 
1.JoIE-nl 8 .276E-03  

5.412E-03 5.41 2E-03 
1.85iE-r33 3 . 6  I 3E-04 

3.567E-02 4-233E-133 

Fig. E4. Output from High Energy Transport Analysis: Charged P a r t i c l e  
Energy and Standard Deviation and Residual Nucleus Energy and 
Standard Deviation, by S p a t i a l  Groups. 

I 
4 co 

I 

* . 
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SUB-SLAB THICKNESS# 1.000E f l l  

ENERGY-INGULAR O I S P R I B U T I O N ~ ( ~ O . / N E V / G O S I N E I  

UPPER E# 

ANG. GP. 
I 
2 
3 
4 
5 
6 
7 

9 

UPPEil E #  

a 

AYG. GP. 
I 
2 
3 
4 
5 
t 
7 
0 
9 

UPPER E #  

ANG. GP. 
I 
2 
3 
4 
5 
6 
7 
8 
9 

UPPER E# 

ANG. GP. 
I 
2 
3 
4 
5 
6 
7 
0 
9 

UPPER E #  

AYG. GP. 
I 

1.600E 02 LOWER E #  

PROTON 
0. 
n. 
n. 
0.  
0 .  
c .  
0 .  
0 .  
0. 

1.500E 0 2  LOWER E #  

PROTON 
0. 
r3. 
0 .  
0. 
0. 
C. 
0 .  

0 .  
n. 

1.40EE 02 LOWER E #  

PROTON 
G. 
rl. 
I?. 
3.  
0. 
0. 
0.  
0 .  
n. 

1.300E 02 LOWER E #  

PROTON 
0. 
0.  
0. 
G. 
0 .  
0. 
0.  
0 .  
0 .  

1.200E 02 LOWER E #  

PROTON 
0 .  

I .500E 02 

S.O. 
0. 
0. 
0. 
0. 
0. 
0.  
0. 
0. 
a. 

1.4C3E 02 

S.O. 
0. 
0. 
C. 
e. 
0. 
0. 
0.  
3. 
0. 

1.300E C2 

S.D. 
0. 
0. 
0 .  
0.  
0. 
0. 
0. 
0. 
0. 

1.200E 02 

S.D. 
0. 
0. 
0. 
0. 
0. 
0. 
G. 
0. 
n. 

1.100E 02 

S.O. 
0. 

NEUTRON 
0. 
0 .  
3. 
0. 
a. 
0.  
0.  
3. 
0 .  

NEUTRON 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
1.645E-03 

NEUTSON 
0. 
0.  
0 .  
0. 
n. 
0. 
3.392E-04 
I -663E-03 
4.934E-03 

NEUT R O N  
0. 
0. 
9. 
0 .  
C. 
0. 
3.392E-04 
1 .) I09E-0 3 
3.289E-03 

NE UT RON 
0. 

S.O. 
0. 
0 .  
0. 
0. 
0. 
0 .  
0. 
0. 
0. 

S.O. 
0. 
3. 
0. 
0. 
0. 
0. 
0. 
0. 
1 -645E-03 

S.D. 
0. 
0. 
0 .  
0. 
0. 
0. 
3.392E-04 
5.543E-04 
I -645E-03 

S.D. 
0, 
0. 
0 ,  
0. 
0, 
0. 
3.392E-04 
0, 
3.289E-03 

S.D.  
0. 

Fig. E5. Output from High Energy Transport Analysis 
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2 0. 
3 0. 
4 0. 0. 0 .  
5 0. 0. 2.029E-04 

0. 
0. 

6 0. 
7 0. 
0 0. 
9 0. 

0. 
0. 
0. 
0. 

UPPER E #  I.IOOE 02 LOWER E X  1.000E 02 

ANG. GP. 
I 
2 
3 
4 
5 
6 
7 
8 
9 

PROTON 
0. 
0.  
0. 
0. 
0.  
0 .  
0.  
0. 
0. 

5.0.  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

UPPER EX 1.000E 02 LOWER E #  9.000E 01 

ANG. GP. 
I 
2 
3 
4 
5 
6 
7 
8 
9 

PROTON 
0. 
0. 
0. 
I?. 
0. 
0. 
0. 
0.  
0. 

S.D. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 

UPPER Ed Q.OOOE 01 LOWER E #  8.000E 01 

ANG. GP. 
I 
2 
3 
4 
5 
6 
7 
0 
9 

PROTON 
0. 
C. 
0. 
0. 
0. 
0. 
0. 
0. 
E. 

S.D. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

UPPER E #  8.OOOE 01 LOWER E #  7.0~10~ 0 1  

ANG. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

GP PROTON 
0. 
0. 
0 .  
0 .  
D. 
0. 
0 .  
0. 
0. 

s.0- 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0. 
0. 

2.500E-04 
2.035E-03 
2.2 I 7E-03 
3.289E-03 

NEUTRON 
0. 
0. 
0. 
0. 
2.029604 
0. 
6.784E-04 
I. 109~-03 
0. 

NE UT RON 
0. 
0. 
0. 
I .75 I E-04 
6.088E-04 
2.500E-04 
I ,357E-03 
0. 
I ,645E-03 

NEUTRON 
0. 
0. 
0. 
0. 
2.029E-04 
2.OOOE-03 
1 -0I8E-03 
I. I09E-03 
0. 

NE UT RON 
I. 439E-04 
0. 
I. 582E-04 
5.252E-04 
6.088E-04 
I .250E-03 
1.357E-03 
2.772E-03 
I -645E-03 

0. 
0. 
0. 
2.029E-04 
2.500E-04 

2 - 2  17E-03 
3.289E-0 3 

n. 

S.O. 
0.  
0. 
0. 
0. 
2.029E-04 
0. 
D. 
0. 
0. 

S.O. 
0. 
0. 
0. 
I. 751 E-04 
2.029E-04 
2.500E-04 
6-784E-04 
0. 
I .645€-03 

S.O. 
0. 
0. 
0. 
0. 
2.029E-04 
5.000E-04 
3.392E-04 
1.109E-03 
0. 

S.D. 
f .439E-D4 
0. 
I .582E-04 
5.252E-04 
2.029E-04 
7.500E-04 
6.784E-0 4 
5.5 4 3E-04 
I .645E-03 

Fig. E6. Output from High Energy Transport Analysis 
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UPPER E #  7.000E 01 LOWER E #  6.000E 01 

ANG. GP. 
I 
2 
3 
4 
5 
6 
7 
8 
9 

PROTON 
0. 
n. 
0. 
0. 
0. 
0. 
E. 
0.  
0. 

S.0 ,  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

UPPER El 6.000E 01 LOWER E# 5.OOOE 01 

ANG. GP. 
I 
2 
3 
4 
5 
6 
7 
8 
P 

ENERGY SPECTRUM 

ENERGY GP. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
I 1  

RADIAL SPREAE 

PROTCN 
0. 
0. 
0 .  
0. 
0. 
0.  
0. 
0 .  
0 .  

PROTON 
0. 
0. 
e. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

RADIAL GP. 
I 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
I I  
12 
13 
14 
15 
16 
17 

NUMBER WITHIN 
0. 
0. 
0.  
0. 
0. 
0. 
0. 
7.143E-03 
2 -  I43E-02 
5 - 0 2  I€-02 
7.185E-02 
7.899E-02 
I .370E-CI 
2.235E-01 
3 I @26E- 0 1 
6 -  51 5E-0 I 
I-OOOE 00 

S .  D. 
0. 
D. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

S . O .  
0. 
0. 
0. 
0. 
0. 
0, 
C .  
0. 
0. 
0. 
0. 

S.D.  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
7.143E-03 
2.14 3E-02 
3.553E-02 
4.244E-02 
4 - 958E-02 
4 -  874E-02 
7.6476-02 
I. 032E-01 
4.853E-02 
0. 

NE UT RON 
0. 
0. 
I .  582E-04 
1.751E-04 
8. I I7E-04 
2.500E-03 
I 696E-03 
2 - 2 1 7 E - 0 3  
4 -  934E-03 

NEUTRON 
0. 
2.971 E-04 
7.91 I E-04 
R.754E-04 
6.088E-04 
2 000E-03 
2.035 E-0 3 
1 - 109E-03 
0. 

3.450E-02 S.D.#  5 -  300E-04 
TOTAL NElJTS# 

TRANSMITTED NEUTS# 
3.450E-02 S.r) .#  5.000E-04 

NEUTRON 
0. 
2.500E-05 
I 750E-U4 
I -250E-04 
3.50C)E-04 
I -250E-34 
2. SUO€-04 
3-500E-04 
5.750E-04 
7-  000E-04 
7.750E-04 

S.O. 
0. 
0. I .582E-04 

0. 4.9 34E-03 

1.751 E-04 
4.058E-04 

10.000E-04 
I .018E-03 

S.D. 
0. 
0. 
I - 582E-04 
1.751E-04 
2 - 0 2 9  E-04 
0. 
1 -357E-03 
I .  I OPE-03 
0. 

S.D. 
0. 
2.500E-05 
2 500E-05 
2.5OOE-05 
0. 
2.500E-05 
5 OOOE-C35 
0. 
7- 500E-05 
I 000E-04 
~ . ~ o o E - o ~  

Fig. E7. Output from High Energy Transport  Analysis 
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T H  I C K N E S G  # I.OCCE 01 

LOWER ENERGY# 4.000E 01 UPPER E Y E R G Y #  5.000E 01 

ANG- GPO 
1 
2 
3 
4 
5 
6 
7 
8 
9 

FLUX 
0. 
0. 
9 . 5 7 3  E-06 
0 .  
0. 
1 . 8476-35 
c .  
0. 
1.345F-01 

S O D ,  
13. 
GO 
9.573E-U6 
0. 
0 .  

I .  847ts-CS 
3. 
5. 
3.668F-P4 

TOTAL FLUX# 2.C48E-03 S . n - #  5 - 2 3 4 E - 0 6  

LOWER E I L E R G Y #  3.090E E1 

ANG. GPO 
I 
2 
3 
4 
5 
6 
7 
F! 
9 

FLUX 
G. 
0. 
7,850E-Cl6 
0. 
C. 
2.356E-05 
0. 
9.484E-05 
6.203E-01 

UPPER E. 'JERGY# 4.03CE ( ? I  

S.9. 
c .  
0.  
7.850E-C6 
0 .  
0.  
2.356E-05 
0. 
7.348F-Q5 
I ,923E-r?3 

ANG- G P O  
I 
2 
3 
4 
5 
6 
7 
8 
9 

FLUX 
c .  
0 .  
6.005E-06 
0. 
c .  
2.2 3 I E-05 
3.9CSE-05 
3 . 2 5 5  E - 0 4  
4.751E-C)l 

S , D .  
0 .  
0. 
6.C35E-136 
c .  
G .  
I . 373E-135 
2 . 3 1 2 f - P 5  
3 .  I62E-fl5 
I . 537E-03 

TOTAL FLUX# 7,2436-3.3 S.0.f: 2.266E-135 

Fig. E8. Output from High Energy Transport Analysis 
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L O W E R  E N E R G Y #  1.OKJCE 01 UPPER F ' IERGY# 2.000E 01 

ANG. GP, 
I 
2 
3 
4 
S 
6 
7 
8 
9 

F L U X  
a. 
0. 
3 0 9 9 2 E - 3 6  e .  
0. 
2 . 43  I E-05 
7 2 5 9 F D 5  
3.883E-r)4 
3. I6CE-OI 

T O T A L  FLIJX# 4*828E-'JJ S - D  0 # I .  932F-C'S 

L G N E P  E N E R G Y #  C. U P P E R  E < i E R f , Y #  I.I?OOE '31 

ANG. G P O  
I 
2 
3 
4 
5 
6 
7 

9 
a 

F L U X  
C. 
9.979E-OR 
1.617E-C6 
0 .  
c *  
9.f352E-26 
2.98CE-05 
1.782E-04 
I 28CE-Cl I 

SOD. 
C. 
9.979E-OP 
I .61 7E-D6 
0 ,  
0. 
I *411 B E - 0 7  
4.24 5E-P7 
2 . 3'99€-'35 
4,264E-q4 

T O T A L  FLUX# I .958€-Ll3 S.D.4 7.882E-06 

Fig. E9. Output f r o m  H i g h  Energy Transport  Analysis 



ELEMENT# 1 3  
S I G M A #  I 

POINTS# I 8 8  
M A S S #  26.98'103 

INTERPOLATIOK a 

PAGE I 

TOTAL C R O S S  SECTION 

EPJERGY ( E V )  C P C S S  S E C T  

O . l C I j 0 0 ~  0 9  
0.1803OE Fa 
0.171C3E 08 
0 .16330E 08 
0.15500E 0 8  
0. l 4 7 5 0 E  08 
0.14OOCE 08 
3.1330OE 08 
0.12700E DX 
0.12100E 08 
0.115COE Ot3 
0.10901E OX 
0.10400E D8 
O.FP903E C7 
0.941CCE 9 7  
0.8953CE C7 
0.85IOCC 2 7  
0.dlOCCE C7 
C.77GCriE '37 
0.733COE 07 
0.6970CE 0 7  
0.6030PE 9 7  

0.6CCFrE 0 7  

0.5430'3E 0 7  
0.5160CE P7 
0.491COE 0 7  
0.467COE 1?7 
0 . 4 4 4 0 3 t  3 7  
0.423CGE C7 
13.4C200E 0 7  
0.3@2C!nE 0 7  
0.3C400E Cl7 
0.3460CE C7 
0.3290flE 0 7  
0.3130OE 0 7  
0.2970CE 0 7  
0.2P39CE R 7  

O . ~ ~ C O C E  n7 

0 . 5 7 ~ 0 ~ ~  07  

11 .269~0~ 0 7  

. . 

e. I ~ S C O E  
P .  I75CCE 
0 .  
0. 
C. 
0. 
G .  
0. 
E.  

ON 

CI 
C t  

710UE 0 1  
69CCE C I  
6 R C 3 E  01 
6700E JI  
C6CCE ? I  
66COF 3 1  
6 6 C O E  01 

C . 1 6 6 0 C E  P I  
0.1670CE C I  
0.16700E 3 1  
0.16700E 31 
G.16HC0t G I  
0 .168COE 
0.1630QE 01 
0.17300E 0 1  
O.le4CRE 31 
c. I F5CCE CI 
C.2r2CGE C I  
C.2C630E 0 1  
C.21lCOE C I  
C.215CCE C I  

0.115LlnE ? I  
C.21SCGE C I  
0.22CCCE C I  
0.2240CC 01 
0.225COE C I  
@.230CCE C I  
C . 2 3 7 C C F  C I  
0 .255CCC C I  
C.270COE C I  
0.270CCE C I  

C . ~ I S C O E  n i  

c . 2 7 ~ ~ ~  C I  
C I . ~ ~ O C O E  0 1  
0.27000E 01 
G.274POC 01 
G.2FOCCE QI 
O . j C 6 C O E  0 1  

Fig.  E10. 

ENERGY ( E V )  C R O S S  SECTION 

C.25600E 0 7  
0.244OCE 07 
C.23200E 07 
0.22100E 0 7  
0.21000E 0 7  
0.2G300E 0 7  
0.19000E 0 7  
C.ldlO0E 0 7  
0.17203E 0 7  
0. 
C. 
0. 
0 .  
0. 
c. 
0. 

6300E 0 7  
5500E JJ7 

4lOOE 0 7  
34OOE 0 7  
27COE 0 7  
2100E a7 

~ B O O E  07  

C1.1ISOCE 0 7  
C.ICV6CE 0 7  
C.IC420E 0 7  
C.99103E 0 6  
0.9430UE 0 6  
C.897CCE C6 
O.eS30rF  G6 
@.812@0E 0 6  
0.77200E 0 6  
C.73400E 0 6  
0.699C3E 06 
0.6660CE 0 6  
0.63200E 0 6  
C1.6JICOE 0 6  

E.54400E C6 
0.51800E 0 6  
0.49200E C6 
0 . 4 6 H C C E  06 
0.44503E 0 6  
0.42400E 0 6  
0.40300E 06 
C.38300E 0 6  
0.3650flE 0 6  

0 . 5 7 2 0 0 ~  c 6  

C.31000E 01 
0.30DC3E 31 
C.295GflE 01 
C . 3 1 6 r O E  01 
0.32500E 31 
~ 1 . 3 2 5 0 0 ~  0 1  
0 . 2 6 0 0 ~ 1 ~  0 1  
0.28000E 01 
2.3300rlE 31 
G.33SflOF 01 
C.30503E C I  
0.3030UE 01 
0.3 IC l f lOE d l  
J. 31 Cl03E JI 

G.41500E 01 
0.39300E 01 
0 . 2 R O O r I E  01 
C.2600OE 31 
0.27rJDOE 01 
0.28SOOE 01 
0.32000E UI 

c . 3 4 3 0 ~ 1 ~  n i  

e.405n1-1~ 0 1  
0.6oonr3t 0 1  
0 . 3 5 7 0 0 ~  0 1  
C.34600E 01 
0.34900E 01 
D.34900E fll 
0 . 3 4 2 ~ ~ ~ ~  0 1  
u . 5 7 0 ~ 1 3 ~  0 1  
C.40ClOrlE 01 
C.377UOE 31 
0.35400E 01 
U.350CO.E 01 
C.36500E GI 
F.50000E 01 
G.59500E 01 
0.567LlUE 01 
C.34000E U I  
D.34000E 01 

ENERGY ( E V )  C R O S S  SFCTION 

3.3470'3E 06  
0.33003E 06 
0.31403E 0 6  
i l .29903E 0 6  
0.2840JE 0 6  
(3.270ilOE 06 
C.2570OE 06 
0.2440OE 06  
0.23300E 0 6  
J.221JOE 0 6  
U.2lOUOF U6 

3.13PO3E C 6  
0.18100E 0 6  
G . I 7 2 0 3 €  0 6  
0.16300E 0 6  
0.15513ilE 06 
U.l481l?E 36 
0.141UOE 0 6  
0.154OOE 3 6  
C.12700E 0 6  
3.12103E 26 
0.1 I S 0 0 E  0 6  
0.10960E 136 
0.10423E 0 6  
0 .9910JE C 5  
0.9450r3E U 5  
0.89700F 135 
0.85300E O S  
J.8123FE C 5  
0.77203E 0 5  
0.73400E C 5  
0.69900E C 5  
0.66600E C 5  
0 .63200E C 5  
0.60109E 0 5  
P.57200E G5 
0.54403E 05  
C.SldOl?E 5 5  
0.49203E 0 5  

0 . 2 0 0 0 3 ~  0 6  

Tota l  Cross Sections f o r  AluminLun; 

0.33000E 01 
r1 .36noa~ 0 1  
n. 3 9 5 0 0 ~  o I 
3.42200E 01 
0.4290UE 01 
CI.263DOE 01 
n.27000E 01 
0 . 2 9 6 0 0 ~  0 1  
0 . 3 2 8 0 0 ~  0 1  
0.5900CE 01 
0.628OCE 01 
0.4OL300E 01 

U.4220OE 01 
0.55SOOE 01 
0.9ROOOE 01 
0.IOIOOE 0 2  

0.51000E 01 
0.14300E 01 
E.16400E 01 
0.1120GE C2 
0 .22100E 01 
0.30?00E 01 
D.39GOOE 01 
C.65r100E 01 
n.11000E 0 2  
0.1700;1E 0 2  

3.46COOE 01 
0.23500E O f  
0.1620CE 01 
3.14ROOE 01 
0.15100E 01 
0.15700E 01 
0. l 6 5 0 0 E  01 
n.18000E 01 
0.20400E 01 
C.23300E 01 
0.25700E 01 

n . 3 6 1 C o ~  0 1  

n . 9 9 3 n o ~  0 1  

o . 115no~ 0 2  

ENERGY I E V I  C R O S S  S E C T I O X  

J.468011E D S  
13.44500E 05 
0.42400E 0 5  
C.40300E 05 
O.5H300t 05  
0.56500E D 5  
C.34700E 0 5  
0 .33000E 0 5  
0.31400E 0 5  
0.299GOE OS 
0.2840'3E 05  
0.27000E 0 5  
0.25700E 05  
J.24400E O S  
5.253COE 0 5  
0.22100E 05 
0 . 2 1 u 0 3 t  ci5 
0 .2000JE 0 5  
0 .19000E O S  
0.I8IOOE O S  
J.17203E 0 5  
3.16303E 3 5  
J.15500E 0 5  
0.14PGDE 0 5  
i), l4100E 05  
0.134OOE 0 5  
0 . 1 2 7 0 0 t  O S  
0.12100E 0 5  
17,11500E 05  
0.10960E 0 5  
0.10430E 0 5  
0.99IOOE 0 4  

J.8970OE 04 
0.85300E G4 
O.81203E 04 
0.77200E 0 4  
0.73400E 0 4  
0.69900E 0 4  

9 . 9 4 3 0 3 ~  t i4 

!3.66600E 134 

100 MeV > En > 6.66 keV - - 

. 

0.31COOE U l  
9.35120E 01 
3.44500E 01 
0.58500E 01 
0.92000E LJI 
i)*2200OE b 2  
0.25000E 0 2  
n.lO6OOE 0 2  
0.320UOE 01 
D.8500OE 00 
0.56100E 00 
fl.51lGOE 00 
0.505UOE Ofl  

0.622GOE OD 
0.66700E 00 
3.72300E 00 
0.76000E OC 
0.81300E 00 
0.84800E 00  
3.89000E 00 
9.9310UE 00 
0.9700OE 00 
D.IOI0OE 01 
O.IO4OOf 01 
0. I 0 7 0 0 E  01 
0.11200E U I  

O . I l i 3 O O E  01 

0.I27UUE U I  
3 .  I 3 0 0 0 E  G I  
3.130UUE 01 
0. I30GOE 01 
0.13100E D l  
0.13200E 31 

0. 3600E 01 
0. 4400E 01 
0 .  5300E 01 

0 . 5 7 6 0 0 ~  00 

n . i i s o o E  0 1  

n . 1 2 1 o o ~  0 1  

0. 3 4 0 0 ~  0 1  

1 
63 
f 
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P A G E  2 

EluERGY 1EV) CROSS S E C T I O N  ENERGY ( E V )  C R O S S  SECTION ENERGY I E V )  C R O S S  S E C T I O N  ENERGY ( € V I  CROSS S E C T I O N  

01632rJCE CI, 
O.6CICTE 0 4  

0.5440@€ 0 4  

0.492CPE 0 4  
0.46803E C4 
0.44530E C h  
D.424OrI1E O h  
0.4C3COE C 4  
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i l .32500E-00 
C. 3 I 300E-00 
0.25300E-00 
0.2200OE-00 
3.2 I .300E-03 

C. 2 I 000E-00 
0.2100OE-00 
0.2 I O O O E - 0 0  
0.2 I OOOE-OD 
0.20600E-00 
0. I 9 3 0 0 E - 0 0  
0. I 7 5 0 0 E - 0 0  
0.15'JOOE-00 
0. I j3OOE-00 
0. I 2 5 0 0 E - 0 0  
0. I 2 0 0 0 E - 0 0  
0.11600E-00 
3. I0700E-00 

e .  ~ W + O O E - ~ O  

o. ~ C ~ O O E - D ~ I  

o . ~ I ~ ~ o E - o ~  

E N E R G Y  I E V )  C R O S S  SECTION 

0.34700E 0 6  
3.33r300E 0 6  

0.2990i lE 0 6  
0.284Cl33E 06  
3.27050E G 6  
0.25700E 0 6  
2.24403E 0 6  
3.73303E 06 
C1.2210JE 0 6  
3.21003E 3 6  
0.20000E C 6  
0.19130ilE 0 6  

0.17200E 3 6  
J. l 6 3 0 0 E  3 6  
1;.1550rlF 06 
0. l4SOOE 06 
0.1410OE 0 6  
0.13403E 06 
0.12709F 36  
0.12100E 0 6  
0. I l503E 0 6  
0 . 1 0 9 6 9 f  06 
0.10423E 06  

0.94330E 0 5  
0.89700E C5 
0 .85353F 0 5  
0.1312033E 05  
0.7720OE 05  
13.7340C)E 0 5  
0.69G'OCIE C 5  
0.66600E 0 5  
13.63200E 0 5  
3.60103E 0 5  
0.57200F 0 5  
0.544'JOE 0 5  
0.51800E 05  
0.49200E 0 5  

0 . 3 1 4 o n ~  06 

D . i a i o o E  0 6  

0 . 9 9 1 ~ 1 0 ~  0 5  

C.9AOOOE-01 

0.70000E-01 
7.6800OE-01 
0.6800CE-01 
3.6900OE-0 I 
4.73JOOE-01 
n.77COOE-01 
0.7900CE-Li I 
1.79000E-01 
0 .78COOE-01 
0.73OOOE-01 
~ . 6 5 0 0 3 E - 0 1  
0.59n00E-01 
0.5200OE-01 
0.44030E-01 
O.38000E-GI 
0.330GOE-01 
0.3 I OOOE-0 I 
0.290GUE-01 
0.2 1000E-0 I 
0.26000E-01 
0.24000E-01 
0.2 300LIE-0 I 
0.2200OE-GI 
~.P)OOGE-OI 

n.e2000~-ni 

0 .  
0. 
0 .  
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 

030OE-0 I 
900UE-0 I 
800OE-3 I 
7000E-0 I 
6000E-0 I 
5000E-0 1 
5000E-0 I 
4 0 0 0 ~ - 0  I 
330OE-0 I 
3000E-0 I 
2000E-0 I 
I000E-0 I 
I 000E-0 I 

I.00000E-02 

ENERGY I E V )  C R O S S  SECTION 

0.468COE G 5  
U.44500E 05 
0.424JOE 05 
J.40300E L15 
0.3830tiE 05  
0.36509E 05 
0.34703E 05  
U.35000E 05 
0 . 3 I 4 0 0 E  cis 
C.29930E 0 5  
0.28403E U5 
0.27000E 05 
0.25700E C 5  
3.24400E 05 
U.23303E 05 
0*2210 'JE u5 
0.21000E 05 
0.17200E 04 
0.10000E-03 
0. 
0. 
0. 
13. 
0. 
il. 
0. 
0. 
0. 
0 .  
0, 
0. 
0. 
0. 
a. 
0.  
0. 
0. 
0. 
a. 
0. 

I .00000E-G2 
D.9OOOOE-02 
0 -90000E-02 
a .8OOOOE-02 
0.8000CE-I12 
0.700GOE-02 
0. TOOOOE-02 
0.70000E-02 
0.60UCbE-02 
0.60000E-02 
0.60000E-U2 
9.60030E-02 
0.50000E-02 
0.50000E-02 
0.50000E-02 
0.400GUE-02 

- 5 .  
-0. 
-0. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
9. 

Scattering Angle in the Center-of-Mass System for Aluminum; 

I 

a . 
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The reac tor  data  tape w a s  prepared f o r  running Code 6 ( see  pages 

49-52) with the  input  shown i n  Fig.  El?. 

CODE 6 
05R R E A C T O R  D A T A  TAPE FOR ALUMINUM, 

1 5. E+07 1 .  
i 1 2 8  

13 1 2 .0603116 
13 

Fig. E l 5 .  

O5R and i t s  ana lys i s  rout ines  were then run as a chain job with O5R 
as the  f i r s t  l i n k  and the  systems FXIT subroutine replaced by an O5R EXIT 

subroutine which merely ca l l ed  CHAIN ( 2 , 3 )  . 
The input  t o  O5R and i t s  ana lys i s  rout ine i s  shown i n  Fig. ~16. The 

f irst  e igh t  l i n e s  a re  the O5R input, the  next s i x  t h e  input  f o r  GE$M, and 

the las t  four  the  input  t o  the  O5R Analysis Code, which w a s  described on 

pages 26 and 27. 

The r e s u l t s  of running O5R and the  ana lys i s  code a re  shown i n  

Figs .  E l 7  through E2O. 

information, as ,shown i n  Fig. E17 At the beginning of each hatch O5R 

pr in t s ,  as shown i n  Fig. ~18, the  s t a r t i n g  random number f o r  the  batch, 

the sums of the values of the X coordinates, the  Y coordinates, the Z co- 

ordinates ,  and the sum of t he  values of t he  weights for t he  batch.  W@dM 
i s  the number of storage c e l l s  ava i lab le  for neutrons produced by s p l i t t i n g  

during the run of the batch (= NM@ST-NSTRT). 

t o  a neutron. 

neutrons. The l a t t e r  two quan t i t i e s  a r e  of l i t t l e  or no i n t e r e s t  t o  the  

user. ERRS indica tes  the nmber  of tape e r r o r s  which occurred during the  

ruyl of the batch.  

FWATE i s  the  product of the weight, an input  number, and WISH, while 

A t  t he  s tar t  of the  run, O5R p r i n t s  the input  

NEW i s  the  las t  name given 

NMEN i s  the  number of c e l l s  ac tua l ly  required f o r  the  NEWNM 

NFISH i s  the  number of neutrons put  on the  f i s s i o n  tape.  
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701 N E U T C  FROM &PO?I 16C M E V  P ON I C  CM A L .  

T H E R M #  3 N S T A R T #  771 N M O S T #  7 5 3  N I T S #  I YHOW# I Q U I T #  I F I S T A P E #  J € C U T #  0 . 1 3 O D O E  3 1  

M E D  I A #  I F C N E S #  I C O N S T A N T S  T A P E S #  3. 3 E M A X  C F  T A P E #  3 . 5 3 i : 3 3 E  C8 

W E I G H T #  3 . I 2 3 D E  01 € S O U R C E #  ,-. U #  n. l z lCLr€  31 V #  1. k #  r?. 

X #  0 .  Y# ‘ I .  Z# 0. P E C I U M U  I R E G I C h #  I 

F E C I U P  S C A T S  P C I N T S  F I S S I O N  F h L O W  A N I S C T R O P Y  

1 I 1 2 e  N O  c. I 

C E D I U M  P A S S E S  
I 2 7.311023rJ 

COLLISIOh T A P E S  FROM I T O  2 

WORDS P E R  C C L L I S I 0 ; v  8 C O L L I S I O N S  PEK QECCRO I 5  

C O L L I S I C N  T P P E  P P H A M E T E R S  S E L E C T t D  
N C C L L  

N A V E  
x 1  

XO 
W TO 

C A V D A  

ua 

sn 
R A N C O M #  343277244615 

N S P L T #  N C  N K I L L #  NO K G P A X #  - 3  G P C A X #  4: 
X Z C N E  @ C U N C A R I E S l ~ . , I G . )  
Y Z C N E  BCUNCARIES(-I.E2JII.E20) 
Z Z O N E  @ O U h C A R I E S l - I . E 2 ~ ,  I.E211) 
Z O ~ E ~ I ~ ~ I ~ ) X R ~ ~ ~ , I ~ . ) Y ~ I - I . E ~ ~ ~ ~ . E ~ ~ ) Z ~ ( - I . E ~ ~ . I . E ~ ~ ~  
B L O C K S  I 

E N C  

Fig. E l 7 .  O5R Output 



R A N O O C  X A V E  Y A V E  Z A V E  WEIGHT NROOM NEhNM NMEM E R R S  NFISH FWATE FTOTL 

343277244615 3.25197E '14 f?.IC045E C2 C.228$4€ 3 2  J.7UICflE R 3  49 761 731 0 0 0. 0. 

105673575231-C. 0. -0. 0. 49 701 701 0 D 0. 0. 

Fig. ~18. O5R Output 

. 

I 



N X #  4 NA# 9 T L I M I #  !Y.IOOE 0 2  T L I M 2 #  3.509E 0 2  D L I #  I .  D L 2 #  IO. TOTWTW 0.4DOE 3 4  T #  0.10UE 0 2  

ANGULAR IhTERVALS 
1.737E-21 3.420E-01 ~ . U C O E - G I  6.428E-01 7.660E-01 8.6COE-L'I 9.397E-21 9.848E-01 
I.OUUE 1YU 

I 
\o w 
I 

Fig. E l g .  O5R Output 



ENERGY GRCUP I 1  
0. '2 

ENERGY GROUP 12 
0. d. 

-1 

2 .  

3. 

il . c. 

c.  

2 .  

2 .  

r 
L. 

U. 

c. 

0 .  

0 .  6 . 7 8 ~ - a 4  

I .48E-03 

ENERGY GRCUP 13 
0. 3 .  a. 13. c .  3. 3.  L. u. I .  I 6 E - 3 3  

ENERGY GROUP 14  
0 .  J 3 .  0. c. 0. 

TOTAL NEUTRCNS 

RNEUT 
1.4859E 3 2  3.3181E C i  4.6205E L 2  4.3954E 02 

QNEUT 
2.1243E 32 4.8632E G 2  6.8405E L12 7.U327E C 2  

0 .  1 ' 8  J. 13. 2.D8E-03 

QNEUT(J)/TOTWT 

R N E U T I J ) / T C T d T  
5.311i7E-J2 I - 2  I5eE-C I I .71fJ IE-CI  I .7582E-CI  

3 7 I 4 9 E -;I 2 8.2952 E-i! 2 I .  I 5 7 1  E-C I I .39EeE-CI 

Fig. E20. 05R Output. 
neutrons penetrat ing and r e f l ec t ed  from the  slab. 

The R neutrons a r e  those penetrat ing the  slab, QJEW i s  the  t o t a l  of 

. 
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FT$TL i s  the  t o t a l  p robabi l i ty  for the  batch of producing f i s s i o n s .  
next l i n e  gives the  value of the random number a t  the end of the  batch 

and the  sums of the  values of X, Y, and Z coordinates of  those members 

of the  batch which survive t o  energy ECUT, along with the  t o t a l  weight 

o f  t he  survivors.  ( I n  the example Bhown no neutrons survived.) Other 

e n t r i e s  on t h i s  l i n e  a r e  not  re levant .  

The 

The t o t a l  O5R running time for the  701 neutrons 

was 4.2 min. 



. 
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