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INTRODUCTION TO THE PROPER 3B SYSTEM 

by George W. Crawford 
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The PROPER 3B system i s  described i n  d e t a i l  i n  Chapter 4 of t h i s  report  and 
i n  Part  I A :  
G r a n t  NsG 708 Report dated September, 1967. 
of computer programs which may be used t o  solve a number of different  problems, 
involving nucleon transport  and interaction. 

Instruction Manual f o r  User of Monte Carlo Proton Transport Program, 
The system i s  a f l ex ib l e  combination 

The user may se lec t  the type or combination of types of nucleon comprising 
the incident beam; the  energy, energy spectrum and direction of the pa r t i c l e  flux; 
and the type of matter, i t s  size,  shape and orientat ion through which the nucleons 
are  traveling. 
data f o r  protons and neutrons at energies up t o  400 MeV. 
expanded t o  handle higher energy par t ic les  as data become available. 

The program as delivered t o  NASA contains nuclear interact ion 
The program can be 

For a given source f lux  and target ,  the  program calculates the  energy, 
direction and space dis t r ibut ions of nucleons and neutrons leaving a l l  of the 
faces of the selected volume. It also provides a f u l l  his tory of each primary 
par t ic le  and i t s  secondaries inside the chosen volume. The combination of these 
are used t o  determine the  energy absorbed by the  matter i n  the volume or any 
smaller, enclosed portion of the volume. Dose i s  calculated as the  differences 
between the  sum of the energies of all t h e  d i rec t ly  and ind i rec t ly  ionizing 
par t ic les  which have entered the volume and the  sum of the energies of a l l  those 
which have l e f t  it, minus the energy equivalent of any increase i n  rest  mass tha t  
took place i n  nuclear reactions within the  volume. 

The pa r t i c l e  flux, both primary and secondary, leaving any one of the faces 
of the or ig ina l  volume may be used.as the source f lux  entering a new volume. 
This new volume may be of any material ( fo r  which the  user can supply the  required 
data) and any shape or size .  
as many different  materials and may carry the  f lux  through as many different  
bodies as desired. 

Thus the  user may surround the or ig ina l  volume with 

The f l e x i b i l i t y  of t he  source, t a rge t  and output programs permits t h i s  system 
t o  be used f o r  many space radiat ion environments of i n t e re s t  t o  NASA. 
include dosimetry and shielding applications. Some suggested applications are 
the following: 

These 

1 

1. Estimation of the  radiat ion hazard t o  an astronaut i n  any assumed proton 
radiation environment. 
depth dose ( - ra te )  dis t r ibut ion and t h e  dose ( - r a t e )  t o  selected organs i n  an 
actual  man f o r  any anticipated radiation environment. 

par ts  of the  body of t he  astronaut. The inherent property of the geometry and 
m a s s  d is t r ibut ion character is t ics  of the  space vehicle and space s u i t s  will produce 
a non-uniform exposure. This program permits select ion of any s i ze  or shape of 
entrance zone. By using a "patchwork qu i l t "  of zones, each having a different  
i n i t i a l  radiation environment, the  surface dose and depth dose dis t r ibut ion s o  
calculated i s  a be t t e r  determination of the  hazard. 

3. The non-uniform dis t r ibut ion of the par t s  of the body, such as c r i t i c a l  
t i s sues  and organs, fur ther  modifies an exis t ing divers i ty  of raZiation environ- 
ment. Also these organs are located under varying leve ls  of shielding (flesh,  
bone, f a t )  f o r  each astronaut. 

This is  t o  be accompUshed by calculating the  dose (-rate), 

2. The surface dose and depth dose dis t r ibut ion w i l l  be different  a t  different  

The program permits a depth dose dis t r ibut ion 



to be calculated which represents t he  ac tua l  dimensions of skin, f lesh,  bone, 
and other t i s sues  f o r  each individual.  Hence the  dose calculated a t  t he  c r i t i c a l  

receiving the  dose. 

calculate  the  proton dose, depth dose d is t r ibu t ion  and dose to selected organs 
during an ac tua l  space rad ia t ion  exposure. 

5. Correlation of dosimeter response to dose and depth dose dis t r ibut ions 
for biological  experiments at  any proton accelerator  f a c i l i t y .  

6, To duplicate mathematically the  experiment conducted a t  any proton 
accelerator  f a c i l i t y .  
the  proton t ransport  data  required to study the  charac te r i s t ics  of semiconductor 1 

i organ f o r  a given radiat ion environment would be correct  f o r  t he  individual 1 
The values obtained by using an "average" man are only estimates. 

i 
I 

4. Uti l iza t ion  of detector-dosimeter readings as telemetered to ear th  to 

For example, PROPER 3B was used to plan and to i n t e rp re t  

detector-dosimeters i n  Grant NsG 708. B 
7. The system can a l so  be used to determine the  best  design for a dosimeter 

under a given radiat ion condition. The dosimeter can be of any material and 
could be "passive" (measurement made long a f te r  exposure) or act ive (data  taken 
during exposure). It i s  applicable t o  a study of t i s s u e  equivalence of p l a s t i c  
covered dosimeters. 

1 
i 

i 

i 
I 

8. Shielding problems of many d i f fe ren t  kinds may be studied using PROPER 3B. 
Even though the  present system i s  a ve r sa t i l e  t o o l  f o r  studying t h e  t ransport  

ofnucleons at  energies below 400 MeV, it i s  obvious t h a t  a fur ther  increase i n  the  
capabi l i ty  of t he  program i s  desireable.  Some l ines  of immediate extension are 
l i s t e d .  * 

1. Extending the  energy range upwards. The work by H. Bert ini  at ORNL of 
extending the  intra-nuclear cascade calculat ions to 2 GeV i s  now available.  1 
This addition w i l l  require  the  considerations of pions. The pion t ransport  > I  

1 
can be simulated i n  complete analogy with PROTOS 3 and SUPER B methods. Pion 
decay, giving r ise  t o  muons, i s  a l so  a straight-forward extension. 

t I 

2# Adding electron t ransport  codes t o  t h e  system. 
3. Including gamma ray and x-ray t ransport .  Existing programs can be 

adapted to t he  PROPER 3B system. 
t o  be compiled. 

problems as storage f a c i l i t i e s  increase i n  the  computer. 

Secondary g m a  production data  would have 

1 4. Introduction of a more f l ex ib l e  general  geometry f o r  multi-medium 1 

I n  Chapter 1-2, t h e  concept of l i nea r  stopping power i s  developed and the  
Bethe-Bloch equation 2-29 i s  derived. This equation i s  required i n  the  Monte 
Carlo t ransport  code developed i n  Chapter 1-3 fo r  one pa r t  of t he  complex 
co l l i s ion  problems. The Monte Carlo code i s  t h e  key program of the  f l ex ib l e  
PROPER 3B s y s k m  described i n  Chapter 1-4. 
specif ic  applications of t he  system. Par t  I1 i s  devoted t o  the  measurement of 
t he  mean ionizat ion potent ia l ,  I, and the  s h e l l  corrections fo r  elements and 
compounds. These values are required fo r  proper usage of PROTOS. The Monte 
Carlo program i s  used to chmlicate the  experimental conditions i n  a mathematical 
sense. The program w a s  a l s o  used t o  determine the  energy required t o  c rea te  
an eleckron-hole pa i r  i n  s i l i con  as pa r t  of t h e  detector-dosimeter study. 

Chapters l-5? 1-6, and 1-7 describe 

* For fur ther  information concerning extensions of PROPER 3B, contact 
Martin Leimdorfer, President 

Industri-Matematik AB 

DE GEERSGATAN 8 
Stockholm No. 
Sweden 
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CHAPTER 2 

LINEAR STOPPING POWER 

by Danny R.  Dixon 

INTRODUCTION 

The i n t e r a c t i o n s  of  e n e r g e t i c  p a r t i c l e s  w i t h  s o l i d s  have been used 
ex tens ive ly  t o  s tudy  bo th  the p r o p e r t i e s  of a tomic s t r u c t u r e  as w e l l  as 
t h e  p r o p e r t i e s  of i o n i z i n g  r a d i a t i o n .  Work of t h i s  na tu re  involves  
a c c u r a t e  and p r e c i s e  de te rmina t ion  o f  t h e  energy and momentum of t h e  
r a d i a t i o n  

A g e n e r a l l y  accepted  concept is tha t  nucleons (protons and h e a v i e r  
charged p a r t i c l e s )  t r a v e r s e  matter on an  approximately s t r a igh t  p a t h  (1). 
These nucleons d i s s i p a t e  t h e i r  energy p r imar i ly  through a mul t i t ude  of 
i n e l a s t i c  c o l l i s i o n s  w i t h  atomic e l e c t r o n s .  The r a t e  of  average energy 
l o s s  as a f u n c t i o n  of  the nucleon energy is the s topp ing  power of t h e  
m a t e r i a l .  The range of  a p a r t i c l e  is i ts  p e n e t r a t i o n  i n t o  a g iven  material. 
This p e n e t r a t i o n  depends c h i e f l y  on the average energy l o s s  r e s u l t i n g  from 
t h e  nucleon e l e c t r o n  c o l l i s i o n s  a 

The key parameter i n  t h e  d e r i v a t i o n  of  a s topp ing  power equat ion  is 
t h e  mean e x c i t a t i o n  energy,  I, of the m a t e r i a l .  However, it is a l s o  
necessary  t o  t a k e  i n t o  account  t h e  c o n t r i b u t i o n s  of  such  f a c t o r s  as s h e l l  
c o r r e c t i o n s  (2) d e n s i t y  e f f ec t s ,  and small  ang le  s c a t t e r i n g s  (3).  

Leimdorfer (4) has incorpora ted  t h e  s topp ing  power express ion  f o r  
l i n e a r  energy l o s s  i n t o  a Monte Car lo  nucleon t r a n s p o r t  program. This 
program inc ludes  t h e  i n t e r a c t i o n  of  t h e  nucleon w i t h  t h e  f ree  and bound 
atomic e l e c t r o n s ,  s m a l l  ang le  s c a t t e r i n g ,  large ang le  Rutherford s ca t t e r -  
i n g ,  and n u c l e a r  i n t e r a c t i o n s .  

THEORY 

Consider t h e  i n t e r a c t i o n  of an  i n c i d e n t  charged p a r t i c l e  pas s ing  
through a n  abso rbe r ,  If the i n c i d e n t  p a r t i c l e  t r a v e l s  a d i s t a n c e  ds  i n  
t h e  abso rbe r  of N atoms/cm3 and 2 e lec t rons /a tom,  then  the expec ta t ion  
va lue  f o r  t h e  energy l o s s  p e r  u n i t  p a t h  l e n g t h ,  dT/ds, i s  given by 

r\ 

where Q r e p r e s e n t s  t h e  energy t r a n s f e r ,  and o r e p r e s e n t s  the d i f f e r e n t i a l  
c r o s s  s e c t i o n  @ (Q) dQ, whether t h e  theo ry  is  c lass ica l  n o n - r e l a t i v i s t i c ,  
c l a s s i ca l  r e l a t i v i s t i c ,  o r  quantum mechanical.  Hence, Eq. (1) can be 
w r i t t e n  i n  t h e  form 



4 .  

Now t h e  problem is reduced t o  t h e  ques t ion  of eva lua t ing  
and Qmin- 

@ (Q), Qmax 

Bohr ' s  C l a s s i c a l  Theory 

Assume t h a t  t h e  b inding  energy of each e l e c t r o n  i n  t h e  absorber  is 
n e g l i g i b l e  i n  comparison t o  t h e  k i n e t i c  energy it r e c e i v e s  i n  t h e  c o l l i -  
s i o n .  The problem then  reduces t o  a two-body, e l a s t i c  coulomb s c a t t e r i n g ,  

An i n c i d e n t  p a r t i c l e  (mass M,  charge ze ,  v e l o c i t y  V ,  k i n e t i c  energy 
T = 1/2 MV2 i n  l a b o r a t o r y  coord ina tes )  c o l l i d e s  w i t h  a f r e e  but  i n i t i a l l y  
s t a t i o n a r y  atomic e l e c t r o n  (mass mo, charge -e) .  If x i s  t h e  impact 
parameter ,  t hen  the  d i f f e r e n t i a l  s c a t t e r i n g  cross s e c t i o n  per  atomic 
e l e c t r o n ,  f o r  an energy t r a n s f e r  between Q and Q = dQ, is (5) 

do E Qo(Q) dQ ( 2 ~ r z ~ e ~ / m ~ V ~ Q ~ ) d Q  cm2/electron, (2-3 1 
where a0(Q) c h a r a c t e r i z e s  t h e  c l a s s i c a l  , n o n - r e l a t i v i s t i c  c o l l i s i o n  
theo ry ,  Then Eq. (2) becomes 

n 

- - NZ ss" (2TTz2e4/m QV2)dQ 
classical 0 

(dT/ds 1 
%in 

( 2 ~ r z ~ e ~ N Z / r n ~ V ~  ) in  Q maJQmin ergs /cm 

Figure 1 

Schematic Representation of the  Classical Coulomb Collision 

1 
I '  

i 

4 



I. .,. 

! 

.. . i 

Bohr (6) e s t a b l i s h e d  va lues  f o r  Qmax and Qmin by r e l a t i n g  t h e  
energy t r a n s f e r ,  Q ,  t o  t h e  impact parameter ,  x. The r e l a t i o n s h i p  between 
x and Q is given by 

Q = 2z2e4/moV2(x2+ b2/4) (2-5) 

where t h e  c o l l i s i o n  diameter ,  b ,  is given by 

b E 2ze2(M + mo)/moMV2 

Bohr then assumed t h a t  

(1) The maximum impact parameter x = %, is much g r e a t e r  than  t h e  
c o l l i s i o n  r a d i u s  This  is  equ iva len t  to/  pehmi t t ing  energy l o s s e s  down 
t o  Q , where Q << 2TMmo/(M + mo)2e This minimum energy is  much l e s s  
than'the work Hecessary t o  remove t h e  e l e c t r o n  from the  atom. 

(2) For  impact parameters between x = 0 and x t h e  atomic e l e c -  
t r o n s  behave a s  though they  were completely unbouna. 
parameters g r e a t e r  t han  x = x t h e  e l e c t r o n s  behave a s  though they  
were completely bound a 

For impact 

V Y  

(3) E lec t rons  which a r e  d i sp l aced  only s l i g h t l y  (x> x ) r e t u r n  t o  
V t h e  o r i g i n a l  conf igu ra t ion  and absorb  no energy. 

Bohr f u r t h e r  assumed t h a t  a bound e l e c t r o n ,  if  exc i t ed  by an i n c i -  
dent  p a r t i c l e  but  not  ionized , would o s c i l l a t e  w i th  a c h a r a c t e r i s t i c  
f requency ,v  In  those  c o l l i s i o n s  i n  which t h e  e f f e c t i v e  t ime of c o l l i -  
s i o n ,  t ,  g r e a t l y  exceeded l/v , t h e r e  would be no energy t r a n s f e r .  Then 
if each atom has an i n d i v i d u a l  c h a r a c t e r i s t i c  fryquency, v 
c a l  mean va lue  V is  def ined  by 

a geometri-  
i' ' 

Bohr's va lue  for t h e  maximum e f f e c t i v e  impact parameter,  based on a 
d e t a i l e d  cons ide ra t ion  of  t h e  energy t r a n s f e r r e d  t o  t h e  atomic e l e c t r o n s ,  
could be expressed a s  

x- = 1.123 V/2'rrT cm, 
V 

and Qmin would be expressed a s  

( 2 - 8  

Qmin = 2z2e4/m 0 V2(1.123V/2~7)2 ergs 



Since Xmax = 0,  t h e  maximum energy t r a n s f e r  is 

= 2m V2 M2/(M+m l2 Qmax 0 0 
( 2-10) i 

Now, E q .  (4) gives 

(dT/ds )Bohr = ( 4 ~ 8 ~ e ~ N Z / m ~ V ~ )  Rn 1.223 m 0 MV3/ 27rcze2(M+mO) ergs/cm. (2-11) 
1 

i 
1 I n  1 9 1 5 ,  a f t e r  he had der ived h i s  t heo ry  of quant ized energy l e v e l s ,  

Bohr (7) showed t h a t  Eq. (11) was v a l i d  only f o r  those  cases  i n  which 
V >> u (where u r ep resen t s  t h e  o r b i t a l  speed of  t h e  atomic e l e c t r o n s  
i n  t h e i r  Bohr o r b i t s )  and i n  which xmax = x w a s  much g r e a t e r  than  t h e  
r a d i u s  of  t h e  Bohr o r b i t .  For i o n i z a t i o n  i x  t h e  K s h e l l ,  t h i s  r e s t r i c -  
t i o n  implies  

1 
1 
I 

D - z  - v/c >> q3.37  ( 2-12) 

\ i  
On t h e  o t h e r  hand, xmax = 
much l e s s  than  t h e  i o n i z a t i o n  p o t e n t i a l .  Hence, t h i s  assumption l e d  t o  
a va lue  f o r  t h e  energy l o s s  which was t o o  l a r g e  f o r  r e l a t i v i s t i c  p a r t i c l e s .  

corresponds to Qmin = Q, , where Q, w a s  

j 

I 

According t o  t h e  theory  o f  atomic s t r u c t u r e ,  t h e  minimum energy 
t r a n s f e r  i n  an  atomic c o l l i s i o n  which produces an i o n i z a t i o n  event  is I 
t h e  i o n i z a t i o n  p o t e n t i a l  of  t h e  e l e c t r o n .  The mean va lue  of t h i s  mini- J 

mum energy o f  a l l  t h e  atomic e l e c t r o n s  of t h e  absorber  is def ined  a s  t h e  
mean i o n i z a t i o n  p o t e n t i a l  

- J  

In I = p n  In L n  i (2-13) 

From the  conserva t ion  laws f o r  momentum and energy, it can be shown 
t h a t  t h e  maximum energy t r a n s f e r  from an i n c i d e n t  p a r t i c l e  ( r e s t  mass 
Mo, r e l a t i v i s t i c  k i n e t i c  energy T = Mc2 - Mot*) t o  an i n i t i a l l y  s t a t i o n a r y  
atomic e l e c t r o n  ( r e s t  mass mo) is 

I 

, 
(2-14) 

J. -!- 2M c 2 / T  
i- 0 

'nax = "I' 1T-f (Motmo)Zc'/2moT 
I 

If Mo >> mo, then 

1 1 [ f (2mo'M (B;/MicL) 

2m v2 - 
Qmax - 

0' 0 

i 

i 
( 2-15 ) 

; 



If Mo $9 mo and Moc2 - > T, then  

2m V' 

(2-5 1 

(2-16 ) 

" ,  

' 1  

r :  

I 

Quantum Mechanical Theory 

The theory  of t h e  s topp ing  of  s w i f t  charged p a r t i c l e s  was n o t  i m -  
proved f u r t h e r  u n t i l  t h e  development of  wave mechanics. 
problem could be t r e a t e d  wi th  p a r t i a l  wave a n a l y s i s  and t h e  Born 
Approximation. (8) 

Then t h e  

I n  dea l ing  wi th  t h e  problem quantum mechanically,  t h e  c o l l i s i o n s  
a r e  u s u a l l y  d iv ided  i n t o  two c l a s s e s .  Hard c o l l i s i o n s  a r e  those  i n  
which t h e  energy t r a n s f e r  v a r i e s  from Qmax down t o  some a r b i t r a r y  
energy H. S o f t  c o l l i s i o n s  are those  i n  which t h e  energy t r a n s f e r  v a r i e s  
from H down t o  I ,  t h e  mean i o n i z a t i o n  p o t e n t i a l .  This d i s t i n c t i o n  is 
drawn because s p i n  and exchange e f f e c t s  a r e  important  i n  t h e  case  of 
hard c o l l i s i o n s ,  whereas they  a r e  n e g l i g i b l e  i n  s o f t  c o l l i s i o n s ,  

Bhabha (9) and o t h e r s  have c a l c u l a t e d  t h e  c r o s s  s e c t i o n  p e r  atomic 
e l e c t r o n  f o r  primary p a r t i c l e s  of  s p i n  0 ,  1 /2 ,  and 1, and t h e  r e s u l t s  
have been summarized by Ross i  and Gre iser  (10) -  Fo r  p a r t i c l e s  having 
s p i n  1 / 2 ,  such a s  p ro tons ,  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  hard 
c o l l i s i o n s  i s  

Thus, t h e  average energy l o s s  is approximately given by 

ds m-V' 

where H is a r b i t r a r y  b u t  must be l a r g e  compared wi th  the  binding 
energy of t h e  e l e c t r o n .  

(2-17) 

( 2-18 ) 

Bethe (11) der ived  d e t a i l e d  quantum-mechanical express  ions  f o r  t h e  
energy l o s t  i n  s o f t  c o l l i s j o n s  by s w i f t  charged p a r t i c l e s  t o  bound 
e l e c t r o n s .  
wave a k a l y s i s  of s o f t  c o l l i s i o n s ,  which is v a l i d  i f  2zA3.7 fi << 1. 
For n o n - r e l a t i v i s t i c  ca ses  h i s  method is equ iva len t  t o  us ing  a c r o s s  
s e c t i o n  p r o p o r t i o n a l  on ly  t o  and inc lud ing  a11  energy l o s s e s  up t o  

t h a t  of t h e  head-on c o l l i s i o n  (12). F i n a l l y ,  the energy l o s s  p e r  u n i t  
pa th  l e n g t h  becomes 

He used t h e  Born approximation t o  t h e  method of  p a r t i a l  

3 
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NZ Rn - - =  dTs 4m2e4 

ds m V2 I 
0 

( 2-19 ) 

(2-6) 

where I r e p r e s e n t s  t h e  geometric mean o f  a l l  t h e  i o n i z a t i o n  and e x c i t a -  
t i o n  p o t e n t i a l s  of  t h e  absorb ing  atom. The f r a c t i o n a l  e r r o r  i n  t h e  
f i rs t  Born approximation is of t h e  o r d e r  u2/V2, where u is t h e  Bohr- 
o r b i t  v e l o c i t y  of t h e  atomic e l e c t r o n .  Hence, E q .  (19) is v a l i d  i n  
t h e  domain 

<< 1 U2 z 2  F'- 137B (2-20 ) 

where u r e f e r s  t o  t h e  K e l e c t r o n s .  A q u a l i t a t i v e  d e r i v a t i o n  of Eq. 
(19) is  given by Williams (13). 

Bethe (14) r e v i s e d  h i s  o r i g i n a l  t heo ry  f o r  r e l a t i v i s t i c  p a r t i c l e s  
w i th  v e l o c i t i e s ,  V = @ c .  The equat ion  then  is v a l i d  f o r  s o f t  c o l l i -  
s i o n s  (I< Q < H) f o r  i n c i d e n t  p a r t i c l e s  of charge ze ,  provided 
@ >> 2/I37: - 

(2-21) 

Now combining t h e  r e s u l t s  f o r  hard and s o f t  c o l l i s i o n s  f o r  t h e  case  
o f  heavy p a r t i c l e s  w i th  k i n e t i c  energy l e s s  than  o r  equal  t o  res t  mass, 
one f i n d s  

I 

(2-22) 

S h e l l  Correc t ions  

If t h e  v e l o c i t y  of  t h e  i n c i d e n t  p a r t i c l e s  is  not  l a r g e  compared t o  
t h e  Bohr-orbi t  v e l o c i t y  of some of t h e  atomic e l e c t r o n s  (usua l ly  t h e  
case  f o r  heavy e lements ) ,  Eq. (19) p r e d i c t s  t oo  h igh  a va lue  f o r  t h e  
energy l o s s .  Bethe (15, 1 6 )  proposed t h e  s h e l l  c o r r e c t i o n  t e r m  t o  account 
f o r  t h e  i n e f f e c t i v e n e s s  o f  v a r i o u s  e l e c t r o n s .  Walske (17, 18) has  p re -  
sen ted  t h e o r e t i c a l  c o r r e c t i o n s  f o r  e l e c t r o n s  i n  t h e  K-  and L- s h e l l s ,  
and Bichse l  (19) has extended t h e  theory  t o  inc lude  t h e  M- s h e l l .  Sachs 
and Richardson (20) have proposed a t h e o r e t i c a l  c o r r e c t i o n  t o  inc lude  a l l  
s h e l l s .  

J 

Using Walske's d e r i v a t i o n ,  Bichse l  (21) used t h e  fo l lowing  procedure 
f o r  o b t a i n i n g  the  s h e l l  c o r r e c t i o n s .  F i r s t ,  c a l c u l a t e  t he  v a r i a b l e  q 
given by i' 
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where 
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i 

L.. d 

I 

al 

Ry = 13.6 ev, 

= z - 0.3, 

= z - 4.15, 
‘K eff 

‘L e f i  

‘M eff N Z - 14. 

Then t h e  s h e l l  c o r r e c t i o n s  are g iven  by 

2 1-B2 K-shel l :  For q > 5 ,  CK = 1.22 X Z 7 . 
K -  B 

For 5 >n > 0 . 5 ,  u se  Table  1 from Bichse l .  K -  

+ SK - B 1, where K For q > 0.5, CK = (RKRn q K 

(2-23) 

(2-24) 

( 2-25) 

R and S are as i n  Table  2 and B i n  Table 3, 

a l s o  from Bichse l .  

K K K 

a (2-26) L-Shell:  For q > 3 ,  CL = P(Z)qL - 1  + 1.5 qL-’ - 4.0 T l  - 3  + 4.4q - 4  L -  L L 

- Q ( z )  For 3>qL > 0.7, CL - - a 

q L  
- 

For q < 0.7 CL = R Rn q + SL - B L ,  where P ( Z ) ,  
L L L 

M-shell: For 

Densi tv  Effect 

R e  duc t  i on 

Q ( Z ) ,  RL and 

nM > 0.3 ,  C N  

i n  t h e  emergy 

S are i n  Table  2 and B is i n  Table 3. 

= 1.6 X 10-4(Z-14) 
L L 

2.(1-B2> 

B2 

l o s s  (and t h e r e f o r e  t h e  s topping  power) of  

( 2-27 ) 

charged p a r t i c l e s  due t o  p o l a r i z a t i o n  of t h e  medium must also be  cons idered .  
Sternheimer (22)  has  summarized t h e  theo ry  and p resen ted  t h e  r e s u l t s  as t h e  
d e n s i t y  e f f ec t ,  6 .  The d e n s i t y  e f f e c t  can be w r i t t e n  as 

( 2-28 ) 



(2-8) 

TABLE 1 

Shell Cor rec t ion  CK f o r  0.5 < q < 5 - K -  

lhK z = 11 Z = 32. 2 = 100 

0 .20  
0.25 
0.30 
0 .35  
0.40 

45 
.so 
55 

.60  

. 6 5  
L 70 
I80 
e 9 0  

1-00 
1.1 
1 . 2  
1 . 3  
1.40 
1.55 
1 . 6  
1 . 7  
1 .8  
1 . 9  
2 . 0  

0.450 
0.537 

6 2 1  
6 9 4  

0 755 
.SO5 
0 849 
885 

e 916 
. 9 4 1  
9 6 1  

.982 
983 

.974  
- 9 5 s  
.936  
.907 , 

, 8 7 3  
e 836 
e 796 
.753  
e 7 1 1  
.667 
.619 

0.460 
.555 
,635  
, 7 0 8  
.776 
.831 
.878 
- 9 1 6  
.947 
.973 
* 993 

1 . 0 1 9  
1 . 0 2 9  
1 . 0 2 5  
1 . 0 1 3  

. 9 9 1  
- 9 6 6  
.935 
.903  
-. 870 

833 
.797 
, 7 5 7  
.710 

0 e 465 
.560 
e 645 
.720 
783 

0 840 
.886 
923 

0 955 
LI 9 8 1  

1 . 0 0 3  
1 . 0 3 3  
1 . 0 4 3  
1.04.1 
1 . 0 3 1  
1 . 0 1 3  

9 9 1  
e 964 
rn 933 
.899 
e 862 
.824  
.754 
- 7 4 5  



TABLE 2 

Data f o r  S h e l l  Correc t ions  

K -she 11 L-she l l  

11 1.813  2 463 2 0  1 . 5 0  1 - 7 0  1 0 . 0 3 7  28 ,145  

18 1 .722  2 . 4 0 4  3 0  1 . 8 8  2 .06  7.912 24 .450  

32 1 . 6 4 6  2 a 346 45 1 . 9 9  2 .17  d6 745 21 ,906  

? 
r j  

i 
65  1.581 2 .287  100  2 .00  2.18 6 , 0 3 4  20 ,015  

100  1 . 5 5 3  2 .257  

TABLE 3 

Stopping Number Cont r ibu t ion  of K -  and L- she l l  E lec t rons  

BK RL 

z = 11 32 100 20  30  45 1 0 0  L QK or rl 

0.0 
0 .05  
0.10 
0 - 1 5  
0.20 
0 .25  
0 , 3 0  
0 - 3 5  - '  

0 , 4 0  
0 - 4 5  
0.50 
0.60 
0.70 
0.80 
0.90 

0.0 0.0 0.0 
0.0 0.0 0.0 
0 . 0 1  0 .01  0 . 0 1  
0 , 0 5  0 .04  0 . 0 3  
0 . 1 1  0.07 0 .06  
0 .17  0.13 0.10 
0 .24  0 - 1 9  0 .15  
0.32 0.26 0 . 2 1  
0.40 0.33 0.28 
0 .49  0 . 4 1  0.35 
0.58 0.49 0 .44  
0.76 0.66 0 - 4 7  
0 - 9 2  0.83 0.72 
1.13 1,OO 0.88 
1 , 3 1  1.15 1 - 0 3  

0 0 0 0 
1.85 1 - 4 0  1 .10  0 .70  
4 - 0 0  3 .10  2 .53  1 - 9 0  
6 . 4 0  5 .16  4.27 3.52 
8 .80  7.20 6 .10  5 . 2 0  

11.00 9 - 0 6  7.76 6.7'3 
12 .82  10 .68  9.26 8 -10 
1 4 . 5 0  12 .12  10 .56  9.36 
1 6 . 0 0  13 .37  11 .72  1 0  a 40 
17 .26  14 .50  1 2 , 7 0  11.33 
18.44 15 .50  13 .60  12 .20  
20 .50  1 7 . 2 8  15.18 1 3 . 6 6  
22.26 18,84 1 6 . 5 0  1 4 . 9 0  
23.90 20.20 17 .75  1 6  02 
25.30 2 1 - 4 2  1 8 - 8 2  1 7  02 

i 



(2-10) 

where f i  is the o s c i l l a t o r  s t r e n g t h  of the ith t r a n s i t i o n  (assuming t h a t  
the d i s p e r s i v e  p r o p e r t i e s  o f  t h e  absorber  medium can  be descr ibed  as 
due t o  a n  a r b i t r a r y  number of d i s p e r s i o n  o s c i l 1 a t o r s ) ; S i  is the f r e -  
quency of  t h e  i t h  t r a n s i t i o n ;  and ais a frequency which is a s o l u t i o n  t o  
t h e  equat ion  

The d e n s i t y  e f fec t  is  an  inc rea ing  f u n c t i o n  of  t h e  i n c i d e n t  p a r t i c l e  
energy. I n  f a c t ,  below about  200 M e V ,  6 is  n e g l i g i b l e  i n  comparison t o  
the experimental  e r r o r s .  

Hence, t h e  t o - t a l  average energy l o s s  by i o n i z a t i o n  p e r  u n i t  pa th  
lcngth  p e r  dens i.ty oT t h e  s topp ing  material  is: 

( 2-29 ) 

(2-30) 

(2-31) 

and 

P = d e n s i t y  of  s topp ing  material  

z = charge number of i n c i d e n t  p a r t i c l e  

2 = atomic number of s topp ing  material 

A = atomic weight of  s topp ing  material 

B = , v e l o c i t y  of  i n c i d e n t  p a r t i c l e  r e l a t i v e  t o  v e l o c i t y  of  
C l i g h t  

@i = s h e l l  c o r r e c t i o n  of the ith s h e l l  

6 

I = average e x c i t a t i o n  p o t e n t i a l  p e r  e l e c t r o n  of  t h e  s topp ing  

= d e n s i t y  c o r r e c t i o n  a t  h igh  ene rg ie s  

atom 

e = e l e c t r o n  charge 

n i 

i 
.I 

- a :  

i 



adro's number 

mo = r e s t  mess of  electron. 

I' 

c 

'i 

The discussion hae thus f a r  been l imited i n  t h a t  only two types of 
in te rac t ion  have been considered. F i r s t ,  i f  the  c loses t  distance between 
the incident p a r t i c l e  and the atom is large compared t o  the s i z e  of the 
atom, then calassical electroma ne t i c  theory appl ies .  
~ ~ c ~ ~ e ~ ~  p a r t i c l e s  is t ransferred t o  the orbital electrons.  As a r e su l t ,  
the electrons may change o r b i t a  i n  an exc i ta t ion  process o r  leave the atom 
i n  an ionizat ion proceesi. 

Energy l o s t  by the 

Secondly, if  the  incident p a r t i c l e  passes the atom a t  I distance 
~ ~ ~ ~ ~ ~ i m ~ t ~ ~ ~  the radius of the electronic  orbits, a co l l i s ion  could r e -  
s u l t  i n  which electron i~ pulled o u t  of the atom. Due t o  the difference 
in maes between the proton and electron,  at proton en~~@.e r~  above 2 Magv 

of the d iscre te  ents  induces more than a e l i g h t  chan 
or momentw of incident proton. On the  other hand 
eriencs a Lar creaee i n  energy, which is then diss ipated i n  

an co l l i s ions  ' 

y two other interact ions which must be considered. 
The first ie Ru 
proton @ntere t f the nucleus (The repelLing force of 
the e l e c t r i c  %% Pd be corrected f o r  the soreenin e f f e c t  due to the 
C%eCtronl* B %QP t h i s  inter- 
a s t i o n  i t3  hi mplitude is  pro-  

I which de si ni f fs tan t  whenever *he 



'(2-12) 

Although the s t r a g g l i n g  i n  mean p a t h  l e n g t h  can  be represented  by a 
Gaussian d i s t r i b u t i o n ,  t h e  asymmetry of mul t ip l e  s c a t t e r i n g  processes  
l e a d s  t o  a n  asymmetric s t r a g g l i n g  d i s t r i b u t i o n  f o r  range. 
range i s  no t  i d e n t i c a l  t o  the median range. 

Hence, the mean 

Fourth,  when t h e  pro ton  p e n e t r a t e s  the nuc leus ,  nuc lea r  i n t e r a c t i o n s  
occur .  These r e a c t i o n s  produce secondary p a r t i c l e s  o f  d i f f e r e n t  types  and 
ene rg ie s  which i n  t u r n  t r a v e l  through the absorber  i n  a l l  d i r e c t i o n s .  
Leimdorfer,  Crawford, and coworkers (23) have incorpora ted  a l l  f o u r  types  
of  i n t e r a c t i o n s  i n  a Monte Car lo  t r a n s p o r t  theory  f o r  the s topp ing  of 
s w i f t  charged p a r t i c l e s .  
two types  performing i n d i v i d u a l  c a l c u l a t i o n s  f o r  each d i s c r e t e  even t ,  On 
t h e  o t h e r  hand, t h e  Monte Car lo  theory  t r ea t s  the problem as a cont inuous 
slowing-down process  , us ing  a mul t ip l e  s c a t t e r i n g  model. For a p a r t i c l e  
s lowing down between e n e r g i e s  E l  and Ez9 m u l t i p l e - s c a t t e r i n g  theory  w i l l  
g ive  probable energy d i s t r i b u t i o n  and angu la r  d e v i a t i o n  f o r  a given i n i -  
t i a l  p o s i t i o n ,  i n i t i a l  momentum, and f i n a l  displacement  f o r  primary and 
secondary p a r t i c l e s .  

Linear  t r a n s p o r t  theory  d e a l s  w i th  only  the f irst  
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CHAPTER 3 

THEORETICAL BACKGROUND FOR PROTOS 3 

by Claes Johansson and Mart in  Leimdorfer 

INTRODUCTION 

The a n a l y s i s  of t h e  t r a n s p o r t  of  charged p a r t i c l e s  i n  ma t t e r  is a 
v i t a l  problem i n  many branches of r a d i a t i o n  sc i ence  such  a s  r a d i a t i o n  
biology,  cosmic r a d i a t i o n  phys ics ,  space r a d i a t i o n  s h i e l d i n g ,  and medi- 
c a l  rad io logy ,  It  has  a t t r a c t e d  t h e  i n t e r e s t  of  many prominent t h e o r e t i -  
c a l  p h y s i c i s t s ,  notably Bethe, Bohr, Fermi, and Landau, 

The migra t ion  of  pro tons  (or charged p a r t i c l e s  i n  genera l )  i n  
mat te r  is  determined by a mul t i tude  of  i n t e r a c t i o n  processes .  We may 
d i s t i n g u i s h  between t h e  fo l lowing  p r i n c i p a l  types .  

1) If t h e  d i s t a n c e  of  c l o s e s t  approach between t h e  moving proton 
arid the  atom is l a r g e  compared t o  t h e  dimensions of t h e  atom, we may 
apply the  c l a s s i c a l  p i c t u r e  of  a moving p o i n t  charge c r e a t i n g  a v a r i a b l e  
e lec t romagnet ic  f i e l d  which d i s s i p a t e s  energy i n  t h e  o u t e r  e l e c t r o n i c  
s h e l l s  of  t h e  atom. A s  a r e s u l t ,  one o r  more e l e c t r o n s  may be e i t h e r  
t r a n s f e r r e d  from one o r b i t  t o  another  ( e x c i t a t i o n )  o r  t o t a l l y  removed 
from t h e  atom ( i o n i z a t i o n ) .  

" J  

2 )  If t h e  d i s t a n c e  of c l o s e s t  approach is  of  t h e  o rde r  o f  t h e  o u t e r  
e l e c t r o n i c  o r b i t s ,  t h e  proton may i n t e r a c t  w i th  a s i n g l e  e l e c t r o n  
which is t h e n  thrown o u t  of t h e  atom (a "knock-on'P process)  and t h e  
remaining e l e c t r o n s  rear range  themselves t o  t h e  conf igu ra t ion  of h i g h e s t  
s t a b i l i t y .  4. 

The pro ton  ene rg ie s  t o  be considered a r e  always above 2 MeV. This 
means t h a t  t h e  energy l o s s  due t o  e x c i t a t i o n  w i l l  be comparatively 
smal l .  The energy taken  from t h e  pro ton  when an  e l e c t r o n  is e j e c t e d  
from t h e  atom is  a l s o  s m a l l  due t o  t h e  g r e a t  d i f f e r e n c e  i n  weight 
between t h e  two p a r t i c l e s .  By the  same arguments we s e e  t h a t  t h e  
d i r e c t i o n  and magnitude of  t h e  p r o t o n P s  momentum w i l l  a l s o  be changed 
by very  s m a l l  va lues  a t  each d i s c r e t e  event., For a l l  p r a c t i c a l  purposes 
t h e  d i r ec t iona l - change  may i n  f a c t  be neglec ted  a l t o g e t h e r .  

3)  When t h e  d i s t a n c e  of c l o s e s t  approach is s m a l l  enough t o  admit 
t h e  proton i n t o  t h e  i n t e r i o r  of t h e  atom, t h e  main mode of i n t e r a c t i o n  
i s  t h e  r e p e l l a n t  e f f e c t  o f  t h e  e l e c t r i c  f i e l d  o f  t h e  nucleus (Rutherford 
s c a t t e r i n g )  which has t o  be co r rec t ed  f o r  t h e  sc reen ing  of t h e  e l e c t r i c  
f i e l d  caused by t h e  e l e c t r o n s .  The momentum t r a n s f e r  i n  t h i s  type  of 
i n t e r a c t i o n  is a l s o  sma l l  and t h e r e f o r e  t h e  angu la r  d i s t r i b u t i o n  of ou t -  
going protons is h ighly  forward-peaked. 

4) If,  f i n a l l y ,  t h e  pro ton  reaches  w i t h i n  t h e  very s h o r t  range of 
t h e  nuc lear  f o r c e s ,  a nuc lear  i n t e r a c t i o n  may occur ,  We d i s t i n g u i s h  



between e l a s t i c  and non-e l a s t i c  c o l l i s i o n s .  I n  t h e  first type t h e  pro ton  
w i l l  only be d e f l e c t e d  by t h e  nuc lear  p o t e n t i a l ,  and t h e  energy l o s s  w i l l  
be equal  t o  t h e  e l a s t i c  r e c o i l  of  t he  nucleus.  The term non-e l a s t i c  
c o l l i s i o n  covers  a l l  t he  d i f f e r e n t  processes  i n  which t h e  proton pene- 
t r a t e s  i n t o  t h e  nucleus and o t h e r  p a r t i c l e s  a r e  e j e c t e d ,  

To avoid t h e  complicated and cumbersome t rea tment  of each d i s c r e t e  
c o l l i s i o n ,  a cont inuous slowing-down theory  has  been e s t a b l i s h e d ,  t he  
m u l t i p l e - s c a t t e r i n g  model. The migra t ion  process  may be descr ibed by 
t h e  fo l lowing  example: 
ene rg ie s  Ep and E2 s t a r t i n g  a t  a f i x e d  p o i n t  and i n  a given d i r e c t i o n ,  
M u l t i p l e - s c a t t e r i n g  theory  w i l l ,  i n  p r i n c i p l e ,  g ive  us  t h e  p r o b a b i l i t y  
d i s t r i b u t i o n  o f  p o s s i b l e  s p a t i a l  p o i n t s  a t  which t h e  energy E2 is reached 
by t h e  p a r t i c l e .  A l t e r n a t i v e l y ,  we may a sk  for t h e  d i s t r i b u t i o n  i n  
energy and d e v i a t i o n  angle  when a p a r t i c l e  t r a v e l s  a c e r t a i n  d i s t a n c e  i n  
space .  

Consider a p a r t i c l e  slowing down between t h e  

ENERGY LOSS 

We have decided t o  apply a Monte Carlo scheme based on a p i c t u r e  
where t h e  pro tons  slow down i n  energy s tep-wize between a s e t  of  p re -  
determined energy p o i n t s .  This procedure has many advantages i n  t h e  
p r a c t i c a l  computation work. We s e l e c t  a s e t  o f  ene rg ie s  Q Z i )  i n  t he  
energy r eg ion  from t h e  source  energy t o  t h e  cu t -o f f  energy En, 2 MeV 
< En = min and sample t h e  s p a t i a l  displacements  from t h e  appro- 
p r i a t e  d i s t r i b u t i o n s  f o r  each energy drop between two success ive  energy 
p o i n t s .  The lower energy l i m i t  of 2 MeV is chosen t o  r ep resen t  t h e  
energy a t  which t h e  r e s i d u a l  range of t h e  p a r t i c l e  is n e g l i g i b l e ,  t h a t  
i s ,  where the  proton h i s t o r y  may be e f f e c t i v e l y  te rmina ted .  (This is 
convenient a l s o  f o r  t h e  reason  t h a t  m u l t i p l e - s c a t t e r i n g  theory  gradual ly  
ceases  t o  work below t h i s  l i m i t ) .  The p o i n t s  i n  t h e  predetermined s e t  
of ene rg ie s  a r e  s e l e c t e d  uniformly i n  a )  t he  logar i thm of t h e  energy, 
b)  i n  a l i n e a r  r e l a t i o n s h i p  o r  c )  suppl ied  a s  d a t a .  T h i s  implj .es t h a t  
E i + l  = k . E i  where k is a cons t an t  f a c t o r  and E i  and E(f+]-  a r e  kwo of 
t h e  success ive  energy s topping  p o i n t s .  We c a l c u l a t e  t h e  &ac to r  k from 
t h e  r e l a t i o n  k = (E,/@n)l/n where Eo is t h e  source  energy ( in  MeV) and 
n is t h e  number of  p o r t i o n s  i n t o  which we d i v i d e  t h e  slowing-down process  

There a r e  s e v e r a l  advantages i n  t h e  choice of such  a loga r i thmic  
energy mesh. One of  t h e  most important ones is t h a t  t he  mean d e v i a t i o n  
ang le  is p r a c t i c a l l y  c o n s t a n t  i f ,  a s  h e r e ,  t h e  energy is decreased by a 
cons t an t  f a c t o r ,  This improves t h e  computation e f f i c i e n c y .  We s h a l l  
come back t o  th i s  a s p e c t  below. 

5 :  
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ANGULAR DEFLECTION 

When cons ide r ing  t h e  s p a t i a l  displacements  s u f f e r e d  by t h e  pro ton  
when t r a v e l i n g  down i n  energy between two success ive  energy p o i n t s ,  we 
s h a l l  t r e a t  s e p a r a t e l y  t h e  d e v i a t i o n  of t he  p a r t i c l e  from i t s  i n i t i a l  
d i r e c t i o n .  Moliere has  developed a theory  (2) f o r  c a l c u l a t i n g  t h e  
s t a t i s t i c a l  d i s t r i b u t i o n  o f  d e f l e c t i o n  angles  i n  t h e  m u l t i p l e - s c a t t e r i n g  

! 
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model. Mol ie re ' s  i n i t i a l  work has been improved and extended by Bethe 
( 3 )  and Fano (Y), and we s h a l l  only i n d i c a t e  t h e  l i n e  of reasoning  and 

p r e s e n t  t h e  r e s u l t s .  

The Moliere method produces a d i s t r i b u t i o n  of  angular  d e v i a t i o n s  
t h a t  a r e  coupled t o  t h e  slowing down of  t h e  migra t ing  p a r t i c l e  between 
two given ene rg ie s .  The r e s u l t  i s  an  average over a l l  t h e  p o s s i b l e  
means of l oos ing  t h e  given amount of  energy by a g r e a t  number of e l e c t r o -  
magnetic i n t e r a c t i o n s  w i t h  atoms of  t h e  medium. The angular  d i s t r i b u -  
t i o n  converges t o  t h e  s i n g l e - s c a t t e r i n g  (Rutherford) d i s t r i b u t i o n  a t  
l a r g e  ang le s ,  Bethe ( 3 )  has analyzed t h e  convergence mechanism. He 
shows t h a t  t h e  Moliere d i s t r i b u t i o n  converges t o  t h e  small-angle  
Rutherford s c a t t e r i n g  approximation 

r a t h e r  than  t h e  c o r r e c t  formula 

but  p o i n t s  o u t  t h a t  t h i s  discrepancy is compensated almost e x a c t l y  by 
o t h e r  approximations ( c f .  ( 3 ) ,  page 1263) .  I n  a l l  cases  t h e  d i s t r i b u -  
t i o n  i s  modified a t  small  angles  by t h e  in t roduc t ion  of a "scTeening 
angle"  t o  remove t h e  s i n g u l a r i t y  a t  8 2 n ~  . It may be remarked t h a t  
t h e  Moliere d i s t r i b u t i o n  does not  inc lude  a spin-dependent p a r t  c o r r e s -  
ponding t o  t h e  Mott s i n g l e - s c a t t e r i n g  d i s t r i b u t i o n  

(for s p i n  1/2, c f .  ( l o ) ,  page 64) 

This impl ies  t h a t  t he  Moliere d i s t r i b u t i o n  may f a i l  a t  h igh  ene rg ie s  
where t h e  r e l a t i v i s t i c  c o r r e c t i o n  becomes important .  I t  should be 
pointed o u t ,  however, t h a t  i n  g e n e r a l 0  < < 1 and hence t h e  discrepancy 
is not  s o  s e r i o u s ,  

Moliere in t roduces  a "reduced s c a t t e r i n g  angle"  8 ,  r e l a t e d  t o  
t h e  d e f l e c t i o n  ang lew by t h e  r e l a t i o n  8 = W/X &- e 

d i s t r i b u t i o n  has  t h e  form 
The Moliere 

C 

A(w)dw = 8de {2exp(-e2)  + f'(8)/B + f2(8)/B2+ D e e . . 0  (3-4) 

E 

i 
4 

, *i 

I 

where f (i) (e) a r e  numerical  f u n c t i o n s  t abu la t ed  by Bethe ( 3 )  e 
above t r u n c a t i o n  of t h e  expansion is s u f f i c i e n t  t o  determine t h e  
d i s t r i b u t i o n  f u n c t i o n  t o  b e t t e r  than  1 percen t  a t  any angle  (cf .  

The 

( 3 ) ,  



(3-4) 

page 12601, 

F i r s t  se t  

The f u n c t i o n s  X and B are eva lua ted  i n  t h e  fo l lowing  way: 
C 

xt2 = ~ T N Z ~ ~ ~ / ~ ~ V ~ ~ ( ~ T E ~ ) ~  ( i n  MKSA u n i t s )  (3-5) 
C 

i 

p and v are t h e  r e l a t i v i s t i c  momentum and v e l o c i t y  o f  t h e  p ro ton ,  r e s p e c t i v e l y .  
N is t h e  number of  atoms p e r  u n i t  volume, Z t h e  atomic number of  t h e  scatterer,  
and e t h e  e l e c t r o n  charge.  The product  p2v2 may be  t r a n s c r i b e d  t o  r e a d  

2 
[E + m c 2  - m2c4/"(E + mc2)] 

where E is  t h e  k i n e t i c  energy of  t h e  p a r t i c l e .  
i n t e g r a t i n g  

X is t h e n  ob ta ined  by 
C 

1 

X 2  = J' X f 2 ( E ' >  * / '  I - '  dE' .  
C C 

Ei+l 

(3-7) 

dE ' /ds  may be  computed from t h e  Bethe-Bloch formula Equat ion 2-29, as 
r e q u i r e d  f o r  t h e  c a l c u l a t i o n ,  or ob ta ined  from t a b l e s  of dE/ds ve r sus  energy 
s t o r e d  i n  t h e  computer f o r  t h e  anecj.-fic m a t e r i a l  under c o n s i d e r a t i o n  a 

The v a r i a b l e  B i s  c a l c u l a t e d  from t h e  fo l lowing  r e l a t i o n s  

1 
2 
- 

where f3 = - = [l - m2c'/(E + mc2I2]  c 

and w e  o b t a i n  B from t h e  t r a n s c e n d e n t a l  equa t ion  

i 

C + 1 [ log  c11.30 Z -4/3. l-B B2 1 X2 
7 1  - c - - B 2 )  (3-11) F 2  1.167(X2) Z B - l o g  B l o g  

a 



(3-5) 

4 

which inc ludes  Fano's c o r r e c t i o n  t o  make Mol ie re ' s  formula v a l i d  f o r  
protons ,(l)- 
reproduced i n  r e f .  (1). A graph showing t h e  v a r i a t i o n  of CF wi th  2 
is  presented  i n  f ig . '  1, 

The c o n s t a n t  CF w a s  t aken  from an  e s t ima te  by Fano, 

I n  t h e  computation a f a b l e  t h e  va lues  of Xc and B a t  a l l  E i  
is prepared beyore t h e  s t a r t  o f  t h e  a c t u a l  Monte Carlo procedure,  The 
f i n a l \  s e l e c t i o n  o f  an  angle  8 from t h e  Moliere d i s t r i b u t i o n  could now 
be made i n . t h e  s t r a igh t foeward  , *  way by s o l v i n g  t h e  equat ion 

I e 

71 

where R ( 0 , l )  is a random number, e q u i - d i s t r i b u t e d  on t h e  u n i t  in -krva l .  
This procedure is extremely l a b o r i o u s ,  and we chose an a l t e r n a t i v e  
technique i n s t e a d .  F i r s t ,  we s e t  up a t a b l e  o f  @ -values c o r r e s  onding 

f (2) terms which a r e ,  i n  e f f e c t ,  r e l a t i v e l y  small  c o r r e c t i o n s  This 
t a b l e  is r e a d i l y  cons t ruc t ed  by' a n a l y t i c a l  i n t e g r a t i o n .  The f ( i >  ( e )  
func t ions  a r e  then  i n t e g r a t e d  numerical ly  between 0 and t h e  @-values 
obtained i n  the  previous ope ra t ion .  When an ang le  is s e l e c t e d ,  a t a b l e  
of t h e  f u l l  i n t e g r a l  (with t h e  proper  va lue  of B i n s e r t e d )  is made up 
which con ta ins  the  8-values obtained from t h e  s impl i f i ed  d i s t r i b u t i o n  
but  Lhe g ( 0 )  va lues  co r rec t ed  by t h e  two a d d i t i o n a l  terms. I t  is then  
easy t o  o b t a i n  an  angle  by us ing  a sampled random number and a simple 
t a b l e  look-up and i n t e r p o l a t i o n  technique.  A l l  t he  i n t e g r a t i o n  work 
and t h e  s o l u t i o n  of B is  performed f o r  each energy s t e p  before  t h e  s t a r t  
o f ' t h e  Monte Carlo procedure.  
t o  o b t a i n  t h e  angle  i n  t h e  a c t u a l  Monte Carlo c y c l e  a r e  then  very  r ap id .  

DISTANCE TRAVELED BETWEEN REFERENCE ENERGIES 

t o  the  g ( 8 )  va lues  1/80,, 3/80, 5/80, e .79/80, neg lec t ing  t h e  f ( 9 and 

The c a l c u l a t i o n s  t h a t  remain t o  be made 

The d i s t a n c e  s i  t h a t  a proton t r a v e l s  i n  space s imultaneously a s  it 
is slowed clown be-l-ween two success ive  energy s t o p s ,  E i  and E i + l t  i s ,  
on the average, equal- t o  

( 3-13) 

Because o f  t h e  inhe ren t  fkuc tua t ions  i n  t h e  mul t ip l e  s c a t t e r i n g  process ,  
t he  r e a l  d i s t a n c e s  t r a v e l e d  a r e  d i s t r i b u t e d  accord ing  t o  some s t a t i s -  
t i c a l  d i s t r i b u t i o n  around t h i s  mean, This e f f e c t  is  c a l l e d  s t r a g g l i n g .  
Sternheimer (6) has  s t u d i e d  t h e  phenomenon, and us ing  h i s  r e s u l t s ,  
we o b t a i n  t h e  fo l lowing  r e l a t i o n  f o r  t h e  va r i ance  of t h e  d i s t r i b u t i o n :  

(3-14) 
3- 

(As 2 )i = I -  L ( S  2 ) - ' ( s ) 2  



where me/mp i s  t h e  e l e c t r o n  t o  pro ton  mass r a t i o  and K is a f a c t o r  
t h a t  t a k e s  account of  t h e  e f f e c t s  of b inding  o f  t h e  atomic e l e c t r o n s  
which is important  on ly  f o r  low pro ton  ene rg ie s  ( fo r  A l ,  K=1.33 a t  
2 MeV and K=1.04 a t  1 0 0  MeV), The express ion  f o r  K has been given by 
Bethe ( 7 ) .  Sternheimer i n  (6) p r e s e n t s  t h e  t o t a l  broadness of t h e  d i s -  
t r i b u t i T n  of  d i s t a n c e s  traveTed by protons u n t i l  they  reach 2 MeV (by 
s e t t i n g  t h e  lower energy (Ei+l)  of  t h e  above i n t e g r a l  equal  t o  2 MeV). 

mean ( s  ) and va r i ance  f" As2); samplet. ; f is obtained according t o  i t s  d e f i n i  
The a c t u a l  pa th l eng th  

t i o n ,  uging va lues  of  t h e  s topp ing  power dE/ds from Chapter 7. 

f om a Gaussian d i s t r i b u t i o n ,  w i th  

SPATIAL DISPLACEMENT 

We have now as ses sed  t h e  l e n g t h  of t h e  p a t h  t h a t  t h e  pro ton  t r a v e l s  
between two energy s t o p s  and t h e  d e v i a t i o n  i n  angle  a t  t he  end of a s t e p  
from t h e  d i r e c t i o n  a t  t h e  s ta r t  of  t h e  s t e p .  The d e f l e c t i o n  i n  azimuthal  
angle  can be s a f e l y  taken  as random a s  many d i s c r e t e  c o l l i s i o n s  a r e  i n -  
volved, and no p o l a r i z a t i o n  has t o  be considered.  One assumption has  
t o  be made concerning t h e  p ro jec t ed  l e n g t h  of a pa th  on t h e  i n i t i a l  
d i r e c t i o n  of t h e  p a t i c l e  a t  t h e  s t a r t  of t h e  s p e c i f i c  pa th  (Ai-) 
We fol low Berger (1) and se t  

. 

1 t cos w A% = ( s )  -- 
2 (3-15) 

which can be proved t o  be c o r r e c t  on t h e  average and a l so  i n  t h e  l i m i t  of 
very  small va lues  o f w  , a s  is always t h e  case  i n  our  problems. The 
displacements  a long  two mutually perpendicular  axes  i n  a p lane  normal 
t o  Ai- a r e  taken  a s  (1) 

1 
Aq = $(4)(sin w sin A$ t k ( w 2 / ~ ) '  ' 

Y 
(3-17) 

i 
where A$ is a random as imutha l  ang le  and k, and ky a r e  two uncorre la ted  
numbers picked from a normal d i s t r i b u t i o n  (Gaussian) w i th  mean ze ro  
and var iance  u n i t y .  The formulae were der ived  by Rossi  (10).  

CALCULATION GEmE TRY 

We have o u t l i n e d  t h e  t rea tment  of t he  energy and space displacements  
o f  a proton i n  t h e  slowing-down procedure.  It  is now necessary t o  
specj-fy a geometr ica l  system o f  coord ina te s  i n  which t h e  p a r t i c l e s  a r e  
t o  move. We have chosen a Car t e s i an  (x,y,z) system wi th  t h e  z -ax is  
a long  t h e  d i r e c t i o n  of motion of t h e  pro tons  a t  t h e  beginning of t h e  
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slowing-down process .  The problem geometry considered i n  t h e  p r e s e n t  
ve r s ion  of t h e  r e l a t e d  computer program (see below) is a s o l i d  r o d  w i t h  
e i t h e r  square o r  c i r c u l a r  c ros s - sec t ion .  The source pro tons  a r e  en tered  
i n  t h e  d i r e c t i o n  sf t h e  a x i s  of  t h e  c y l i n d e r ,  uniformly over a c i r c u l a r  
s u r f a c e  of prescr ibed  r a d i u s  centered  on t h e  a x i s  

The r e l a t i o n s  between the  displacements  i n  the  ( 5 ,  q ,  r , )  and the  
(xsy,z)  system of coord ina tes  a r e  obtained from t h e  equat ions  

Ax = -cos 0 i  cos4iAt; t sin$iAq 

Ay -cos 8: sin4iAt; - cos@iAq 

+ s i n e i  cos$. il< 

+ s i n e i  sin$; At; 

( 3-18) 

(3-19 1 
I 

A Z  = si.n +:AC t coseiAr (3-20)  

Here, 8 i  a n d $ i a r e  t h e  angles  of t h e  p a r t i c l e  pa th  wi th  t h e  z -ax is  and of 
t h e  p r o j e c t i o n  of t h e  pa th  on t h e  x-y pl-anc a t  t he  beginning of t h e  i : t h  
s t e p ,  r e s p e c t i v e l y ,  The corresponding angles  at t he  beginning of t h e  
next  s t e p ,  8i+l and $i+l a r e  obtained from t h e  r e l a t i o n s  

cos e = COS 8; COS w + sin 8: sin w cos A@ (3-21) i+l 

e x t r a c t e d  from r e f  (1) 

cos 8 i  COS 8 > / s i n  ei sin e i+l i+l 

(3-22) 

(3-23) 

COMPUTEP. PROGRAM 

A computer program (PROTOS 319 based on t h e  above o u t l i n e ,  has  been 
coded i n  FORTRAN language f o r  t h e  IBM-360/44 computer t o  provide 
energy, d i r e c t i o n ,  and space d i s t r i b u t i o n s  of  escaping pro tons ,  The 
number of  pro ton  h i s t o r i e s  r equ i r ed  t o  o b t a i n  well-converged r e s u l t s ,  
of course ,  v a r i e s  w i th  the  problem, but  it may be s a i d  t h a t  i n  gene ra l  
a t  l e a s t  one thousand h i s t o r i e s  have t o  be run.  

NUCLEAR REACTIONS 

The i n s e r t i o n  of t h e  p o s s i b i l i t y  of nuc lear  i n t e r a c t i o n s  was c a r r i e d  
o u t  i n  PROTOS 111, A s  some of t he  charge p a r t i c l e s  t h a t  may emerge from 
t h e  nucleus a r e  d i f f e r e n t  from p ro tons ,  our t rea tment  had t o  be modified,  
This d id  no t  n e c e s s i t a t e  any major a l t e r a t i o n s .  The t r a n s p o r t  of  t he  



(3 - 8 )  

uncharged p a r t i c l e s  c a l l s  f o r  a d i f f e r e n t  t r ea tmen t ,  bu t  w e l l  e s t a b l i s h e d  
procedures  can  be a p p l i e d  f o r  tha t  case. 

A NOTE ON THE MEAN IONIZATION POTENTIAL 

The mean energy l o s s  by i o n i z a t i o n ,  dE/dX, which is a c r u c i a l  quan- 
t i t y  i n  the model which w e  have app l i ed  depends on t h e  mean i o n i z a t i o n  
p o t e n t i a l  I ,  of t h e  atom o r  molecule. A t a b l e  of recommended va lues  o f  
s topp ing  power for var ious  elements and compounds is  included as a sepa-  
r a t e  chap te r .  
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A PROGRAM SYSTEM FOR SIMULATING THE TRANSPORT OF NEUTRONS 
AND PROTONS AT THE ENERGIES BELOW 400 MEV 

by Mart in  Leimdorfer and George Crawford 

INTRODUCTION 

The PROPER 3B system is a s e r i e s  of  computer codes f o r  t r e a t i n g  
problems of  nucleon t r a n s p o r t  under t h e  in f luence  of nuc lear  as w e l l  a s  
Coulomb f o r c e s .  The e x i s t i n g  ve r s ion  permits  a geometry o f  a homogenous 
rec-tangiil.ar rod  of square  c r o s s  s e c t i o n .  The source  p a r t i c l e s  may be 
composed of an a r b i t r a r y  mixture o f  p ro tons  and neut rons ,  The energy, 
space ,  and d i r e c t i o n a l  d i s t r i b u t i o n  of i n c i d e n t  p a r t i c l e s  may be s e t  
a r b i t r a r i l y  o r  chosen from a few b u i l t - i n  gene ra t ing  f u n c t i o n s ,  The 
energy range of t h e  p r e s e n t  ve r s ion  is  from 0 t o  400 MeV. The o r i g i n a l  
ve r s ions  of t h e  components of t h e  code system have been i n i t i a l l y  developed 
a t  s e v e r a l  i n s t a l l a t i o n s  v i z  Atomic Weapons Research Establ ishment  (AWRE) 
Aldermaston, England Atomic Energy Establ ishment ,  (AEEW) Winf r i th ,  
England ( the neutron c r o s s  s e c t i o n  t a p e s  a t  ene rg ie s  below 1 4  MeV), Oak 
Ridge Nat iona l  Laboratory (ORNL) , Oak Ridge Tenn. (nuclear i n t e r a c t i o n  
d a t a  a t  ene rg ie s  25 - 400 MeV), Research I n s t i t u t e  of Nat iona l  Defense (FOA)? 
Stockholm, Sweden ( p a r t i c l e  t r a n s p o r t  and c r o s s  s e c t i o n  process ing  programs) . 
The complicated t a s k  of modifying and l i n k i n g t h e s e  codes (and i n  some 
cases  modernizing them cons iderably)  w a s  undertaken by Southern Methodist  
Un ive r s i ty  (SMU) Da l l a s  Texas, 

LAY-OUT OF THE PROPER 3B CODE SYSTEM 

Figures  4-1 and 4-2 show flow c h a r t s  which a r e  meant t o  d i s p l a y ,  i n  
a concise  form, t h e  l o g i c a l  sequence of  appearance of t h e  components 
(1 through 13)  of t h e  code system. Components 1 through 7 (see Figure 4-1) 
a r e  t h e  p o r t i o n  of  t he  system used t o  compute t h e  d a t a ,  underlying t h e  
handl ing of nuc lear  i n t e r a c t i o n s  i n  t h e  high-energy p a r t  of t h e  c a l c u l a -  
t i o n  (400 MeV - 25 MeV). The bas i c  development of t h i s  p a r t  w a s  performed 
a t  Oak Ridge Nat iona l  Laboratory.  

Nuclear Evaporation and Cascade Ca lcu la t ions :  

F u l l  d e s c r i p t i o n s  of t h e  techniques used i n  t h e  boxes l abe led  l a  and l b  
of Figure 4-1, a r e  given by B e r t i n i  (1) and Leimdorfer and Barish (2), 
r e s p e c t i v e l y .  

CASEVA 

The CASEVA program as w r i t t e n  by. A ,  Henriksson and A .  Ottosson (3) i s  
used t o  e d i t  t h e s e  d a t a  i n  a form s u i t a b l e  f o r  a p p l i c a t i o n  t o  t h e  PROPER 
3 B  system, The CASEVA code produces a magnetic t a p e ,  3,  f i l l e d  wi th  
nuc lear  i n t e r a c t i o n  d a t a  f o r  t h e  elements 6 ,  0 ,  A l ,  C r ,  Cu, Ru, Ce, 
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W,  Pb, and U - 2 3 8 .  If more elements a r e  t o  be added, they  must be 
l i s t e d  i n  the proper  sequence of i nc reas ing  va lue  of 2.  These d a t a  
a r e  used t o  i n t e r p o l a t e  d a t a  f o r  o t h e r  elements w i th  atomic masses 
i n  t h e  range from 12 through 238, u s ing  t h e  method of  Leimdorfer and 
Barish (2) .  I n  t h e  p r e s e n t  v e r s i o n  o f  t h e  PROPER system, elements 
i n  t h e  range from 2 through 11 cannot be handled. The d a t a  f o r  
hydrogen were taken  from t h e  compilat ion of  B e r t i n i  (4). 

3 .  High energy nuc lear  d a t a  t a p e ,  3,  con ta ins  a l l  t h e  information pro-  
duced i n  t h e  components 1 and 2 of  t h e  PROPER 3B program, 
(binary) is t h e  tape  w r i t t e n  by t h e  CASEVA program. 

This MTAPE 

4. INTPOL 

The INTPOL program, 4, o r i g i n a l l y  w r i t t e n  by A ,  Ot tosson and modified 
by E. Helwig, performs t h e  i n t e r p o l a t i o n  t o  c r e a t e  an In te rmedia te  Data 
Tape from MTAPE 3 t o  be used a s  input  t o  t h e  REDIG program., INTPOL 
can  perform t h r e e  k inds  of  func t ions :  

a .  Crea te  d a t a  o r  an  element no t  p re sen t  on MTAPE 3 by l i n e a r  
i n t e r p o l a t i o n  between two elements t h a t  a r e  on MTAPE 3,  

b. Copy d a t a  from MTAPE 3 t o  an In te rmedia te  Data Tape. To use 
t h e  copy f e a t u r e ,  s e t  20 = 2 1  = ZNEW and AA = A 0  # A l ,  

c .  Skip t o  t h e  end of e x i s t i n g  in t e rmed ia t e  d a t a  t ape  i n  o rde r  
t o  add more d a t a  t o  it. To s k i p ,  s e t  20 = t h e  i d e n t i f i c a t i o n  
of  t h e  element on t h e  in t e rmed ia t e  d a t a  t a p e  beyond which one 
wishes t o  sk ip .  S e t  A0  = a negat ive  number. Ignore a l l  o t h e r  
i tems i n  Card B. 

INTPOL Input  uses  two ca rds  having t h e  fo l lowing  form: 

a b c d e  
Card A: Format (15, 15,  15, 15, 15) 

a .  NUMBER: The number of  elements f o r  which d a t a  a r e  reques ted  

b. KTAPE: The l o g i c a l  number assigned t o  t a p e  1. 
c c  LTAPE: The l o g i c a l  number assigned t o  t a p e  2, 
d ,  MTAPE: The l o g i c a l  number ass igned  t o  t h e  inpu t  tape .  
e .  NTAPE: The l o g i c a l  number assigned t o  t h e  ou tpu t  t ape .  

i n  t h e  run. 

Card B: ( t o  be repea ted  f o r  each element f o r  which d a t a  should be 
produced i n  t h e  run)  

a b C d e f g  
Format (Ah, F10.0, A4, F10.0, A4, FlO,O, A 4 )  

i 

a .  20: The atomic number of  t h e  l ighter  element of those  
used i n  t h e  inpu t .  



b.  AO: The atomic weight 
c .  21: The atomic number 

those  used i n  t h e  
d. Al: The atomic Weight 
e .  ZNEW: The atomic number 

f .  AA: The atomic weight 

g.  ELMENT: Alphanumeric name 

(20 < ZNEW < 21) 

(A0 c AA < Al) 

This ca rd  may be r epea ted  a s  many 
ca rd  informs INTPOL t h a t  t h e r e  i s  

of  t h e  element under a .  
of t h e  heavier  element of 
i n p u t .  
of t h e  element under c .  
o f  t h e  new element. 

of t h e  element under e .  

of t h e  new element. 

t imes as des i r ed .  An End-Block 
no more da t a .  

Input  Tape 
MTAPE (binary) i s  t h e  t a p e  w r i t t e n  by t h e  CASEVA program 2. 
INTPOL Output Tape: NTAPE (binary) 

MTAPE and NTAPE con ta in  two records  f o r  each element. The f i rs t  
record  conta ins :  

MTAPE 1 NTAPE 
Z ZNEW : The atomic number of t h e  element reques ted .  

The second r eco rd  conta ins :  

MTAPE NTAPE 

ELMENT ELMENT: 
BTABNY: 

ATAB ATABNY:’ 
FACT FAC TNY : 

The atomic weight.  
The name of t h e  element reques ted .  
The energy of  evaporat ion p a r t i c l e s  i n  MeV. 
Cosine f o r  t h e  s c a t t e r i n g  angle .  
E/Eo i n  sampling vec to r .  

NSPENY: 

NSPE SIGMA I SIGMNY; 

Dimensions of Arrays: 

The number of secondary cascade p a r t i c l e s  per  
r e  a c t  i on  
The number of secondary evaporat ion p a r t i c l e s  
per  r e a c t i o n  
C r o s s  s e c t i o n s  ( i n  b a r n s ) .  

9 2 1  2 2 

9 1 1  2 2 

9 11 41 2 2 

9 2 2  

BTAB (JE, I, I N ,  UT) 

ATAB (JE, I ,  I N ,  UT) 

FACT (JE, L, I ,  I N ,  UT) 

NS PK (JE, I N ,  UT) 
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NS PE (JE, I N ,  UT) 

JE: Number of  argument energy p o i n t s  (9X. 

I: Number of va lues  per  I N  - UT-combination and energy group. 

L: Number of cos ine  va lues  per  I N  - UT-combination and energy 
group - 

I N :  The incoming p a r t i c l e  i s  a proton i f  I N  = 1, i f  I N  = 2 t h e  incoming 
p a r t i c l e  i s  a neutron.  

UT: The secondary p a r t i c l e  i s  a pro ton  i f  UT = 1, Tf UT = 2 t h e  
secondary p a r t i c l e  i s  a s n e u t r o n .  

Subroutine RESTO s e t s  a d e s i r e d  va lue  (a) i n  t h e  vec to r  A wi th  
l e n g t h  b. RESTO i s  c a l l e d  by t h e  s ta tement  CALL RESTO (A, a . ,  b) 

INTPOL p r i n t s  p a i r s  of numbers while  reading  t h e  d a t a  t a p e .  The f irst  
number i s  t h e  2 of t h e  element j u s t  r ead ,  t h e  second number i s  t h e  2 
of t h e  element it i s  sea rch ing  t h e  t ape  t o  f i n d .  

INTPOL p r i n t s  t h e  symbols, INTPOL TERMINATED NORMALLY, when t h e  program 
has completed a success fu l  run .  

5 .  BINOUT 

The BINOUT program, 5 ,  w r i t t e n  by A. O t tos son ,ed i t s  d a t a  t apes  
i n  a decimal form s u i t a b l e  f o r  checking. I t  i s  a FORTRAN I V  program 
t h a t  produces e d i t e d  decimal l i s t i n g s  of t h e  t a p e s  w r i t t e n  by t h e  
programs CASEVA, 2, INTPOL, 4,  and REDIG, 6 .  

The inpu t  ca rd  con ta ins  t h e  fol lowing information.  
a b C d e f 

Format (110, 110,  110 ,  110, 110, 110) 

a .  Number: Number of elements o r  mixtures f o r  which d a t a  a r e  

b .  IBTAB: Number of BTAB iralues (p re sen t ly  always equal t o  21).  
c .  IATJLB.: Number o f  ATAB vq&ues (p re sen t ly  always equal -tta 11). 
d. IFACT: Number of FACT va lues  (p re sen t ly  always equal  t o  41). 
e .  MTAPE: Logical  number assigned t o  inpu t  t a p e  f o r  t h i s  program. 
f .  NAME: An i n t e g e r  which i s  equal t o  0 when CASEVA or  INTPOL 

t o  be l i s t e d .  

t apes  a r e  handled. 

The p r i n t - o u t  provided by BINOUT i s  arranged a s  follows: 
a b C 

A. Heading: Format (A.4, F10.5, A4) 



a. 2: Atomic number o r  o t h e r  i d e n t i f i c a t i o n  number, 
b .  ATOMV: Atomic weight o r  d e n s i t y .  
c ,  ELEMNT: N a m e  given the element or compound. 

B. BTAB: Format (1P 4E20.7) 
Table of  equiprobable  ene rg ie s  of  evapora t ion  p a r t i c l e s  arranged 
i n  order  of i n c r e a s i n g  va lues .  Four columns a r e  given on each 
p r i n t e d  page. 
F i r s t  column: pro ton  i n ,  p ro ton  o u t  
Second dolumn: neutron i n ,  p ro ton  ou t  
Third column: pro ton  i n ,  neutron ou t  
Fourth column: neutron i n ,  neutron o u t  
Every argument energy p o i n t  corresponds t o  2 1  l i n e s .  

C .  ATAB: Format (1P 4E20.7) 
Table of  cos ines  f o r  t h e  s c a t t e r i n g  angles  arranged a s  descr ibed  
under B .  
Every argument energy p o i n t  corresponds t o  11 l i n e s .  

D .  FACT: Format (1P 4E20.7) 
Table of  equiprobable  va lues  o f  E/EQ3 amanged i n  order  o f  
i n c r e a s i n g  s c a t t e r i n g  angle  and o f  i n c r e a s i n g  energy. 
of columns according t o  B. Every group of cons t an t  s c a t t e r i n g  angle  
c o n s i s t s  of 41 l i n e s  and every group of  cons t an t  energy c o n s i s t s  
o f  451 l i n e s .  

Arrangement 

E .  NSPK: Format (1P 4E20.7) 
Table of t h e  number of  secondary cascade p a r t i c l e s  arranged i n  
order  o f  i n c r e a s i n g  energy, Arrangement o f  coiumns according 
t o  B .  Every argument energy p o i n t  corresponds t o  one l i n e .  

F. NSPE: Format (1P 4E20.7) 
Table of  t h e  number of  secondary evaporat ion p a r t i c l e s  arranged 
a s  descr ibed  under E.  

G ,  SIGMA: Format (1P 2E20.7). 
Table of  c r o s s  s e c t i o n s  ( i n  barns)  arranged i n  order  of i n c r e a s i n g  
energy. Two columns a r e  given.  
F i r s t  column: incoming p a r t i c l e  = proton  
Second column: 
Every argument energy p o i n t  corresponds t o  one l i n e .  

incoming p a r t i c l e  = neut ron  

When l i s t i n g s  o f  t a p e s  w r i t t e n  by programme REDIG, SIGMA i s  changed 
t o  LAMBLA (H) and PH i s  inc luded  (I). 

H. LAMBLA: Format (1P 2E20.7) 
Table of mean f r e e  p a t h s  (cent imeters)  arranged a s  descr ibed  
under G .  

I. PH: Format (1P 2E20.7) 
Table of p r o b a b i l i t i e s  f o r  i n t e r a c t i n g  wi th  hydrogen arranged 
a s  descr ibed  under G .  
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6, REDIG 
The REDIG, program produces t h e  f i n a l  d a t a  t a p e ,  7 ,  t o  be used 
i n  t h e  p a r t i c l e  t r a n s p o r t  s imula t ion .  The program was w r i t t e n  
by A. Ot tosson and modified by E. Helwig. The d a t a  f o r  p e r t i n e n t  
elements,  which i s  produced by e i f h e r  t h e  CASEVA 2 or  INTPOL 4 
program i s  used a s  i n p u t .  The program then  computes da t a  f o r  a 
mixture o r  compound, w i th  given composition and d e n s i t y ,  c o n s i s t i n g  
of  from one t o  f i v e  elements.  
t o  i n c r e a s e  t h e  number of elements t o  be used i n  a compound o r  
mixture.  

The program can-be r e a d i l y  extended 

Cross  s e c t i o n s  ( i n  barns)  f o r  proton-proton and neutron-proton 
i n t e r a c t i o n s  a t  n ine  argument ene rg ie s  (25, 50, 1 0 0 ,  ,50, 200, 250, 
300, 350, 400 MeV) i n  order  of i n c r e a s i n g  energy. The f i r s t  s e t  of  
n ine  numbers a r e  p-p d a t a  and t h e  second s e t  of  n ine  numbers a r e  n-p 
d a t a .  The fo l lowing  va lues  a r e  i n  a d a t a  s ta tement  ( taken from r e f .  4 
of t h e  main t e x t ) :  0.14; 0.06;  0.028; 0.025; 0.024; 0.024; 0.024; 
0.024; 0.024; 0.4; 0.18; 0.073; 0.052; 0.044; 0.038; 0.035; 0.034; 
0.033. 

Input  (compare inpu t  t o  INTPOL program) : 

Card A: Format (15, 15 ,  15, 15) 
a b c d  

a .  Number: The number of  compounds or  mixtures  f o r  which d a t a  
a r e  reques ted  i n  t h e  run .  

b. KTAPE: The l o g i c a l  number ass igned  t o  t a p e  1. 
c .  LTAPE: 
d. NTAPE: i r  i r  11 11 

rr 11 11 rr rr i t  2. 
I' output  t ape .  

a b C d e f g  h i j 
Card B: Format (Ab, F10.0,  A4, F10.0, A4, F10.0, A4, F10.0, A4,  F10.0) 

a .  20: The atomic number of  element 1. 
b. NA: Number of  n u c l e i  pe r  u n i t  volume of element 1 ( i n  

n u c l e i  pe r  cm3 x 10-24). 

c .  z1: a .  

d. NB: b. 
Same a s  b u t  f o r  element 2. 

e .  22: a .  

f .  NC: b. 
Same a s  b u t  f o r  element 3. 

g. 23: a.  

h.  ND: b .  

i. 24: a .  

j .  NE: b. t h i s  element i s  hydrogen). 

Same a s  b u t  f o r  element 4. 

Same a s  b u t  f o r  element 5 (if  hydrogen i s  p r e s e n t ,  

i 

i 
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i '  
. .3 

a b c d e  
Card B l :  Format (F10.0, F10.0, 15,  A4, A4) 

a .  NH: Number of hydrogen n u c l e i  per  u n i t  volume ( i n  
nuclei/cm3 x 
(or b l ank) .  If NH # 0 ,  NH must be s e t  equal  t o  

NE of ca rd  B. 
b. DENSIT: Density of medium (grams per  cm3) ; only f o r  i d e n t i -  

f i c a t i o n  purposes.  
c .  NR: Number o f  elements i n  t h e  compound o r  mixture under 

cons ide ra t ion ,  excluding hydrogen. (E.g. f o r  NaOH, 

If no hydrogen, NH = 0 

NR = 2.) 
d. IDENT: I d e n t i f i c a t i o n  number of t h e  new mater ia l :  
e .  ELEMENT: Name o r  formula of t h e  new m a t e r i a l .  

Card B must be given f o r  each m a t e r i a l  t o  be considered i n  one run .  
I t  may be repea ted  f o r  a s  many m a t e r i a l s  as  d e s i r e d . '  Considerable 
running t ime can be saved by p u t t i n g  t h e  elements used t o  de f ine  each 
new m a t e r i a l  (21, 22, . . .) i n  i n c r e a s i n g  order  of 2 on Card B. 

The Input  Tape i s  t h e  MTAPE (binary) ob ta ined  as  output  from 
CASEVA 2 o r  INTPOL 4 programs. The Output Tape, NTAPE 2, (binary) , 
c o n s i s t s  of  two Tecords f o r  each m a t e r i a l .  The f i rs t  one con ta ins  t h e  
i d e n t i f i c a t i o n  number , IDENT, 05 t h e  m a t e r i a l .  
The second r eco rd  c o n t a i n s ,  

DENSIT: The d e n s i t y  of  t h e  m a t e r i a l  (as given i n  input )  e 

ELMENT: The name o r  formula of t h e  m a t e r i a l  (as  given i n  i n p u t ) .  
BTABNY: Equiprobable ene rg ie s  ( i n  MeV) of evaporat ion p a r t i c l e s .  
ATABNY: Equiprobable cos ines  o f  cascade p a r t i c l e  d e v i a t i o n  angles .  
FACT : Equiprobable va lues  of normalized energy (E/Eo) for 

cascade p a r t i c l e s .  
NSPKNY: Number of cascade p a r t i c l e s  pe r  c o l l i s i o n .  
NSPENY: Number of evaporat ion p a r t i c l e s  pe r  c o l l i s i o n .  
LAMBLA: Mean-free-paths ( i n  cent imeters )  . 
PH : P r o b a b i l i t i e s  f o r  hydrogen i n t e r a c t i o n .  

Dimensions of Arrays: 

i 
. .i 

t 

9 2 1 2  2 
BTABNY (JE, I, I N ,  UT) 

9 1 1 2  2 
ATABNY (JE, I ,  I N ,  UT) 

9 11 41 2 2 
FACT (JE, I, L, I N ,  UT> 

9 2 2  
NS PKNY (JE, I N ,  UT) 

9 2 2  
NSPENY (JE, I N ,  UT) 
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LAMBLA (JE, IN) 

JE: Number of energy groups. 
I: 
L: 
I N  

UT: The secondary p a r t i c l e  i s  a pro ton  i f  UT = 1, i f  UT = 2 t h e  secondary 

Number of va lues  pe r  I N  - UT-coinbination and argument energy. 
Number of cos ine  va lues  pe r  I N  - UT-combination and argument energy. 
The incoming p a r t i c l e  i s  a pro ton  i f ' I N  = 1, i f  I N  = 2 t h e  incoming 
p a r t i c l e  is a neutron.  

p a r t i c l e  i s  a neutron.  

The subrout ine  RESTO is  c a l l e d  by t h e  s ta tement  CALL RESTO (A, a . ,  b ) .  
I t  s e t s  a d e s i r e d  va lue  (a) i n  t h e  vec to r  A wi th  l e n g t h  b. 
When t h e  program is complete, a p r i n t o u t ,  REDIG TERMINATED NORMALLY, 
i s  typed ou t .  

7. F i n a l  High-Energy Nuclear Data Tape: 
The output  t a p e  from REDIG, NTAPE 7 ,  con ta ins  t h e  d a t a  i n  t h e  form 
necessary f o r  i npu t  i n t o  t h e  PROTOS I11 Monte Carlo program g 
The PROPER 3B code package con ta ins  magnetic t a p e s  f o r  t h e  elements 
C, A l ,  S i ,  CU, Fe, and Pb with n a t u r a l l y  occur r ing  d e n s i t i e s .  
I n  a d d i t i o n ,  t apes  a r e  provided f o r  t h e  mixtures  given i n  Table 4-1. 

Table 4-1 

L i s t  o f  element mixtures f o r  which high-energy nuc lea r  d a t a  a r e  provided 
i n  t h e  PROPER 3 B  code package 

Name Chem. symbol Density NO. of atoms per  cc  10-24 

Water H20 
(grams/cc) H e N 0 
1 . 0  0.067 0 0 0.0335 
0.95 0.08174 0.04087 0 0 
0.915 0.07873 0.03936 0 0 

Polythene 11 I CH2 I t  

Nylon C 1 2  H22 0 2  N 2  1.1399 0.06683 0.02083 0.06074 0.006076 
Tissue "627 H 2 1  0 N" 1.0999 0.0371 0.04769 0.00176 0.00177 
Luc i t e  c 5  H8 02 1.1892 0.0573 0.03581 0 0.01433 

1 
i 
i 

r 
.J 

Any o t h e r  elements (having masses between t h e  range of 1 2  and 238) 
or mixtures  u s i n g  hydrogen and t h e  above elements can be used i n  t h e  
PROTOSIII program. 
fo l lowing  t h e  above i n s t r u Q t i o n s .  

Data f o r  t h e  NTAPE 7 f o r  t h e s e  would be c r e a t e d  by 

! 



8 .  Source 

- .  
3 
3 

The SOURCE program, w r i t t e n  by Claes Johansson, u ses  t h e  d i s t r i b u t i o n  
of p o s i t i o n s ,  ene rg ie s ,  and d i r e c t i o n s  of e n t r y  f o r  bo th  neut rons  
and pro tons  a s  suppl ied  by t h e  u s e r .  I n  t h e  program PROTOS 3 a 
dummy subrout ine  SOURCE(NT) i s  c a l l e d  a s  one way of gene ra t ing  
source p a r t i c l e s  f o r  t h e  program. However, t h e  u s e r  of  PROTOS 
can supply h i s  own program SOURCE(NT) and t h i s  is w r i t t e n  t o  c l a r i f y  
t h e  format .  The argument of t h e  subrout ine  NT means t h e  t o t a l  
number of  source p a r t i c l e s  and i s  normally r e a d  by PROTOS and supp l i ed  
t o  source ,  b u t  it can be changed by source.  

The source r o u t i n e  g ives  t h e  p a r t i c l e s  as  NT r e c o r d s ,  each conta in-  
i n g  12 d a t a  i n  t h e  fo l lowing  order:  

MS 

X 
Y 
z 
SLAT = 1 
CTH 
S TH 
CFI 
SFI 
NP 
E 
N S  OU 

index of p a r t i c l e  energy i n  energy s c a l e ,  i f  p a r t i c l e  energy 
i s  EO (see below) then MS = 1. 

Coordinates ,  The PROTOS body is  s t and ing  
on X, Y p lane  wi th  t h e  Z-axis a s  a c e n t e r .  
a t  p r e s e n t ,  w i l l  become p a r t i c l e  weight.  
Cos(8) p o l a r  angle  (with Z-axis) 
S i n @ )  
C o s @ )  azimuthal angle  ( i n  X-Y plane)  
S i n  (a) 
= 1 f o r  a pro ton ,  = 2 f o r  a neutron.  
energy (EK(MS) >'E > EK(MS + 1) d e f i n e s  MS 
Number o f  source p a r t i c l e  (1, 2 . .  .NT) 

The information t h a t  might be needed t o  w r i t e  SOURCE i s  i n  COMMON/MAIN/ 
which f o r  t h i s  purpose looks l i k e  t h i s  

COMMON/MAIN/EK(lOO) DUMMY l (510)  M, Ru, Du, NT, I G ,  DLlMMY2(5) , EO 

EK main energy s c a l e  down from EO = EK(1) t o  EK(M) 
RU r a d i u s  o r  h a l f  s i d e  of PROTOS body 
DU l eng th  of body 0 < 2 < DU 
I G  = 1, square c r o s s e c t i o n ,  = 0 c i r c u l a r  c r o s s e c t i o n  
EO h ighes t  p o i n t  on energy s c a l e ,  u s u a l l y  source energy, 

The SOURCE r o u t i n e  should genera te  a l l  p a r t i c l e s  a t  one a c t i v a t i o n  
and p l ace  them on symbolic u n i t  1 0  and need n o t  rewind t h e  u n i t .  

A number of simple source d i s t r i b u t i o n s  a r e  a l ready  b u i l t  i n t o  
t h e  PROTOS 3 Monte Carlo program i t s e l f  t o  provide f o r  some f r e q u e n t l y  
occurr ing ,  monoenergetic d i s t r i b u t i o n s  of e n t r y  (narrow beam, c e n t r a l l y  
i n c i d e n t  on p lane  s u r f a c e  a t  r i g h t  angles  wi th  t h e  s u r f a c e ,  perpendic- 
u l a r l y  i n c i d e n t  p a r t i c l e s  uniformly d i s t r i b u t e d  over one p lane  e x t e r i o r  
s u r f  ace) . 
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9 .  The PROTOS I11 program, w r i t t e n  by @. Johansson, a ided  by 
E.  K.  Helwig, i s  a modified ve r s ion  of t h e  o r i g i n a l  PROTOS 
program. Its t h e o r e t i c a l  d e s c r i p t i o n  i s  given i n  Chapter 3. 
The main f e a t u r e s  of the PROTOS 111 program a r e  t h a t  e x c i t a t i o n ,  
i o n i z a t i o n ,  Coulomb s c a t t e r i n g ,  range s t r a g g l i n g  and nuc lear  
i n t e r a c t i o n s  a r e  a l l  inc luded  i n  t h e  handl ing  of  pro ton  t r a n s -  
p o r t .  The neut ron  t r a n s p o r t  p a r t  is a s t r a igh t - fo rward  ex tens ion  
s i m i l a r  to t h e  SUPER B program, 1 0 .  Data f o r  nuc lear  i n t e r a c t i o n s  
a r e  obta ined  from t a p e  7 .  The r e s u l t s  a r e  compiled on a biogra-  
phy t ape  to be used f o r  coupl ing  t h e  high-energy t r a n s p o r t  p a r t  
of t h e  code system i n t o  t h e  low-energy p a r t .  A s t a t i s t i c a l  ana l -  
y s i s  of t h e  high-energy r e s u l t s  may be performed s e p a r a t e l y ,  
u s ing  t h e  program PROUT 2 ,  11. 

The computer program i s  w r i t t e n  i n  FORTRAN I V  language f o r  t h e  
IBM 360/44 computer. The fo l lowing  information i s  given on inpu t  
d a t a  p repa ra t ion  and on t h e  i n t e r p r e t a t i o n  of t h e  ou tpu t .  

a .  Main program 

The main program i s  l a b e l l e d  PROTOS. Its purpose i s  t o  c a l l  
t h e  va r ious  sub rou t ines .  

b .  Subrout ines  

PDATA. This  sub rou t ine  r eads  t h e  phys ica l  data., i . e .  source 
energy (Eo), cu t -o f f  energy (En) .) atomic numberP of t h e  slow- 
ing-down medium (2) e t c .  The t a b l e  of (dE/pdx)i i s  a l s o  
r ead .  A t a b l e  of energy p o i n t s  between source  and cu t -of f  
ene rg ie s  i s  prepared i n  one of t h r e e  ways. For each energy 
s t e p ,  fou r  i n t e g r a l s  a r e  eva lua ted  by Gaussian i n t e g r a t i o n ?  
g iv ing  va lues  of [sli, x2 o )  [AS'] and l o g  [xi]? which a r e  
used t o  produce t h e  f o u g y b b l e s  of  [si], x c d i ,  [As2] and 
B i .  
i s  t h e  f i f t h  t a b l e ,  

A t a b l e  of t h e  mean square p o l a r  d e v i a t i o n  angle  (w') 

GDATA. This  sub rou t ine  r eads  d a t a  s p e c i f y i n g  t h e  geometry 
of t h e  problem under cons ide ra t ion .  The number of pro tons  
to be fol lowed i s  a l s o  r e a d  he re ,  No c a l c u l a t i o n  i s  under- 
taken - 
_I GEO, 
ways o r  by a customer supp l i ed  r o u t i n e  SOURCE. The source 
p a r t i c l e s  a r e  a l l  generated a t  t h e  s t a r t  and p u t  on a d i s k  
t ape .  The p a r t i c l e s  can be pro tons  and neut rons .  The source 
t a p e  i s  r e a d  and t h e  p a r t i c l e s  a r e  moved geometr ica l ly  and 
in energy. If a nuc lea r  i n t e r a c t i o n  occurs  t h e  d a t a  a t  the 
i n s t a n t  be fo re  t h e  c o l l i s i o n  i s  p u t  on a f i l e  1. When a l l  
source p a r t i c l e s  of one k ind  have been t r e a t e d ,  a c a l l  i s  

The source p a r t i c l e s  can be generated i n  two s p e c i f i e d  

t 
! _ *  

1 .__., 

t 
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made on t h e  r o u t i n e  GENU. This r o u t i n e  gene ra t e s  secondary 
p a r t i c l e s  of bo th  k inds  and p u t s  t h e  neut rons  on f i l e  2.  
and pro tons  on f i l e  3 .  A t  t h e  r e t u r n  from GENU t o  GEO t h e  
r e l e v a n t  one of  t h e  f i l e s  2 and 3 a r e  rewound and used a s  
source f i l e .  This  can genera te  new t e r t i a r y  p a r t i c l e s  and so 
on. One keeps t r e a t i n g  p a r t i c l e s  of  one k ind  a s  long  a s  
p o s s i b l e .  This i s  i n  a n t i c i p a t i n g  t h e  t ime when t h e r e  w i l l  
be room i n  t h e  co re  s to rage  only f o r  nuc lea r  d a t a  f o r  one k ind  
of  i n p u t  p a r t i c l e .  
The r o u t i n e  GEO a l s o  makes c a l l s  on STATI and OUT. 

- STATI i s  c a l l e d  a f t e r  each geometr ica l  move and t e s t s  i f  t h e  
p a r t i c l e  has  l e f t  t h e  p i ece  of ma t t e r .  It  a l s o  p l a c e s  d a t a  
on t h e  ou tpu t  b ina ry  t ape .  An e n t r y  OUT i s  t h e  u s u a l  p l a c e  t o  
c a l l  when d a t a  i s  p u t  on t h e  output  t a p e .  See d e s c r i p t i o n  
of  ou tput  t ape .  

RANDOM and RNORM g ive  t h e  random numbers. 

GENU i s  t h e  r o u t i n e  t h a t  genera tes  t h e  p a r t i c l e s  a f t e r  nuc lear  
i n t e r a c t i o n s ,  Data be fo re  t h e  c o l l i s i o n  a r e  r e a d  from f i l e  1 
and secondary pro tons  a r e  p u t  on f i l e  3 and neutrons on f i l e  2 .  

SOURCE i s  u s u a l l y  a dummy r o u t i n e  b u t  t h e  use r  can supply 
a r o u t i n e  t h a t  g ives  a r b i t r a r y  source p a r t i c l e s .  

- PUT i s  a b locking  program. 

IBAN i s  a block DATA r o u t i n e .  

c .  Desc r ip t ion  of i n p u t  d a t a  

Main program reads  an i n d i c a t i o n  I, farmat  (15) 

I = 1 c a l l s  PDATA and r e t u r n s  t o  MAIN 
I = 2 c a l l s  GDATA and r e t u r n s  t o  MAIN 
I = 3 ca l l s  GEO and r e t u r n s  t o  MAIN 
I = 6 r e a d s  40 c h a r a c t e r s  t h a t  a r e  ou tpu t  when GEO begins  

I = 8 ,  9 o r  1 0  must be used t o  s t o p  t h e  run  s o  as t o  p u t  an end 
and can be used as t i t l e .  

mark on t h e  b ina ry  output  t a p e .  

PDATA 
The f i rs t  ca rd  con ta ins  s i x  d a t a ,  format (2F5.0, 215, F5.0, 
15 ,  28X, A4) 

EO = Source energy i n  Mev 
RO = Densi ty  i n  g r a m s  p e r  cc  
N = Number of arguments i n  t h e  t a b l e  of s topping  power 

M = Number of  energy p o i n t s  i n  slowing down (M< 100) 
ES = cu t -o f f  energy i n  MeV 
KE = I n d i c a t o r  f o r  k ind .o f  energy s c a l e .  KE = 1 gives  

(N 6 200) 

M - 1  l oga r i thmic  s t e p s  between EO and ES. KE = 2 
g ives  M - 1  l i n e a r  s t e p s  and KE = 3 means t h a t  t h e  
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energy s c a l e  i s  suppl ied  a s  d a t a .  
TEXT = Two c h a r a c t e r s  i d e n t i f y i n g  m a t e r i a l .  

The second ca rd  con ta ins  four  d a t a ,  format (2F5.0, 20X, 216) 
2: Atomic number of s c a t t e r i n g  atoms (or charge number 

of molecules) .  
CF: Constant parameter ( f i g .  6 ) .  

U N I F :  S t a r t i n g  value f o r  random uniform numbers. 
RAN: S t a r t i n g  value f o r  random normal numbers, 

The t h i r d  ca rd  con ta ins  one d a t a ,  format (F10.0) t h e  atomic 
(or molecular) weight 
The next  ca rds  con ta in  a s e r i e s  of v e c t o r s ,  each vec to r  begin- 
n inp  on a new ca rd ,  The format i s  (7F10.0) throughout ,  

EN: N arguments ( i n  MeV) f o r  s topping  power t a b l e  
(ENi < ENi+l) e 

DES: N va lues  of t h e  s topping  power ( i n  grams per  cc) 
given a t  t h e  arguments EN and i n  t h e  same order  a s  EN. 
If KE = 3 t h e r e  fol low ca rds  f o r  energy s c a l e  EK, 
M va lues  and EK(1) > EK ( I + l )  and EO should be EK(1) 
and ES should be EK(M), 

PDATA does no t  r ead  any more d a t a  from t h e  system inpu t  bu t  
does r ead  nuc lear  d a t a  from a b inary  d a t a  t ape .  This b inary  
t a p e  w i l l  have been prepared before  o f f l i n e ,  The t ape  con ta ins  
nuc lear  d a t a  for t h e  s p e c i f i c  composition t h a t  one wants t o  
use .  The f i r s t  t h r e e  va lues  from t h e  t a p e  a r e  z t h e  nuc lear  
charge,  A t h e  atomic weight,  and t h e  name of t h e  composition.. 
This i s  w r i t t e n  on t h e  system output  a s  an i n d i c a t i o n  of which 
t ape  t h e  opera tor  has  p u t  on. 

GDATA r eads  j u s t  one card ,  format (2F10.0, 2110). 
DU = Tota l  rod  l eng th  i n  cm, 
RU = Cylinder r a d i u s  o r  h a l f  square s i d e  i n  cm, 
I G  = 0 c y l i n d r i c a l  c ros s - sec t ion ,  = 1 square c ros s - sec t ion .  
NT = Number of source p a r t i c l e s .  

- GEO r eads  an i n d i c a t o r  ISO, format (15) I f  IS0 = 4 GEO w i l l  
c a l l  SOURCE t o  g e t  source p a r t i c l e s ,  IS0 = 1 gives  source 
p a r t i c l e s  i n c i d e n t  a t  r i g h t  angles  t o  t h e  inpu t  su r face  and 
along t h e  a x i s ,  IS0 = 2 g ives  inpu t  a t  r i g h t  angles  t o  t h e  
i n p u t  f a c e  b u t  randomly over t h e  su r face .  
If IS0 # 4, GEO w i l l  r e a d  a ca rd ,  format (7F10-0) f o r  PAC 
which i s  t h e  f r a c t i o n  of neutrons t h a t  i s  wanted i n  t h e  
source p a r t i c l e s  a 

d e  Descr ip t ion  of Output 

The output  s tar ts  by reproducing t h e  phys ica l  da t a .  The suc- 
ceeding columns, l a b e l l e d  EK, Ids, and PRO con ta in  

(1) the  M energy va lues  f o r  t h e  slowing down formalism 
(denoted E i  i n  chapter  3) 

t 

i 
..i 

i 
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(2) M corresponding vaJues of [si] (see equat ion 3-13),  and 
( 3 )  M va lues  of ([As21i5 (see equat ion 3-14). 

Then t h e  remainder of t h e  inpu t  d a t a  i s  reproduced. 
GEO p u t s  ou t  w h a t  s o r t  of source p a r t i c l e s  it works on: t h e  
s t a r t e d  ones or  secondary ones.  One can a l s o  see  t h e  number 
of secondary p a r t i c l e s  t h a t  a r e  generated from t h e  nuc lear  i n t e r -  
a c t i o n s  ( c a l l s  PRIMS) . 
The program f i n i s h e s  by p r i n t i n g  t h e  number of low neutrons 
(<14.1Mev) t h a t  i s  on t h e  biography t ape .  This w i l l  he lp  i n  
dec id ing  i f  SUPER B should be used. 

The l a s t  l i n e  of a success fu l  run  i s  THIS IS TKE END, 
No f u r t h e r  information i s  p u t  on t h e  system output  t a p e  6 bu t  
t h e  h i s t o r i e s  a r e  p u t  on t h e  b inary  output  t a p e  4. 

On t ape  4 i s  p u t  i n  b inary  X, Y, 2 ,  @ >  8 ,  E, I K  and NSOU. 
When a new problem i s  s t a r t e d  by c a l l i n g  GEO I K  = 100 and 
when t h e  run  i s  ended I K  = 10000.  In  a l l  o the r  records  I K  > 0 
i f  t h e  p a r t i c l e  i s  a pro ton  and I K <  0 f o r  a neutron.  

A new p a r t i c l e  has  [ I K [  = 4 
A moved p a r t i c l e  has  I I K I  
A moved p a r t i c l e  has  l I K [  = 2 i f  it j u s t  has  passed boundary. 
A p a r t i c l e  before  c o l l i s i o n  has  l I K l  = 3 .  
If a p a r t i c l e  has passed t h e  boundary 
The va lues  of X - - - E a r e  t h e  va lues  t h e  p a r t i c l e  would 
have had i f  t h e  m a t e r i a l  had extended a l l  t h e  way. 
NSOU i s  t h e  number of  t h e  u l t i m a t e  ances tor  of t h e  p a r t i c l e ,  
NSOU = 1, NT. 

= 1 i f  s t i l l  i n s i d e .  

I I K ]  = 2.  

An example of  a program t h a t  i n t e r p o l a t e s  t h e  va lues  a t  t h e  
boundaries and g ives  t h e  energy spectrum f o r  p e n e t r a t i n g  p a r t i c l e s  
and f o r  t h e  s i d e  leakage is  given by PROUT. 

Table 4-2 
PROTOS I11 Output 

TEXT ON DATA TAPE: IDENT=E003, NAME=SI, DENSITY= 2.33 
EO=185 a 0 RO=2 3280 NUMBER OF STEPS=100 2=14 a 
CF= -5.20 E CUT OFF=2,0 AKK=l 100  AVD=O 49924E 23 
INFORMATION FOR CALLULATIONS OF STOPPING POWER 
I = 172.8  2 = 14.0000 A = 28.0860 
LENGTH = 15.0, HALF SQUARE SIDE =15.0, NT = 2000 
185 MEV PROTONS ON SILICON 

1663SECS FROM 491PRIMS 
977SECONDARY PROTONS 

55SECS FROM 19PRIMS 
3 3SECONDARY PROTONS 

2SECS FROM lPRIMS 
2SECONDARY PROTONS 

708SECONDARY NEUTRONS 
211SECS FROM 7 PRIMS 

139SECONDARY NEUTRONS 
9SECS FROM 7 PRIMS 
7SECONDABY NEUTRONS 

7 LCSECONDARY PROTONS 
3SECS FROM lPRIMS 
2SECONDAR.Y PROTONS 
lSECONDARY NEUTRONS 

NUMBER OF LOW NEUTRONS I S  115 
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1 0 .  The SUPER B program, w r i t t e n  by 6 ,  Johansson, i s  a modified v e r s i o n  
of t h e  SUPER program descr ibed  i n  r e f e r e n c e  6 .  

The PROTOS 111 program i s  n o t  u s e f u l  a t  lower neut ron  ene rg ie s  
where more d e t a i l e d  d a t a  i s  needed, If PROTOS I11 c r e a t e s  a neut ron  
a t  a lower energy than  1 4  Mev it w i l l  no t  t r y  t o  cont inue t h e  
slowing down process  b u t  w i l l  l eave  it on t h e  biography t ape .  
The SUPER B program reads  and copies  t h e  biography t a p e  and when 
it f i n d s  a neutron wi th  energy below 1 4  Mev, it slows t h i s  neutron 
down p a s t  a p r e s e l e c t e d  cu t -o f f  energy where a cons t an t  mean- 
f r ee -pa th  and absorp t ion  p r o b a b i l i t y  i s  used.  The SUPER B program 
p u t s  t h e  biography of t h i s  on t o  t h e  copy-tape so t h a t  t h e  f i n a l  
r e s u l t  i s  an expanded biography t ape  i n  t h e  PROTOS I11 format.  

The slowing down of  t h e  neut ron  is  done by t h e  Standard Monte Carlo 
technique,  i . e ,  Find t h e  mean-free-path-length a t  t h i s  energy, 
s e l e c t  an a c t u a l  pa th l eng th  from the exponent ia l  d i s t r i b u t i o n ,  
move t h e  p a r t i c l e  t o  t h e  new p o i n t ,  check t o  s e e  t h a t  it i s  s t i l l  
i n s i d e  t h e  body, f i n d  abso rp t ion  p r o b a b i l i t y ,  Russian r o u l e t t e ,  
f i n d  p r o b a b i l i t i e s  f o r  d i f f e r e n t  r e a c t i o n s  wi th  t h e  d i f f e r e n t  
elements a t  t h i s  energy, s e l e c t  element and r e a c t i o n ,  use  t h e  
appropr i a t e  formula t o  g e t  energy a f t e r  r e a c t i o n  and s c a t t e r i n g  
angle ,  t ransform t o  l a b  system, t ransform p o l a r  angle  t o  d i r e c t i o n  
cos ines  and you a r e  ready f o r  a new round t r i p  by f i n d i n g  mean- 
f r ee -pa th l eng th  and so on. ,  A l l  t h e  neutpon d a t a  f o r  t h e  given 
compound is  p rev ious ly  prepared on a d a t a  t a p e  c a l l e d 1 3  , 
Figures  2 and 3 ,  

Neutron Data Tape: The "United Kingdom Neutron Data F i l e  (UKNDF)lT 
i s  t h e  source o f  t h i s  d a t a ,  UKNDF i s  a l i b r a r y  of  eva lua ted  neutron 
c r o s s  s e c t i o n s ,  i n i t i a l l y  compiled and eva lua ted  a t  l a b o r a t o r i e s  
i n  many c o u n t r i e s  (England, France,  Germany, Sweden e t c . )  and i s  
t h e  most up- to-da te ,  complete, and r e a d i l y  a v a i l a b l e  l i b r a r y  of  t h i s  
na tu re .  A gene ra l  d e s c r i p t i o n  of UKNDF i s  given i n  r e f e r e n c e  5.  
Table 4-3 p r e s e n t s  con ten t s  of  t h e  f i l e .  

A program INTE, w r i t t e n  by A Henriksson, w a s  used t o  p i ck  out 
t h e  appropr i a t e  elements fyom t h e  UKNDF' (or o t h e r  s i m i l a r )  f i l e ,  t o  
i n t e r p o l a t e  i n  energy and t o  e d i t  t h e  d a t a  i n  a s u i t a b l e  form, The 
r e s u l t s  a r e  p r e s e n t l y  produced on punched ca rds  i n  a format used a s  
i n p u t  f o r  t h e  R3B program 1 4  which prepared t h e  d a t a  f o r  a r b i t r a r y  
mixtures  and compounds i n  a form s u i t a b l e  f o r  Monte Carlo c a l c u l a t i o n s ,  
The R3B program was w r i t t e n  by A, Henriksson, The f i n a l  r e s u l t s  of 
t a b u l a t e d  nuc lear  d a t a  f o r  ene rg ie s  below 1 4  Mev, p e r t a i n i n g  t o  t h e  medi- 
u m  under cons ide ra t ion ,  were p r i n t e d  on magnetic t a p e  13. Data f o r  t h e  
twelve elements and mixtures  l i s t e d  i n  Table 4-1 are given as p a r t  of t h e  
PROPER 3B code package a l r eady  i n  t h e  11 format f o r  d i r e c t  u se  i n  con- 
j u n c t i o n  wi th  t h e  Monte Car lo  t r a n s p o r t  program, A l a r g e  v a r i e t y  
of p o s s i b l e  m a t e r i a l s  are a v a i l a b l e  f o r  the l o w  energy neut ron  trans- 
p o r t  c a l c u l a t i o n ,  If new materials o r  mixtures  need t o  be added, con- 
t ac t  M, Leimdorfer. I t  might be remarked a t  t h i s  p o i n t  t h a t  a s m a l l  

I 

i 
i 

i 
..i 

i 
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a d d i t i o n  w a s  made t o  t h e  information coming from t h e  UKNDF d a t a  f i l e 1 6  

secondary energy p a r t  of  i n e l a s t i c  neut ron  s c a t t e r i n g  and (n,  2n) 
r e a c t i o n s  (6) ~ 

by s e l e c t i n g  parameters  f o r  evapora t ion  model s p e c t r a  i n  t h e  continuum 

TABLE 4-3 

Table of elements i n  t h e  United Kingdom Neutron Data F i l e ,  a v a i l a b l e  
a s  i n p u t  t o  t h e  R3-B program, producing neutron c ross - sec t ions  i n  
magnetic t a p e  form f o r  t h e  SUPER B program. 

Excerpt from Newslet ter  No. 5 (1967) of t h e  Neutron Data Compilation 
Centre of t h e  European Nuclear Energy Agency, Sac lay ,  France,  

Prepared by Lars Wallin 

Report  r e f .  Element Date Author 
AEEW M513 BE 9 Mar 65 G .  Doherty 
AEEW R116 
AEEW R254 
AEEW R351 

AEEW-M 414 
AEEW-M 445 
AEEW-M 502 
AEEW-M 504 
AEEW-M 714 

AWRE C-30/64 
AWRE C-37/64 
AWRE 0-60/64 
AWRE 0-61/64 
AWRE 0-77/64 
AWRE 0-78/64 

AWRE 0-79/64 

AWRE 0-91/64 
AWRE 0-1.00/64 
AWRE 0-101/64 
AWRE 0-23/65 
Unpublished 

71 

XE13 5 
NA2 3 
H 2 0 ,  D ,  D20,HEq.,PE 
BEO,B,BlO,C,N,F,NA 
SI,CR,FE,NI,CD,XE135 
PB,TH232,PU239, 
PU 2 40 
U238 

U235 
ZR 
PU 2 41 

0,m 

U236 
U234 
L16 
L17 
T I  
HE 3 

PU239 

PU240 
U233 
PU 2 41 
H 
AU 
cu 

Jun 6 2  
Apr 63 
J u l  63 

Dec 63 
J u l  64 
May 65 
Sep 66 
J a n  67 

J u l  64 
J u l  64 
J u l  64 
J u l  64 
Oct 64 
Aug 64 

J a n  65 

J a n  65 
Jan  65 
Feb 65 
J u l  65 

H.M. Sumner 
T. P. Moorhead 
E.P. Bar r ington ,  
A.L. Pope, 
J .S .  S to ry  

H.M. Sumner 
D.C .  King 
R.G. Freemantle 
A.L. Pope 
G .  Doherty 

K.  Parker 
K.  Parker 
E D e Pendlebury 
E e D . Pendlebury 
S.M.Miller,K.Parker 
P. Batche lor ,  
K.  Parker 
A. C. Douglas, 
J.P. Barry 
A.C. Douglas 
A.C. Douglas 
A.C. Douglas 
A. Horsley 

AWRE C-55/65 GIVES CONTENTS OF UKAEA NUCLEAR DATA LIBRARY ASAT 
15TH APRIL 1965 REVISED VERSION OF UKAEA NUCLEAR DATA LIBRARY 
RELEASED JANUARY 1 9 6 7 .  
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This  d e s c r i p t i o n  of  t h e  SUPER B r o u t i n e s  r e f e r s  t o  F igure  7 .  

MAIN. This r eads  t h e  f i rs t  r eco rd  from t h e  d a t a  t a p e  and r eads  t h e  
d e s c r i p t i o n  of t h e  body, s e e  below on d a t a  ca rds .  

START. This r o u t i n e  r e a d s  t h e  PROTOS biography t a p e  u n t i l  it f i n d s  
a nuc lear  i n t e r a c t i o n  f o r  a neutron wi th  energy below 14  MeV. When 
START does f i n d  a low energy neut ron  it r u n s  down i n t o  t h e  en t ry .  

D_I_ EXPEN which computes mean-free-path l e n g t h ,  moves p a r t i c l e s ,  absorp- 
t i o n  p r o b a b i l i t y  and does t h e  Russian Rou le t t e .  If t h e  neutron 
su rv ives ,  t h e  c o n t r o l  goes t o  REAKT. If t h e  p a r t i c l e  i s  absorbed, 
c o n t r o l  goes t o  START. EXPEN uses  STAT1 and OUT t o  p u t  information 
on t h e  copied biography t ape .  

REAKT chooses r e a c t i o n  and element by c a l c u l a t i n g  t h e  corresponding 
p r o b a b i l i t i e s .  If t h e  r e a c t i o n  i s  f i s s i o n ,  t h e  energy of  t h e  new par-  
t i c l e  and t h e  l a b  s c a t t e r i n g  angle  a r e  computed i n  REAKT and c o n t r o l  
goes t o  REOR. If t h e  r e a c t i o n  i s  n o t  f i s s i o n ,  c o n t r o l  i s  given t o  t h e  
appropr i a t e  one of ELAST ( e l a s t i c  s c a t t e r i n g )  INELAST ( i n e l a s t i c  
s c a t t e r i n g ) ,  NTVN (n, 2n) 

ELAST s t a r t s  by t e s t i n g  f o r  i s o t r o p i c  s c a t t e r i n g  i n  t h e  c.m. system. 
Otherwise it s e l e c t s  t h e  angle  from t h e  d i s t r i b u t i o n  f o r  t h e  angle  
( a t  t h i s  energy and w i t h  t h i s  element) .  The c . m .  angle  i s  converted 
t o  t h e  l a b  system and t h e  r e s u l t i n g  energy i n  t h e  l a b  system i s  c a l -  
c u l a t e d .  Cont ro l  goes t o  REOR. 

INELAST starts by t e s t i n g  the neut ron  energy t o  s e e  i f  continuous o r  
d i s c r e t e  energy loss is t o  be appl ied .  If d i s c r e t e ,  a l e v e l  i s  chosen 
from t h e  p r o b a b i l i t i e s  and t h e  r e s u l t i n g  l a b  energy i s  computed. The 
s c a t t e r i n g  i s  i s o t r o p i c  i n  t h e  c.m. system. If  t h e  continuous p a r t  
a p p l i e s ,  t h e  c o r r e c t  parameters  f o r  t h i s  element are chosen and an en- 
ergy i s  drawn from t h e  d i s t r i b u t i o n ?  c o n t r o l  goes t o  REOR. 

NTVN g e t s  i t s  secondary energy wi th  an even chance from one of two d i s -  
t r i b u t i o n s  of t h e  same gene ra l  form as i n  t h e  cont inuous p a r t  of 
INELAST 

- REOR T e s t  i f  t h e  new energy i s  below cut -of f  i n  which case  c o n t r o l  
goes t o  START t o  sea rch  f o r  a new p a r t i c l e ,  REOR a l s o  t e s t s  t o  s e e  
i f  a new reco rd  needs t o  be r e a d  from t h e  d a t a  t a p e  o r  i f  t h e  new 
eneygy can be handled from t h e  r eco rd  a l r eady  i n  co re  s t o r a g e .  REOR 
then  c a l l s  CHANIL and when c o n t r o l  r e t u r n s  t o  REOR it gives  c o n t r o l  
t o  EXPEN. 

GHANIL computes t h e  new d i r e c t i o n  of  t r a v e l  ( i n  x , y , z  system) from t h e  
o l d  d i r e c t i o n  and t h e  s c a t t e r i n g  angle .  

, .., 

... " 

_ ,  

i 

DATAIN f i n d s  t h e  c o r r e c t  ( i n  energy) r eco rd  on t h e  d a t a  t a p e  when a 
change i s  needed, 
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STATI checks t o  s e e  i f  t h e  p a r t i c l e  i s  s t i l l  i n s i d e  body o r  has  l e f t  
it. It a l s o  p u t s  in format ion  f o r  t h e  new biography t a p e  on t h e  d i s k .  
- 
- OUT i s  an e n t r y  t o  STATI when one j u s t  wants t o  p u t  in format ion  f o r  t h e  
biography t a p e  on t h e  d i s k .  

When START r e u s e s  I K  = 10000 on t h e  biography t a p e ,  it backspaces one 
r eco rd  and r eads  t h e  SUPER B informat ion  from t h e  d i s k  onto t h e  biog- 
raphy t a p e  and p u t s  a 10000 r eco rd  a t  t h e  end. The r e s u l t  i s  a new 
biography t a p e  wi th  t h e  PROTOS 3 d a t a  undis turbed  and wi th  t h e  o l d  
end marker r ep laced  by SUPER B biography and a new end marker. 

INPUT 

Data ca rd  i n  t h e  FORMAT (3F10.0,  110) 
EMIN cu t -of f  energy 

D'U Length of body 
RU Radius o r  h a l f  s i d e  of square 
I G  = 1 square c ros s - sec t ion ,  = 0 c i r c u l a r  

Data ca rd  i n  FORMAT (3F10.0) 
ETH "thermal" energy 

PAAS p r o b a b i l i t y  of abso rp t ion  a t  ETH 
ALTH mean-free-path a t  ETH 

Data t a p e  wi th  low energy neutron d a t a  on symbolic u n i t 1 3  

PROTOS biography t a p e  

ou tpu t  

The i n p u t  ca rds  a r e  reproduced and when t h e  r u n  has  come t o  a c o r r e c t  
s t o p  FINISHED w i l l  be p r i n t e d .  

Enlarged biography t a p e  i s  on PROTOS bicgraphy tape 12. 

The biography t a p e ,  c r e a t e d  by PROTOS 3 and SUPER B, con ta ins  t h e  tape-  
recorded autobiography of  t h e  complete h i s t o r i e s  of t h e  nucleons whose 
l i v e s  i n  t h e  medium have been s imula ted  by t h e  Monte Carlo programs. 
The biography t a p e  i s  analyzed s t a t i s t i c a l l y  u s i n g  a program PROUT 2 
which c a l c u l a t e s  energy s p e c t r a  of neut rons  and pro tons  t h a t  l e a k  ou t  
through va r ious  s u r f a c e s  of t h e  absorber medium a s  w e l l  a s  energy 
d i s t r i b u t i o n s  of  energy absorbed i n a  given volume i n s i d e  t h e  absorber .  

11. PROUT 2 w a s  w r i t t e n  by T.  Tengstrand. PROUT 2 may use  t h e  biog- 
raphy t ape  any number of  t imes f o r  a n a l y s i s  of any q u a n t i t y  p e r t i -  
nen t  t o  t h e  problem. 

PROUT 2 r e a d s  d a t a  from t ape12  i n  an i n t e r n a l  code which con ta ins  
coord ina te s ,  ene rg ie s ,  k ind  of p a r t i c l e s ,  information about t h e  
p a r e n t  source p a r t i c l e  and type  of event  (=KI,  s e e  page 18 ) .  



(4- 18) 

The program s t u d i e s  two bodies ,  each wi th  s i x  p l ane  l i m i t i n g  
s u r f a c e s ;  one o u t e r  s u r f a c e ,  g iv ing  r i s e  t o  s t a t i s t i c s  1 
(STAT 1) and one inne r  body, g iv ing  r i s e  t o  s t a t i s t i c s  2 (STAT 2 ) .  

Here we assume t h a t  t h e  inne r  body i s  t o t a l l y  enclosed by 
t h e  ou te r  body. 

When d e a l i n g  wi th  t h e  o u t e r  body, r o u t i n e  STAT1 performs: 
S o r t i n g  of  t h e  p a r t i c l e s  wi th  r e f e r e n c e  t o  1) Kind of p a r t i c l e  
2) Value of  energy 3) Geometric p o i n t  of escape.  

When d e a l i n g  wi th  t h e  inne r  body, r o u t i n e  STAT2 performs: 
Ca lcu la t ion  of t h e  energy l o s s  f o r  every o r i g i n a l  source 
p a r t i c l e .  The energy losses a r e  then  s o r t e d  i n t o  energy 
i n t e r v a l s  (EN(100) (SLASK(2000) wi th  t h e  number of e n t r i e s  = 
t h e  number of o r i g i n a l  source p a r t i c l e s ,  i s  used i n  t h e  c a l -  
c u l a t i o n  m 

PROUT 2 c o n s i s t s  of one main program and 6 sub rou t ines .  
1. Main program PROUT 2 

This program a d m i n i s t r a t e s  reading ,  w r i t i n g ,  and c a l l i n g  of 
STAT 2 .  

This  program tes ts  i f  t h e  coord ina te s  x ,  y ,  z ( i n  t h e  argument 
l i s t )  a r e  wi th in  t h e  body or no t .  

This program w r i t e s  an e r r o r  message g iv ing  an i n d i c a t i o n  
o f  t h e  reason  for t h e  e r r o r .  

2 .  Logical  func t ion  TEST 

3.  Subrout ine FELUTS 

4. Subrout ine BAS 
This program p l a c e s  t h e  d i f f e r e n t  ene rg ie s  ( c a l l e d  'ESL' i n  
t h e  argument l i s t )  i n t o  d i f f e r e n t  energy i n t e r v a l s  (EN ( i )  - 
EN ( i + i ) )  and counts  t h e  number of ene rg ie s  wi th in  every 
i n t e r v a l  and p l a c e s  t h e s e  numbers i n  t h e  vec to r  OUT. 

This  program c a l c u l a t e s  t h e  i n t e r s e c t i o n  p o i n t ( s )  of t h e  
p a r t i c l e  p a t h  wi th  t h e  su r faces  of body. (The coord ina te s  
of t h e  i n t e r s e c t i o n  p o i n t  (s) a r e  c a l l e d  AX(6) AY (6) A Z ( 6 )  
i n  t h e  argument l i s t ) .  

5 .  Subrout ine INSIDE 

6 .  Subrout ine STAT 1 
7 .  Subrout ine STAT 2 

The va lue  of t h e  c o n s t a n t  K 1 

K l s  0 
K1.: 0 

I K  11 = 1 
I K  11 = 2 
I K  11 = 3 
I K  11 = 4 
I K  11 = 100 
( K  11 = 10000 

pro tons  
neutrons 
t h e  p a r t i c l e  i s  i n s i d e  t h e  o u t e r  body 
ou t s ide  t h e  o u t e r  body 
nuclear  r e a c t i o n  
s t a r t  o f  a new p a r t i c l e  
new d a t a  s e t  
t h e  end o f  t h e  r u n  

' ?  

E 

i 
.j 
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Data Cards 

1 

'i 
i 

A. NTLPA, IOUTPT, N,  IUTSKR, (EN(i) , i = 1, N) 
FORMAT (415 , / (8F10.0) ) 

B. Al, B 1 ,  C1, Dl,-A2,  B 2 ,  C 2 ,  D 2 ,  (Dimension Al(6) ,  B1(6), Bl(6) ,...) 
FORMAT (6F10.0) 

Meaning of v a r i a b l e s  
A. NTLPA = t h e  number of  source p a r t i c l e s  ( l i m i t  < 2000) 

IOUTPT = 1 causes p r i n t i n g  of t h e  biography t a p e .  
N = t h e  number of energy p o i n t s  ( the  number of energy i n t e r v a l s  

IUTSKR = cons tan t  
IUTSKR 0 'STAT 1' i s  performed (outer  body only) 
IUTSKR = 0 'STAT I' and 'STAT 2 '  a r e  performed (both bodies) 
IUTSKR 0 'STAT 2 '  i s  performed ( inner  body only) 

' N 1 0 '  = N-1) 

EN = t h e  energy s c a l e  E(1) E ( I + i )  
B .  Here t h e  c o e f f i c i e n t s  o f  t h e  equat ion of  t h e  p lane  a r e  r e a d  

( & + B Y  - + C Z + D = O )  - c 

For t h e  o u t e r  body Al, B 1 ,  C 1 ,  D 1  and (must be t h e  same a s  
PROTOS I11 ou te r  body) 
For t h e  inne r  body A2,  B 2 ,  C 2 ,  D 2 ,  t h e  r ead ing  i s  done accord- 
i n g  t o  t h e  following: 

All s i x  Al -coe f f i c i en t s  on t h e  f i rs t  ca rd  
All s i x  B1-coef f ic ien ts  on t h e  second ca rd  e t c .  

One p o i n t  Po(&, yo,  zo) and two v e c t o r s ,  n o t  p a r a l l e l ,  
andV2 = (a2 ,  ' w ~ ,  n2) g ives  t h e  c o e f f i c i e n t s  A, B y  C y  and D i n  t h e  
equa'fiion 

I f  you know t h r e e  d i f f e r e n t  p o i n t s  i n  t h e  p lane  Po(xo, yo, z o ) ,  
Pl(X1, yl, zl] and P2 (x2, y 2 ,  z2 )  , you can g e t  t h e  vec to r s  from 

IX a1 a7 I 

When numbering t h e  p l a n e s ,  r e f e r  t o  F igures  4-8 and 4-9. 

SAMPLE PROBLEM 

A block o f  s i l i c o n ,  30X30X15 cm i n  s i ze ,  i s  bcmbarded by a bean o f  
monoenergetic protons. The bean has  a crossection o f  one squ3re mm and 
entered the  s i l i c o n  a t  t he  center o f  the 30x30 face o f  the block t rave l i rg  
p a r a l l e l  t o  the  Z - a i s  (see Fig we 4-9)* 
(Eo= 185 MeV) were stxdied. 

The h is tory  o f  2000 monoenergetic 
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Table 4-2, page 4-13, con ta ins  a l i s t i n g  of t h e  nuc lear  r e a c t i o n  
d a t a  p e r t i n e n t  t o  t h e  e n t i r e  block of  s i l i c o n .  O f  t h e  2000 primary 
p ro tons ,  491 had nuc lear  r e a c t i o n s ,  c r e a t i n g  a t o t a l  of 1663  secondary 
p a r t i c l e s  (977 p r o t o n s . -  686 neu t rons ) .  The h i s t o r y  of t h e  977 second- 
a ry  protDns r evea led  t h a t  1 9  r e a c t e d  t o  produce 55 t e r t i a r i e s  (33 pro tons  - 
22  neu t rons ) ,  and i n  t u r n ,  OneteFt iarY pro ton  r e a c t e d  and produced 
2 f o u r t h  genera t ion  pro tons .  

of  708 neutrons had been c r e a t e d  thus  f a r  i n  t h e  s tudy .  O f  t h e s e ,  93  
r e a c t e d  with s i l i c o n  n u c l e i  t o  produce another  2 1 1  secondary p a r t -  
i c l e s  (139 neutrons - 7 2  p ro tons ) .  Continuing t h e  cha in  o f  r e a c t i o n s ,  
7 of  t h e  139 neut rons  r e a c t e d  t o  produce 7 neut rons  and 2 pro tons .  

An a d d i t i o n a l  74 pro tons  were c r e a t e d  i n  t h e  neu t ron - s i l i con  
r e a c t i o n s .  These produced 2 more pro tons  and one more neutron,  ending 
t h e  chain.  The e n t i r e  h i s t o r y  of  each p r imary  pro ton  inc ludes  t h e  
h i s t o r y  of all secondar ies  c r e a t e d  a f t e r  i t s  i n i t i a l  nuc lear  r e a c t i o n ,  
and a l l  o f  t h i s  information i s  s t o r e d  on Biography Tape 1 2 .  

t h e  number of  neutrons which have e i t h e r  been c r e a t e d  with or  slowed 
t o  an energy of l e s s  t han  1 4  MeV. I n  t h e  sample problem, t h e  number 
of  such neutrons was 115. 
t h e s e  neutrons and c a r r y  them down t o  e i t h e r  thermal energy o r  t o  
e x i t  f rom t h e  medium. 
s e l e c t e d  cu t -o f f  energy Eth, 0.025 eV< Eth < 14 MeV, they a r e  t r e a t e d  
a s  a one-veloci ty  thermal  group wi th  a f i x e d  mean-free-path and absorp- 
t i o n  p r o b a b i l i t y  wi th  i s o t r o p i c  c o l l i s i o n s  i n  t h e  l a b o r a t o r y  system. 
When a thermal neutron f l u x  i s  d e s i r e d ,  E th  should be s e t  near about 
0.1 eV and appropr i a t e  numbers f o r  t h e  mean-free-path and thermal 
absorp t ion  p r o b a b i l i t y  should be en tered  i n t o  t h e  SUPER B "  i npu t .  ' By 
s e t t i n g  t h e  absorp t ion  p r o b a b i l i t y  equal  t o  l , . t e r m i n a t i o n  may be 
achieved a t  any value of Eths  chosen i n s i d e  t h e  above i n t e r v a l .  The 
SUPER B program adds information on t h e  low energy p a r t s  of neutron 
h i s t o r i e s  t o  t h e  biography t a p e .  

Counting a l l  genera t ions  of pro ton  - s i l i c o n  r e a c t i o n s ,  a t o t a l  

The i n i t i a l  p r i n t o u t  of t h e  PROTOS 3 generated d a t a  a l s o  g ives  

The i n v e s t i g a t o r  now may use  SUPER B t o  take  

When t h e  neutrons a r e  slowed down p a s t  a pre-  

PROUT 2 i s  used t o  r ead  t h e  d a t a  r equ i r ed  t o  analyze a problem. 
The i n v e s t i g a f o r  s e l e c t s  t h e  range of energy and t h e  energy i n t e r v a l s  
(not t o  exceed 100) of i n t e r e s t .  The energy range from 0 t o  185 Mev 
was d iv ided  as  fo l lows: :  0 t o  1 6  MeV i n  s t e p s  o f  1 MeV; 1 6  t o  58 Mev 
i n  s t e p s  of 2 MeV; 58 t o  70 i n  s t e p s  of 4 Mev; and 70 t o  185 i n  s t e p s  
o f  5 MeV, i n  t h e  example given i n  Table 4-4. The f i r s t  column of 
Table 4-4 g ives  t h e  energy i n t e r v a l .  

escaped from t h e  ou te r  body and t h e  energy i n t e r v a l  i n d i c a t e s  t h e  
energy o f  t h e  escaping p a r t i c l e .  Thus one neutron excaped through 
t h e  end of t h e  s i l i c o n  block and it had an energy between 165 - 170 
Mev. The t ape  c a r r i e s  t h e  exac t  energy, l o c a t i o n  and angle of 
escape. A t o t a l  of 395 neutrons and only 2 secondary protons escaped. 

The next  s i x  columns g ive  d a t a  concerning t h e  p a r t i c l e s  which have 

NOTE: In  m u l t i s l a b  c a l c u l a t i o n s ,  t h e  o u t e r  body can be a s l a b  and 
t h e  biography t a p e  can become t h e  new SOURCE d a t a  tape  t o  
permit  change of medium y e t  cont inue t h e  h i s t o r y  of  a given 
o r i g i n a l  spectrum of  p a r t i c l e s .  

i 

I 

, 

j 

! 
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Data r e l a t e d  t o  t h e  inner  body i s  obtained us ing  PROUT 2. The 
i n v e s t i g a t o r  s e l e c t s  t h e  s i z e ,  shape and p o s i t i o n  o f  t h e  inne r  body 
with t h e  r e s t r i c t i o n  t h a t  it must be t o t a l l y  i n s i d e  t h e  ou te r  body. 

The column headed NR ABS l i s t s  the  number of primary protons which 
depos i ted  energy wi th in  each energy i n t e r v a l .  The energy absorbed 
i n  t h e  inne r  body from a s i n g l e  primary pro ton  i s  t h e  d i f f e r e n c e s  
between t h e  sum of  t h e  ene rg ie s  of a l l  t h e  pro tons  and neutrons 
(having t h e  same p a r e n t  primary proton) e n t e r i n g  t h e  body and t h e  
sym of t h e  ene rg ie s  of a l l  those  which have l e f t  it, minus t h e  
energy equ iva len t  of  any inc rease  i n  r e s t  mass t h a t  t aok  p l a c e  
i n  nuc lear  r e a c t i o n s  wi th in  t h e  volume. 

The column headed E ABS g ives  t h e  energy absorbed a s  def ined  above. 
I n  t h e  sample problem, 65 primary pro tons  had nuc lear  r e a c t i o n s  which 
produced energy absorbed i n  t h e  chosen inne r  body ( e i t h e r  from t h e  
primary o r  t h e  combination of primary and secondar ies  o r  from t h e  
secondaries)  and t h e  d i s t r i b u t i o n  of  t h i s  energy i s  given i n  Table 4-4. 
Another 173 primary p a e t i c l e s  e i t h e r  made no c o n t r i b u t i o n  toward 
t h e  energy absorbed o r  had more energy l eav ing  t h e  volume than  
en tered ,  i n d i c a t i n g  a d e f i c i t  of  461.4 Mev f o r  t h e  173 pr imar i e s  
a f t e r  nuc lear  r e a c t i o n s .  

The remainder,  1761 primary pro tons ,  d i d  not  have nuc lear  r e a c t i o n s  
bu t  depos i ted  energy by i o n i z a t i o n  and e x c i t a t i o n ,  
spectrum of t h i s  group may be obtained by d i v i d i n g  t h e  energy range 
from 9.5 t o  13.0 Mev i n t o  35 i n t e r v a l s  and then  analyzing t h e  
r e s u l t i n g  peak. 

The energy 

The t o t a l  energy absorded i n  t h e  cubic  cent imeter  of s i l i c o n  was 
c a l c u l a t e d  t o  be 23,426.1 MeV. Of t h i s ,  19,863.9 Mev was absorbed 
from 1761 protons  t h a t  had not  undergone a nuc lear  reac tdon .  The 
remainder, 3,562.2 Mev was absorbed f rom pro tons  or neutrons which 
had had a r e a c t i o n .  
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Table 4-4 
SAMPLE PROUT OUTPUT 

PROUT2 VERSION 1-00 SUBPROGRAM TO PROTOS 

NTPLA 2000IOUTPT 0 IUTSKR 0 
2 Bod ies ,  Each w i t h  6 P lane  S i d e s u r f a c e s  

(The e q u a t i o n  used  f o r  t h e  p l a n e s  is  A*X+B*Y+C*Z+D=O) 

The C o e f f i c i e n t s  t o  the Equa t ions  
The Oute r  Body -- 

1 0.0  0 .0  1 - 0000 - 0 . 0  
2 0 .0  0 .0  1.0000 -15.0000 
3 1 s 0000 0 , o  0 .0  15 0000 

5 0.0 1 .0000 0.0 15.0000 
4 1 D 0000 0.0 0 .0  -15 e 0000 

6 0.0 1.0000 0 .0  -15 a 0000 

The I n n e r  Body -___. 

Plane  No. A B C D 
- - - - - - - - _ _ - c _ - _ - - - - - - - - - - - - - - - - -  

1 0 .0  0 .0  1 D 0000 -5.0000 
2 0 .0  0.0 1 .0000  -6 0000 
3 1.0000 0 - 0  0.0 0 ,, 5000 

5 0 , o  1.0000 0 .0  0 e 5000 
4 1.0000 0.0  0 . 0  -0 ., 5000 

6 0 .0  1 a 0000 0 .0  -0 -5000 

EN 
7 

170 -165 
155 -15 0 
1 5  0 -145 
145 -140 
140-135 
135-130 
130-125 
125 -12 0 
1 2  0 -115 
115 -110 
110  -105 
105 -100 
100-  95 

95- 90 
90- 85 
85- 80 

Outel- Body 

Neu t r ,  P r o t .  Neu t r .  P r o t .  
S i d e  S i d e  End End 

_ _ p _ ~  P 

1 

2 
1 

1 
1 

1, 
1. 
2 ,  
3. 
2. 
3 ,  
3 ,  
2 ,  
3 ,  
4. 
3. 
2 .  
2 ,  
6.  
4. 
8, 

I n n e r  Body 

Neu t r .  P r o t .  NR E 
R e f l .  R e f l .  - ABS ABS 
- p _ _  

6.  
5 .  
1. 

1, 
1. 
2 .  
1. 
1, 
1, 
3. 

820.9 
667 1 
127  e 0 

119.5 
112 9 
211,9 
102 e 8 

99.9 
93.1 

262.9 

J 



Outer  Body Inne r  Body 

EN - 
80 - 75 
70 - 66 
66 - 62 
62 - 58 
58 - 56 
56 - 54  
54 - 52 
52 - 50 
50 - 48 
48 - 
46 - 44 
44 - 42 
42 - 40 
40 - 38 
38 - 36 
36 - 34 
34 - 32 
32 - 30 
30 - 28 
28 - 26 
26 - 2 4  
2 4  - 22 
22  - 20 
20 - 18 
18 - 1 6  
1 6  - 15 
1 5  - 14  
1 4  - 13  
1 3  - 1 2  
1 2  - 11 
11 - 1 0  
1 0  - 9.0 

9.0- 8,O 
8.0- 7.0 
7.0- 6.0 
6.0- 5.0 
5 , O -  4.0 
4.0- 3.0 
3.0- 2.0 
2.0- 1 . 0  
1 . 0 -  0 

Neutr. P ro t .  
S ide  S i d e  -- 

2 
1 
2 

1 
3 

2 

2 

1 
3 
1 

1 
1 
1 
1 
4 
2 
3 
4 
2 
1 
4 
1 
1 
2 
5 
4 
7 
6 
9 

1 7  
1 5  
1 3  

Neutr.  P r o t .  Neutr. P ro t .  
ReT1. Re f l .  -- End End - -  

7. 
5 

1 2  
12  1 

3 1 
4 
2 
1 
6 
1 
3 
1 
3 
5 
3 
5 
4 
4 
5 
8 
5 
3 

11 
11 

5 
5 
6 
5 
1 
2 
3 
4 
2 
7 
6 
5 

1 0  
1 5  
18  

To ta l  absorbed energy is 23426.1 

1 

1 
1 
2 
2 
5 
5 
2 
4 
7 

1 0  
9 

14  

NR E 
ABS - A B S  

1 67.2 

1 58.2 

1 54.3 

1 36.8 

1 32.2 
1 30-2 
2 58.0 

3 75.7 
1 23 -8  

2 
2 
2 
4 
1 

1 2  4 
112 7 

510 
4 
2 
3 
2 
2 
1 
1 
1 
2 

1 7  3 

36.1 
34.3 
31.2 
58.4 
13.3 

1521.5 
12871.6 

5470.8 
39.5 
16.9 
2 2 . 8  
13.8 
11.5 

4.8 
3.6 
2 . 1  
2.9 

-461.4 

Table 4-4 continued 
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Reprocessing f o r  use i n  
Monte Carlo transport codes 
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Figure 4-1 

Proper 3B System: Nuclear Data Preparation 
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1 
PROTOS 3': Monte Carlo 
transport  program. Carries 
protons down t o  2 Mev and 
neutrons down t o  14 Mev 

C9 1 
'1 

J 

neutrons t o  therrnal energy - 
information added t o  bio- 
graphy tape.  ClOl 

Figure 4-2: 

A 

Main Program Flow Chart 

I 

I R3B: Produces neutron data 
fo r  a rb i t ra ry  mixtures. 
Energy < 1 4  MeV. 

C141 

SOURCE: Optional user- 

data on source tape provides source d i s t r i -  
b inar y tap  e binary bution other than offered 

Final nuclear Optional supplied program t h a t  

i n  PROTOS 3 [SI 

r 

PROUT 2: S t a t i s t i c a l  
analysis program. Similar 
programs may be w r i t t e n  by 
u s e r .  P r in ts  f i n a l  output 

Clll 

Figure 4-3: Preparation f o r  Data Input t o  Super B (C141, ClSl, and C161 not par t  of 
Proper 3B). 
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Figure 4-4 

PROTOS I11 Main Programs and Subroutines Flow Chart 

1 STAT1 1- 

I 

4 SOURCE I 

GE 0 

1 

“1 
I- 

1 
i , ., 

Figure 4-5 

GEO Subroutines Flow Chart 
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Figure 4-6 

Variation of Parameter CF w i t h  Atomic Number Z 

The following values f o r  C 

Atomic 

were used i n  this report. F 

Number cF 
4 -4.80 
6 -4.94 
13 -5.20 
14 -5.25 
26 -5.57 
29 -5.61 
82 -6.07 
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I , / same p a r t i c l e  __- 

g e t  new p a r t i c l e  

F igure  4-7 

Super B Subroutine Flow Char t  I 

1 



6-29> 

In t he  output l i s t i n g  

Plane no. 1 (front)  is  named 'REFL'. (means re f lec ted)  
Plane no. 2 (back) i s  named 'END'  
Plane no. 3 

Plane no. 5 
Plane no. 6 

Plane no. 4 named 'SIDE' 

Figure 4-8 

Numbering of the  Planes 

The Outer Body 



Figure 4-9 

Coordinate System: The Inner and Outer Bodies 
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CHAPTER 5 
DEPTH DOSE DISTRIBUTION PRODUCED BY TRANSPORT OF 185 MEV PROTONS THROUGH SILICON 

, 

i 

i 

,* : 

,..’ 

by George W. Craxford 

Assume monoenergetic protons ( ~ ~ = 1 8 5 . 0  MeV) concentrated i n  a beam having a 
cross section of one square millimeter, t ravel ing i n  the posit ive Z direct ion 
pa ra l l e l  to the  Z-axis. The protons enter  a block of pure s i l i con  at  a spot 
centered on the  face of the  s i l icon,  defined t o  be the  or igin of an X, Y, Z 
coordinate system. The block i s  oriented s o  t h a t  the  front  surface of the  block 
i s  the X-Y plane a t  Z=O. For two of the  three runs reported here, the  block 
has an X-Y crosssection of 30x30 square centimeters. For the  t h i r d  run, the  
crosssection i s  reduced t o  1x1 square centimeters, 

of protons which can be programmed i s  l imited.  This l imitat ion i s  overcome by 
changing the  s t a r t i n g  random numbers. If the  s t a r t i ng  numbers are  the  same, 
the  program w i l l  duplica%e a previous set  of data. If they are  different ,  the 
r e s u l t  i s  as a continuation of the  e a r l i e r  run and the  r e su l t s  can be added f o r  
be t t e r  s t a t i s t i c s .  I n  Table 5-1, the  i n i t i a l  r e su l t s  of three runs are  given. 
Runs 1 and 2 d i f f e r  only by the random number used as the s t a r t i n g  random 
number. Runs 2 and 3 d i f fe r  only by the  s i ze  of the  X-Y cross section. 

Due to t he  l imited storage capacity of the  IBM 360-44 computer, the number 

Run No. 1- Run No. 2 Run No. 3 
1 5  
1 1  

Length of s i l i con  block (em) 15 1 5  
X-Y cross section of block (em2) 30x30 30x30 . sxij- 
No. of s t a r t i n g  protons 2000 2000 2000 
Star t ing Random Numbers 

Gaussian 119889838 5 409301248 409 3 01248 
Uniform 12 3 4 5 6 78 9 1617385344 1617385344 

No. of s t a r t i n g  protons 
having nuclear interact ions 498 500 488 
These produced: neutrons 701 705 729 

protons 1013 1021 1013 
No. secondary protons 
having nuclear interact ions 19 12 11 
These produced: neutrons 20 13  11 

protons 33 19 19 
No. of t e r t i a r y  protons 
having nuclear interact ions 0 1 0 
These produced: neutrons 1 

protons 2 
No. of neutron created so  far 721 719 740 
having nuclear interact ions 107 104 11 
These produced: neutrons 170 1 5 1  21  

protons 91 107 7 
No. of khese neutrons, , I  

having nuclear interact ions 8 9 0 
These produced: neutrons 10 12 

protons 4 3 
No. of neutron pPodueed protons 95 110 7 
having nuclear interact ions 0 2 0 
These produced: neutrons 2 

protons 3 
No. of neutrons (E < I4  MeV) i n  block 133 115 5 
TABLE 5-1: Tabulation of Nuclear Interactions Occurring Within Si l icon Block 
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The number of primary p ro tons  i n t e r a c t i n g  i n  runs  1 and 2 w a s  almost t h e  
same, 498 (1) as compared t o  500 (2). 
c r e a t e d  w a s  n e a r l y  t h e  same, 1141 (I) and 1155 (2). Each had n e a r l y  t h e  same 
number of neu t rons  c r e a t e d ,  901 (1) and 883 (2). 
number of pro tons  escaping  from t h e  l a r g e  b lock ,  t h e  count  w a s  1 w i t h  36 - 38 
MeV energy for run 1 and 2 w i t h  56 - 58 MeV energy for run  2. 
a r e  r e v e a l e d  by comparing t h e  d i s t r i b u t i o n  of e n e r g i e s  of t h e  neut rons  which 
escaped from each b lock .  

The t o t a l  number of secondary pro tons  

Using PROUT t o  determine t h e  

Other v a r i a t i o n s  

Energy Band 
(MeV 1 

170 - 160 
1.60 - d = o  
150 - 140 
140 - 130 
130 - 120 
120 - 110 
110 - 100 
100 - go 
90 - 80 
80 - 75 
75 - ';70 
70 - 66 
66 - 62 

58 - 54 
54 - 50 
50 - 46 
46 - 42 
42 - 38 
38 - 34 
34 - 30 

26 - 24 
24 - 22 
22 - 20 
20 - 18 
18 - 16 

15 - 14 
14 - .i13 
13 - 12 
12 - 11 
11 - 10 
10 - g 
9 -  8 
8 -  7 
7 -  6 
6 -  5 
5 -  4 
4 -  3 
3 -  2 
2 -  0 

T o t a l  

62 - 558 

30 - 26 

16 - 15 

Run  Number 1 R u n  Number 2 
S i  de 

2 

1 
1 

4 

-3 

1 
6 
1 
1 
1 
5 
3 
3 
4 
4 
4 
2 
8 
4 
1 
2 
7 
3 
1 
11 
10 
3 
9 
16 
25 
0 

146 
- 

End 
1 -' 
7 
2 
3 
5 
7 
7 
9 
6 
5 
11 
7 
4 
5 
3 
9 
5 
12 
8 
7 
9 
10 
6 
8 
6 
3 
4 
2 
7 
5 
5 
1 
10 
6 
9 
6 
9 
5 
12 
12 
23 
0 

281 
- 

Fron t  S i  de 

2 
1 

1 2 

2 
1 

1 2 
1 

1 
2 
2 

1 
1 
1 
2 
2 
3 
1 
1 
2 
1 
5 
5 
5 
7 
6 
9 
14 
25 
0 

ije 

2 
2 
1 
4 
1 
2 
1 
4 
2 
3 
4 
2 
1 
4 
1 
1 
2 
5 
4 
7 
6 
9 
17 
15 
13 
0 

1'24 

End Front  
1' 
1 
5 
5 
5 
7 
5 
8 
12 
7 
8 
5 
12 
12 
7 
3 
7 
4 
8 
8 
8 
13 1 
5 1 
3 1 
11 1 
11 1 
5 
5 1 
6 
5 1 
1 1 
2 2 
3 2 
4 5 
2 5 
7 2 
6 4 
5 7 
10 10 
15 9 
18 14 
0 0 

275 68 
- - 

4 

' j  

Table 5-2: Energy Spectrum of Neutrons Escaping From S i l i c o n  



I n  comparing the  energy spectrum of h i s to r i e s  i n  the  first centimeter of the 
block, other differences appear. 
centimeter located at a depth of 0.001 cm from the  f ron t  and centered on the Z-ax i s .  
I n  runs 1 and 2, the  same number of protons, 43, had nuclear interact ions.  
energy l o s t  by ionizat ion and exci ta t ion was the  same, i . e . ,  1957 of t he  2000 protons 
deposited 17,705 MeV of energy. But t he  nuclear reactions deposited d i f f e ren t  t o t a l  
energies; 31 reactions l e f t  2,277.2 MeV energy and 12 reactiions removed 799 MeV more 
than they deposited i n  run 1. 
and 10 removed 871.5 MeV more energy than they imparted. The spectrums are compared 
i n  Table 5-3. 

The inner volume w a s  svlectcd t o  be t h a t  cubic 

The 

I n  run 2, 33 of the  react ions deposited 2,640.1 MeV 

,Nut Sear I n t  ecac t i ons 
Run Nmber 1 Run Number 2 

Number of Energy Number of Energy 
Protons Absorbed Protons Absorbed 

1 

3 
3 

1 

2 

1 
1 

1 
1 
1 

1 
2 
1 
1 
1 
3 
1 
1 
1 
1 
1 

2 

E 

182.4 

491.5 
458.8 

129. o 

232.3 

86.9 
76.4 

65.1 
59.9 
56.7 

47.2 
87.2 
39.3 
32.8 
30.5 
87.6 
22.5 
21.1 
18.5 
16.1 
13.1 

22.3 

-799.0 
2277.2 

2 
1 
1 

1 
2 

1 
1 
3 
1 
2 
1 
1 
1 

1 
2 
1 
1 
1 
1 
1 

1 

1 

1 
1 
1 
1 
1 
10 - 
43 

365.9 
171.8 
167.1 

147.1 
274.3 

120.2 
118.0 
309- 5 
93.5 

172.1 
78.1 
69.2 
66-4 

59.4 
110.4 

53.0 
50.1 
48.9 
45.3 
35.2 

28.3 

20.3 

13.2 
12.3 
11.0 

5.3 
3.8 

-871.5 
2640.1 

Ionization 
Run  Number 1 

Number of Energy 
Protons Absorbed 

1 10.7 
7 73.2 

17 174.7 
37 373.4 

273 2650.2 

and Excitation 
Run Number 2 

Number of Energy 
Protons Absorbed 
Steps of 1.0 MeV 

569.4 

Energy Steps of -  0.1 MeV 
97 916.4 

129 1205.4 

161 1472.9 982 9192.5 
145 1313.0 
179 1602.3 
150 1327.0 
158 1382.8 893 7734.8 
123 1064.0 
121 1035.0 

Energy Steps of 0.5 MeV 
207 1723.2 

134 1239.7 

- 18 141.1 26 204.2 
1957 17705 1957 17700.9 

Total. Energy Absorbed i n  cm3 of s i l i con  

R u n  1: 19,982.5 MeV 
Run  2: 20,349.9 MeV 

Table 5-3: Energy Spectrum of Energy Absorbed i n  Cubic Centimeter of Si l icon 
Located at  Front of Block with Beam Centered.. 
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i Other differences appear between the  two h is tor ies  i n  the f i n a l  centimeter of 

the  path of the  proton beam. The inner volume w a s  selected t o  be t h a t  cubic centimeter 
centered on the  Z - a x i s  and located at  a depth of 11.30 t o  12.30 centimeters from the  
face of the s i l i con  block. 
w e r e  missing from the  beam i n  the  f i n a l  centimeter of path. 
were missing. That is, about 58% of the  protons on the  or ig ina l  beam were s t i l l  i n  
the spread beam at  the  end of the penetration. 
example as only about 7% of the  or ig ina l  protons remained i n  an inner volume having 
the  crosssection of the or ig ina l  beam. 
58% of the protons lo s t ,  large and multiple small angle scat ter ing account f o r  the  

between two different  runs of 2000 each are  ra re ly  greater than 2% and are usually less. 

I n  run 1, a t o t a l  of 838 of the  or ig ina l  2000 protons 1 
In  run 2, 820 protons 

The large volume i s  used f o r  t h i s  

Nuclear interactions account f o r  approximately 

remaining 42% of the  838 protons missing from the  large volume. S t a t i s t i c  a1 var ia t ions I 

48-46 
46 -44 
44-42 
42 -40 
40 - 38 
38-36 
36 -34 
34-32 
32-30 
30-28 
28-26 
26-24 
24-22 
22-20 
20-18 
18 -16 
16 -14 
14-12 
12 -10 
10 -8 
8 -6 
6-4 
4 -2 
2-. 5 

R u n  1 
Number of 
Protons 

1 
59 
178 
235 
215 
138 
91 
53 
36 
10 
6 
10 
7 
12 
10 
9 
8 
13 
12 
7 
7 
18 
13 
11 

Energy 
Absorbed 

47.4 

7,635 6 
9,657.5 
8,378- 1 
5,110.0 
3,195.1 
1,7594 9 
1,115 e 8 
289.9 
163.2 
250.7 
159.5 
250.9 
188.8 
151.3 
120.6 
169.6 
128.6 
63.6 
51.7 
88.9 
40.3 
16.0 

2,624.6 

Run 2 
Number of 
Protons 

1 
58 
179 
212 
246 
152 
102 
57 
30 
15 
9 
9 
3 
10 
9 
6 
9 
6 
13 
17 
12 
10 
8 
6 

Energy 
Absorbed 

46.3 
2,584.2 
7,699.7 
8,688.1 
9,61405 
5,616.1 
3,580.6 
1,881.5 
930.9 
935.6 
241.8 
227. o 
69.9 
213.9 
1730 5 
101.1 
136.1 
78.0 

151. o 
83.7 
50.4 
22.5 
7.5 

142.5 

W 

Escape 2 -25.7 1 -39.5 
Sum 1162 41,725 e 8 1180 42,776.2 
Missing 838 820 

2000 Total 2000 
I 

Table 5-4: Spectrum of Energy Absorbed i n  Cubic Centimeter of Sil icon 

on the Z - a x i s  
i Located a t  a depth of 11.30 t o  12.30 centimeters and centered * '  
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The proper 3B system permits detailed study of the energy exchange between the  
incident protons and the ta rge t  material. Table 5-1 contains the results of three  
studies i n  which a beam of 2000 protons, each having an incident energy of 185 MeV, 
penetrated a block of s i l icon.  Selecting run number 1 as a representative, t he  
spectrum energy absorbed i n  each of the  s ix  different  inner volumes are presented 
i n  Table 5-5. 
centered i n  the  Z - a x i s  and the "straight-ahead" penetration path enters t he  center 
of a 1 x 1 cm2 face. 
Z-coordinates of i t s  face and rear. For example, the  0-1 cube has i ts  face x-y plane 
centered i n  the  beam at z=O (front  surface of the  block) and i ts  rear  x-y plane 
one centimeter deep i n  the  block. 
enter the block with a l l  protons t ravel ing pa ra l l e l  t o  the  z-axis 

Each inner volume i s  1 x 1 x 1 cm3 oriented s o  t h a t  the volume i s  

The location of the  cubic centimeter volume i s  given by the  

The one source millimeter beam was  assumed t o  

In  t h i s  first inner volume, 31 protons had nuclear reactions depositing 
2,277.2 MeV of energy. Some 1956 protons underwent multiple ionization and. 
exictation col l is ions,  18 depositing l e s s  than 8 MeV and 64 more than 10 with 
a 9.06 MeV most probable value f o r  the energy absorbed. 
energy absorbed from nuclear interactions,  multiple ionization col l is ions,  and 
tha t  l o s t  by leakage i s  shown i n  Table 5-6. 

The dis t r ibut ion between 

Depth Energy Absorbed Energy 
i n  Nuc l e  ar Ionization Removed 

Block Interactions Collisions Leakage 
(em) (Percent ) (Percent ) (Percent ) 
0-1 
1-2 
2-3 
5 -6 

10 -11 
11.3-12.3 

Table 5-6: 

1 
10.9% 85. 3% 3.8% 3 1  
15 .1  79.3 5.6 
20.5 74.7 4.8 
14.4 83.7 1.9 
8.2 91.6 .2 

L 
1 

-- 03 99.7 

Comparison Between Energy Absorbed from 
Nuclear and Ionization Collisions and 
E n e r a  l o s t  by Leakage i n  Each of Six 
Inner Volumes e 

O f  the  2000 incident protons, about 140 (7%) remained i n  the  one square 
millimeter beam cross section for the  en t i r e  penetration path. 
(59%) remained i n  a one square centimeter volume centered on the  Z-axis. 
322 (16%) of the  protons were scat tered out of the 1 x 1 x 12.3 cm3 volume. 
remaining 498 (25%) had nuclear reactions. 
given i n  Table 
l x  l x  12.3 cm core. 

About 1180 
Another 

The 
The dis t r ibut ion of secondaries i s  

Most of the  secondary protons were also scat tered out. 
The secondary neutrons r a re ly  produced events i n  the  central  

3-le 

In  the 0-1 cubic cm volume, the major portion of the  protons are s t i l l  within 
The su i tab le  dose volume for the  absorption of the  19,205 MeV the beam dimensions. 

i s  .1 x .1 x 1 cm3. In  the  f i n a l  inner volume, most of the  1180 remaining protons 
are dis t r ibuted throughout the 1 x 1 x 1 cm3 and t h i s  is  the  sui table  volume f o r  the  
dose calculation. The PROPER 3B system permits the  user t o  se lec t  the exact volume 
f o r  the calculation. For the  example given here, the  chosen dose volume can be any 
inner volume and have any s i ze  which f i t s  the  parameters of the problem. 
t o  the  t o t a l  energy, the  user may se lec t  any energy bands of i n t e re s t  and c m  study 
i n  d e t a i l  the nuclear and ionization energy dis t r ibut ions of as many different inner 
vo~umes, both on and off the cent ra l  beam path, as required by the  problem. 

In  addition 



CHAPTER 6 

I 

&itera1 leakage o f  pr.otoins from s i l i c o n  ro i l s  bombarded by nonoenergetic 

pro tons  i n  the  enere{ range 50 XeV - 187 IAeV 

-- 

by Martin Leimdorfer 

I n t  r o  du. c t i o -n - 
I n  connection wi th  a study of the  p r o p e r t i e s  of l i t h ium-dr i f t ed  

s i l i c o n  semiconductor d e t e c t o r s  a c a l c u l a t i o n  has been made t o  
i n v e s t i g a t e  t h e  l a t e r a l  l eaksge  r a t e  and t h e  l eak ing  p a r t i c l e  

spectrum.. The s i l i c o n  absorbers  were assumed t o  b e  c y l i n d r i c a l  r o d s  

of c i r c u l a r  c ross  sectior?.  The source p a r t i c l e s  were assumed t o  
e n t e r  uniformly over a c i r c u l a r  a r ea ,  concen t r i c  with an end surface 

of t he  absorber .  The r ad ius  o f  t h i s  a r e a  was va r i ed .  The t h e o r e t i c a l  

t reatment  i s  based on a Monte Carlo method, previously descr ibed [ I ] .  

The PROTOS conpu.-cer program, which w a s  used, was a l t e r e d  t o  incorpora te  

a t reatment  o f  nuc lea r  i n t e r a c t i o n s  according t o  -a model descr ibed i n  [ 21. 

Only protons coming ou-t d i r e c t l y  from a nuc lea r  i n t e r a c t i o n  were considered 

and no at tempt  was made t o  t ake  i n t o  account t h e  secondary generat ions 

o f  protons produced v i a  intermediary neutrons c o l l i d i n g  with nucle i .  

The nuc lear  i n t e r a c t i o n  t reatment  i n  t h i s  s tudy  i s  only meant t o  provide 

a b a s i s  f o r  genera l  observa t ions  o f  tendencies  i n  the  e f f e c t s  and 

is r a t h e r  approximate. However, i n  order t o  show, expl ic i t ly ,  

t h e  inf luence  o f  nuc lear  i n t e r a c t i o n s  upon t h e  present  r e s u l t s ,  

ca l cu la t ions  were made wi th  as well as without  nuc lear  i n t e r a c t i o n s .  
. ..-- 

Energy s t e p  dens i ty  i n  t h e  iSlonte C a r l o  c a l c u l a t i o n ,  corriparisons 

with a n a l y t i c a l  nodel 

The Monte Carlo procedure uses  a g r i d  o f  energy po in t s  which a r e  

genera l ly  equal ly  spaced i n  t h e  l o g a r i t h q  of t h e  eneggy between the  

source energy and a cu tof f  energy which i s  chosen s o  t h a t  a l l  p a r t i c l e s  

are e s s e n t i a l l y  s t o p p s d  as f a r  as their .  spa t i a l  rnovement i s  concerned. 

This cutoff  energy was s e t  t o  2 MeV i n  a l i  cases  of  t h i s  s t u d y .  I n  
order  t o  t r e a t  t h e  proton slowi.ng down process  co r rec t ly ,  t h e  energy 

., 
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Energy spacing 

g r i d  has t o  b e  s u f f i c i e r i t l y  derise t o  provide numer ica l ly  corlvereed 

I .esu l t s .  An exp lo ra to ry  s tudy  v i m  made t o  check thi:; e f f e c t  a t  187 

IJeV s o u r c e  enei-gy. An analyt i .ca1 model ( s e e  Appendix 1)was a l co  

developed t o  produce a formula t h a t  can be  used for hand c a l c u l a t i o n s  

of t h e  t o t a l  leakage r a t e .  The advantage of t h i s  model i n  the  p resen t  

context  i s ,  of  course,  t h a t  i t  can a l s o  be  used t o  check whether t h e  

r e s u l t s  a r e ,  indeed, converged as fa r  as t h e  energy mesh d e n s i t y  of 

t he  Monte Carlo c a l c u l a t i o n  i s  concerned. 

- 
Ab sorb  er/s ourc  e c r o s s  s e c t  i o n  a r e a s  

9 mm /1 mm 1 25 I I ~  /‘I 11lm~1 100 rmg / I  mm 1 9 I I ~  /9 mm2 2 2 2 2 2 2 

I n  t a b l e  I we shal.1 cornpare r e s u l t s  o f  c a l c u l a t i o n s  made with 100-point 

and 50-point l oga r i thmic  g r i d s  as we l l  as 16-point l i n e a r  g r i d s .  The 

geometries correspond t o  f o u r  d i f f e r e n t  cases:  In  the f irst  th ree  

cases  t h e  c r o s s  s e c t i o n  areas of t h e  abso rbe r s  were 9,  25, arid 100 mm , 
r e spec t ive ly  and t h e  source  a r e a  was 1 mm . In  the  f o u r t h  case bo th  

the  absorber  a r e a  and the  source  a r e a  were 9 mm . Resu l t s  w i t h  as well 
as without nuc lea r  i n t e r a c x i o n s  a re  d isp layed .  The lengths  o f  t h e  

absorbers  were always l o n g e r  than  t h e  range o f  the source p a r t i c l e s ,  

The d i r e c t i o n  of  the source pro tons  i s  a long  the  axis of t h e  c y l i n d r i c a l  

absorber  throughout t h i s  s e t  of ca l cu la t ions .  

2 

2 

2 

+ I 
100-point l og .  I 93.7 - 2.2 81.3 2 2.0 

50-point log .  95.8 5 2.2 82.4 2 2.0 
16-point l i nea r  94.2 + 2.2 83.1 2 2.0 

Table I 

42.9 2 1.5 95.4 f, 2.2 
48.0 t 1.6 96.7 2 2.2 
51.1 +, 1.6 95.7 2.2 

Total. leakage r a t e s  ( p e r  cen t )  a t  va r ious  energy g r i d  d e n s i t i e s  i n  

t h e  Konte Carlo cal .culat ion and as obtained from a n a l y t i c a l  model 
I- 

100-point l o g .  1 9 5 . 0  5 2.2 80.1 2 2.0 
50-point l og .  195 .4  * 2.2 82.9 2.0 

40.0 f 1.4 95.6 L 2.2 
43.2 2 1.5 96.8 2 .2  

i 

92.4 42.7 I -  80.8 
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:"lie e r r o r s  i nd ica t ed  i n  the  t a b l e  r e f e r  t o  mice r t a i i i t i e s  coryeapoziding 

t o  one s-taildard d e v i a t i o n  i n  t h e  s t a t i s t i c s  e ?le a n a l y t i c a l  r e s u l t s  

a r e  based oil t h e  assumption that t h e  source i s  afi i - i l i i c i t c ly  liarrow 

beam and t h & t  s p a t i a l  s t r agg l iEg  can be neglected.  It 1s obvious, 

though, t h a t  t h e  a r a l y t i c a l  r e s u l t s  a r e  qui-ke accura'ie. Since computa- 

t i o n  t imes i n  t h e  Llonte Carlo cases  a r e  rather locg (of  t k e  o rde r  of 

an hour pe r  case)  we d-ecided t o  u se  a 50-poict l o g e r i t l m i c  g r i d  f o r  

.the bulk of t h e  c a l c u l a t i o n s  a t  o t h e r  source ene rg ie s ,  !?he conputa t ion  

t imes a r e  p ropor t iona l  t o  t h e  number of  energy p o i n t s  u.sed. The r e s u l t s  

of t h e  t a b l e  i n d i c a t e  t h a t  t h e  f i n a l  choice of t h e  50-point g r i d  d e n s i t y  

i s  acceptab le  from a poin t  of view o f  accuracy. 

- .  

Tota l  l a t e r a l  leakage  ra tes  

B'lonte Carlo c a l c u l a t i o n s  were performed at t h e  soLLrce eiiergieu 50 XeV, 

100 Ne7, and 18'7 MeV r e spec t ive ly .  111 most o f  t k e  ca lcu la t ions ,  t h e  sou.rce 

beam was made t h i n  enough t o  be considered as a l i n e  source.  The r e s u l t s  

of  t o t a l  leakage r a t e s  as a f u n c t i o n  o f  t h e  cross s e c t i o n  a r e a  of t h e  

s i l i c o n  absorbers  a r e  displayed i n  f i g s .  1 - 3 .  The source p a r t i c l e s  

eE te r  a long t h e  d i r e c t i o n  of t h e  c y l i r d e r  axis  i n  a l l  o f  these  cases .  

P ig .  1 shows t h e  187 KeV case  (50-point g r i d ) .  ?he incl-d-sion o f  n u c l e a r  

i n t e r a c t i o n s  i n  -the c a l c u l a t i o n s  obviously does n o t  a f f e c t  t h e  r e s u l t s  

apprec iab ly .  A s  s een  i n  f i g .  2 ,  i n  the  case o f  a 100 LeV source (50--point 

g r i d )  t h e  nuclear interac-Lions in f luence  t h e  r e s u l t s  t o  a much g r e a t e r  

extent than i n  the  previous case,  This  e f f e c t  i s  even more prouounced 

i n  t h e  case  of  a 50 MeV source,  as shown i n  f i g .  3 .  li probable  explana- 

t i o n  of t h i s  phenomenon could be that  h ighe r  energy protons a r e  GO much 

d e f l e c t e d  by Coulornb s c a t t e r i n g  as t o  make t k e  e f f e c t s  03 m c l e a r  processes  

le:;s observable  i n  t h e  q u a a t i t i e s  prezented.  

-.. Var ia t ion  of angle  of  incidence a t  -. '1 8'7 iJeV 

I n  a l l  r e s u l t s  g iven  above t h e  d i r e c t i o n  of t h e  i n c i d e n t  protons i s  

a long  t h e  ax is  of t h e  absorbing cy l inde r .  In  o r d e r  t o  f a c i l i t a t e  

cor:iparisons wi th  experiments pcrformed u t  Uppsa la  iluiverai-ty wi-th a 

187 IAeV beam w i t h  vary ing  direct ions:  of incidence r e l a t i v e  -to %lie a x i s  
of  t h e  abzorbirig c y l i x d e r  we pc-rforiiied a s tudy of tk is  d irecLioila1 e f f ec t .  

The r e s u l t s  o f  t h e  t o . L a l  l a . l ; u r a l  1eaksg.c: as a func-L:ioLi of  t h e  angle  o f  
ir?cideflce of t h e  s o u r c e  bcam ar.e L(i.cplayec1 i n  'i'abl-t' I : [ ,  A 50-"' j .. e \I :L o g a r i t  h i l i  c 

grid was 1A:;ed th~~ouEkioul;. 
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Seam angle 

( radians) 

0 
0.01 
0 . 0 2  

1 

3 ... . 
i , l t : ?  nuc l ea r  i n t e r a c t i o n s  

hbsorber/soarce cross s e c t i o n  &rea 

9 m 2 / 1  E m 2  

95.8 2.2  82 .4  -L 2.0 

2 2 2 2 

48.0 f 1 . 6  96.7 2.2 

2 i  2 25 nm / I  IIlm . 100  mi /I  nm 5) Im /9 r m  . 

96.3  2.2 84 .6  2 2.0 49.4 1.6  97.3 i 2.2 
9 6 . 8  2.2 86 .9  L 2.0 54.4 2 1.6  39 .9  2 2.2 

3-l 3Fergy s p e c t r a  o f  proto-ns l e a k i ~ ~ - ~ r a l l y  - 
T n  a l l  t h e  c a l c u l a t i o n a l  ca ses  descr ibed above, e2ergy d i s c r i b u t i o o s  

of t he  protons,  l eak ing  o ~ t  l a t e r a l l y ,  were a l s o  o b t a i x d  8 s  p a r t  o f  

t h e  computer r e s u l t s .  I n  the  p re sen t  r epor t  we sha l l  g ive  r e s u l t s  for 
187 KeV source protons i n c i d e n t  a x i a l l y .  Table IiI shows these r e s u l t s .  

The u n i t  i s  number of  escaping protons p e r  I.lelP p e r  source proton. A 
50-point logar i thmic  energy g r i d  vms used i n  t h e s e  ca l cu la t ions .  Fig.  4 
shows a p l o t  of t h e  r e s u l t s  f o r  the  25 mn2  abso1.be.r with as well as 

without c u c l e a r  i n t e r a c t i o n s .  2 ig .  5 shows a-n approximate curve f i t  on 

a l i n e a r  graph o f  t he  r e s u l t s  g iven  i n  f i g .  4 .  As seefi,tthe o u c l e a r  

i n t e r a c t i o n s  r e s u l t  i n  a pi le-up o f  low-energy protons whereas the  spectrum 

neg lec t ing  t h e s e  processes  i s  e s s e n t i a l l y  CUT o f f  a t  arou-nd 30 Lev. 

T rans l a t ion  of leakage spectrum t o  d e t e c t o r  r e s n o m e  f imct ion  

It i s  now appropr i a t e  t o  d i s c u s s  t he  problem o f  how a ca l cu la t ed  leakage 

spectrum can be used t o  make a p r e d i c t i o n  o f  t h e  d e t e c t o r  response 

func t ion ,  i. e .  t h e  pulseheight  d i s t r i b u t i o n ,  recorded T r o m  a detec- 

t o r  havi_q’gamsitiVe volume o f  t he  shape o f  the absorbers  used i n  o u r  
c a l c u l a t i o n s .  Le t  u s  assume, f irst ,  t h a t  n u c l e a r  i n t e r a c t i o n s  a r e  no t  

occur r ing  i n  na tu re ,  I n  that case each source p a r t i c l e  w i l l  depos i t  a n  

energy i n  t h e  zbsorber  arnou.nti.ng t o  i t s  i n i t i a l  energy minus t h a t  of 

any s i n g l e  p a r t i c l e  escaping, IIence, The di.stribLt.tion of energy dcpooi- 

t i o n  i s  r e a d i l y  o b t a i m d  by changing the  values on -the absc i s sa  of 

t h e  lcakage spectrum from thei.1. previous viilueo t o  nevi values  cciual t o  

t h e  cource  e-nergy rfiir~ug t h e  prcviou:: ab:;cissa vizlue. Wie ex is tence  of 

nuc1en.r i n t e r a c  t io r i s  diut0r.t this :;iliipl.e p i c t a r e ,  however. In a nuclear 

i n t e r a c t i o n ,  i n  t h e  energy range considered heiae, t h e  lc inct ic  criergy 

- -  
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of t h e  incomiiig p a r t i c l e  is t r a n s f e r r e d  t o  k i n e t i c  energ ies  of t h e  

r e a c t i o n  produc.'is (p1Li.s lniiior pOXt2iitial e;?t.rgieS 6cle to rO11-eoL;sei'VetiOil 

of DasS ill t l ie r e a c t i o n )  . The outgoi i ig  ~ : ~ c l e o i l s  w i l l  chi':,;- pr~ctj .( :L11y 

211 4,]le kir le . t ic  energy a v a i l a b l e  sizice :hey e r e  t i le l i c i - ,  -__ - --Iec:L ,-I, o~e: :  of 

t h e  r e a c t i o n  products .  '?lie m!nbcr of oxtgaixg :xc l eocs  nil: p rac- l ica l ly  

always be d i f f e r e n t  f r o %  oiie. I n  2 t y p i c a l  cese  0 2 ,  sa;;, a 100 I.:eV 

proto-n i n c i d e n t  on a s i l i c o n  nuc leus  t l iere  i.~ill be 0x1 tlie average 

about  1 . 2  high-energy (100 LIeV - 25 XeV) protons and about 0.8 high-energy 

neu5rons p l u s  roLghly 0.5 l o w e n e r g y  ( 2 5  KeV - 0 )  -r,eu-iroiis and pro tons ,  

r e spec t ive ly .  T ' k  iiigh-energy p a r t i c l e s  a r e  ,ge-erally c a l l e d  cascade 

p a r x i c l e s  asid Ciie low-energy p a r t i c l e s  a r e  c a l l e d  evapork7ioe p a r t i c l e s ,  

following the  t h e o r e t i c a l  Iflode1 used t o  p r e d i c t  t h e  ou-tcoiiie o f  such 

nuc lea r  rea'ctioris. 1x1 ;!le preserit coiltext it i s  i:nportar,r, ~ v ? a t  we note  

that t h e  low-eriergy r e a c t i o u  pi-od~c-+us a r e  alnays accompaiiied b y  high- 

energy p a r t i c l e s ,  emitted a t  e s s e n t i a l l y  tke sarie ti111e. ?'.is ma:?s that  

t h e  d e t c c t o r  m i l l  n o t  record pLilses corresponding i o  e n e r g  escapes 

seen  i n  t h e  low-energy peak o f  t h e  rii.clear i g t e r a c % i o r  escepe spectrum 

o f  f i g .  4 o r  5 ( t h e r e  i a  O i l e  very improbable exceptiorl, slamely, i f  t h e  

k i r ,e t ic  energy o f  the iricoxiEg p a r t i c l e  i s  ?;r.ti-.sfZerrcd -to o r e  1on-e;iergy 

proton and one o r  w r e  neot rons) .  

. _  . . -  

I t  i s  c l e a r  now that t h e r e  i s  no way t o  der ive ,  ip- a simple ri:ai7'rLer7 t h e  

p r o b a b i l i t y  d i s t r i b u t i o ? i  of  energy deposi ted I n  tLe s e i x i t i v e  volume 

of t h e  d e t e c t o r  from t k  leakage s p e c t r a  d isp layed  i.1 t 3 e  p re sen t  r epor t .  

Siiice, however, t h e  l a t t e r  s p e c t r a  for 18'7 LeV i7icidep-T ~ ' I 'O~ ;O ' I ?S ,  a r e  

q a i t e  similar i n  tkie caces with and withou-t n u c l e a r  i:lte:actioris, 

r e spec t ive ly ,  (zpar-t  from t h e  r eg ion  o f  very l o w  er:e.~.<;iec. 

case tke  c u c l c a r  i n t e r a c t i o n  products  can _(LO< b e  d i s  ticgc::isked by L!ie 

d e t e c t o r  becau.se o f  t h e  pile-up e f f e c t ,  discussed a i i u v e )  ii; .is s t i l l  

likely t h a t  a comparison w i t h  expcrimmto, based 02 . the  abcc i s sa  

r e f l e c t i o n  procedure,  d-iscuased above, :7ill zkovr reacoriable agreeiiient 

between theory  a-nd experiment a t  this source ci:ergy. 

i n  which 
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Appendix I 

An analytical representation of the total lateral leakage fraction 

Assume that charged particles are incident along a noma1 to a zlab of 
infinite extension. Using the theory of Eyges [SI  one may derive an 
expression for the distribution in distance from the source normal of 

particles transmitted through the slab. Eyges' theory neglects range 
straggling and assumes the validity of the small-angle diffusion approxima- 

tion of the multiple scattering transport equation. Denoting the Eyges 
normalized distribution f (r)  2rrrdr we may obtain an expression for the 
total lateral leakage fraction for a cylinder of radius R 

where we have assumed that particles transmitted at r 2  R in the slab 
problem would have escaped through the lateral surface in the cylinder 
problem. 

Taking Eyges' expression for f(r) we obtain 
2 

In deriving this formula we have tacitly assumed that the gaussian distribu- 

tion projected on a plane through the axis of incidence will also be valid 
f o r  the unprojected distribution in r. This is a known feature of the 
normal distribution. 

The result for the lateral leakage fraction is 

R2 
-7 2 20 L =  e 

! 
7 

where 
I 

X being the thickness of  the absorber measured along the line of incidence 
and 8:  the rate of change of-the mean square of the.particle deflection 
angle, We take an expression f o r  8 from Rossi [4] 2 

S 



1/6" 2 z2  2 0 2  -1/7 r' 
8 = 16n it- re (z) lq ._ 136;: (2) j S R 

111 

, where 

IT i s  4-vogadro's number 

Z i s  t h e  atomic number o f  t h e  absorber  nucleus 

A 

r i s  t h e  c l a s s i c a l  r a d i u s  o f  t he  e l e c t r o n  

m i s  t h e  mass of t h e  e l e c t r o n  

c i s  t h e  ve loc i ty  o f  l i g h t  

p i s  tlie r a t i o  o? t h e  p a r t i c l e  v e l o c i t y  and t h e  v e l o c i t y  o f  light 

p i s  t h e  p a r t i c l e  momentum 

11 I t  weight I'  I'  11 

e 

0 

I n  us ing  the  R o s s i  expression f o r  o 2  ne r e g l e c t  the  e f f e c t  o f  range 

s t r a g g l i n g  and transform t h e  q u a n t i t i e s  and p i n t o  d e t e r m i n i s t i c  

fv.nctione of t he  v a r i a b l e  pene t r a t ion  d i s t m c e  x. !Pis i s  done by 

f i rs t  tu rn ing  p and p i n t o  fu.-nctions o f  t h e  p a r t i c l e  kine-bic energy 

E vLcicli i s  a func t ion  o f  x through t h e  equat ion 

s 

dE where E i s  t h e  source energy and - t he  stoppiEg power xh ich  i s  ava i l ab le  
0 dx 

i n  s t m d a r d  handbooks. GTe taok  -this quan t i ty  f r o a  o u r  own calcu-lat ions 

based on t h e  Bethe-Block formula with a mean ion iza t io r .  p o t e n t i a l  f o r  

s i l i c o n  equal  t o  123 eir. 

2 The f i n a l  value o f  o- a r r i v e d  a t  by numerical i n t eg ra t io i i  f o r  167 LIeV 

protons inc iden t  on s i l i c o n  was I .OO dcm2)2 .  .lii 'Table IV we compare 

the  a n a l y t i c a l  values of t h e  l a t e r a l  leakage f r a c t i o n  with t h e  bes t  

vciluee o f  t h e  corresponding computations ( '1 00-point g r id ,  EO i iuclear 

i n t e r a c t i o n s )  



(6-9) 

Analy t i ca l  

92.4 

80.8 

42.7 

Table I V  

- _  !.-on-te Carlo 

-f- 

+ 
95.0 - 2.2 

80.1 - 2.0 f 
i 
!. 40.0 2 1.5 e 

Comparison of a n a l y t i c a l  and Konte Car lo  r e s u l t s  o f  l a t e r a l  leakage 

a t  187 EeV ( p e r  cen t )  

. .  2 
! 

_.. " \  
i 

-4bsorber c r o s s  s e c t i o n  

area (mm ) 2 

9 
25 

100 

I t  i s  obvious that t h e  a n a l y t i c a l  m l u e s  a r e  i n  good agreement with those  

obtained by t h e  EAonte Carlo method. 
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Cross Section Area of Absorber Cylinder (mm2) 

h7ith nuclear interact ions 

v i  thout nuc. l e  ar i n t e r  ac ti cns 

anal-yt i c  a1 r e s u l t  
( ie thout  nuclear interact ions ) 

Figure 6-1. 

Source Energy: 187 MeV. Line Source. 

Lateral  Leakage Fraction as a Function of Cross Sec+,ion Area 

Curves represent Monte Carlo r e su l t s  with a 100-point gr id .  
Crosses are ana ly t ica l  r e s u l t s  obtained by the  method described i n  Appendix I. 
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... . .  ;. 

without nuclear 

0 50 100 
2 Cross Section Area of Absorber Cylinder (rm ) 

Figure  6-2. 
Source Energy: 100 MeV'. Line Source. 
Curves represent Monte Car lo  r e s u l t s  with a 50-point  energy gr id .  
Error bc7;rs ccrrespon-i t o  one starid3i.d dnviation. 

Lateral Leakage Fraction as a Furiction of Cross Section Area 
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with nuclear 
i n t e r  ac ti ons 

Figure 6-3: Lateral  Leakage Fraction as a Function of Cross Section k e a  

Source Energy: 50 MeV. Line Source. 

Curves represent Monte Carlo results with a 50-point energy g r i d .  
Error b a s s  correspond to one s t m d a r d  deviation. 
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Figure 4: Energy Distributions of Protons Escsping Lateral-iy from 
2 Absorber with 25 m cross section Area. 

Shar?cd histogrzm represenks t h e  case without riuclea- interact ions.  
50-point energy gr id .  Line source. 
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