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CHAPTER 1 

A NEW APPROACH TO THE ANALYSIS OF MEASUREMENTS OF PROTON STOPPING POWER 

by Mart in  Leimdorfer,  Claes Johansson and George W .  Crawford 

INTRODUCTION 

A computational procedure f o r  e x t r a c t i n g  t h e o r e t i c a l l y  r e l e v a n t  
in format ion  from measurements of t h e  energy lost by pro tons  i n  pas s ing  
through a chosen m a t e r i a l  has  been developed. The measured q u a n t i t i e s  
inc lude  t h e  i n i t i a l  energy of t h e  pro ton ,  Eo,  t h e  energy lost, AE = 
Eo - E i  by t h e  pro ton  i n  pas s ing  through an absorber  of t h i ckness  X 
having  a d e n s i t y  P . 
n e l  p u l s e  h e i g h t  d i s t r i b u t i o n s  of charge a s  c r e a t e d  i n  and c o l l e c t e d  
from t h e  a c t i v e  r eg ion  of l i t h i u m - d r i f t e d  s i l i c o n  d e t e c t o r s .  The 
d e t e c t o r s  used were i n  each case  long  enough to t o t a l l y  absorb t h e  
e n t e r i n g  pro ton .  
c l o s e l y  r e l a t e d  to proton  energy d i s t i > i b u t i o n s ,  t h e  d e t e c t o r  was a l i g n -  
ed i n  t h e  pro ton  beam s o  t h a t  t h e  pro tons  t r a v e l e d  p a r a l l e l  t o  t h e  
l e n g t h  of t h e  d e t e c t o r .  By keeping  t h e  p a r a l l e l  beam small  i n  s i z e  a s  
compared t o  t h e  c r o s s - s e c t i o n  of t h e  a c t i v e  r e g i o n ,  and by c e n t e r i n g  
t h e  en t rance  p o i n t ,  t h e  pro ton ,  whether of energy E ( d i r e c t  from t h e  
a c c e l e r a t o r )  o r  E i  ( a f t e r  pas s ing  through an absorb&) , e n t e r i n g  t h e  * 

d e t e c t o r  had a h igh  p r o b a b i l i t y  of be ing  t o t a l l y  absorbed i n  t h e  
a c t i v e  r eg ion .  See Chapter 6 P a r t  I f o r  a d i scuss ion  oE l a t e r a l  l eak-  
age. The Bethe-Bloch equat ion  a s  modif ied f o r  s h e l l  and d e n s i t y  cor-  
r e c t i o n s  (see Equat ion 2-29 ,  Chapter 2 ,  P a r t  I )  desc r ibes  t h e  in s t an -  
taneous r a t e  of energy loss s u f f e r e d  by a charged p a r t i c l e  a long t h e  
pa th  of migra t ion  i n  mat te r  through i n t e r a c t i o n s  wi th  atomic e l e c t r o n s .  

The ene rg ie s  Eo and E i  a r e  recorded a s  multichan- 

I n  order  t h a t  t h e s e  p u l s e  he igh t  d i s t r i b u t i o n s  be 

dE z2z K ( $ ) r f ( B )  - 1nI - - - - Z 2 1 - - = -  
pdx A 

where 

and 

( i n  MKSA u n i t s )  

p = density of stopping material  

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

Z = atomic number of stopping material  

A = atomic weight of stopping material  

$ = v/c, veloci ty  of incident  p a r t i c l e  r e l a t i v e  t o  veloci ty  of l i g h t  
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6 =  

I =  

m =  

e =  
- 

No - 
E =  
0 

s h e l l  correct ion of t h e  ith s h e l l  (CCi = C ( B ) )  

density correct ion a t  high energies 

average exc i ta t ion  po ten t i a l  per e lectron of the stopping atom. 

rest mass of e lec t ron  

electron charge 

Avogadro ' s number 

d i e l e c t r i c  constant of vacuum 

A Monte Carlo method, descr ibed  i n  Chapter 3 ,  P a r t  I ,  was used 
t o  r e l a t e  t h e  a c t u a l  p a t h  of migrat ion t o  t h e  th i ckness  of t h e  absorb- 
e r ,  g iv ing  a t h e o r e t i c a l  his t rogram comparable t o  t h e  experimental  
his togram of energy d i s t r i b u t i o n s .  Examples of' such his tograms a r e  
given i n  Figure 1-1. The b a s i c  l i n e  of reasoning  followed i n  t h i s  
method o f  a n a l y s i s  is as fo l lows .  The f i r s t  s t e p  was t h e  develop- 
ment of a computational procedure which dup l i ca t ed  t h e  a c t u a l  exper i -  
ment a s  a c c u r a t e l y  a s  p o s s i b l e  and p r e d i c t e d  i t s  r e s u l t .  By comparing 
t h e  t h e o r e t i c a l  p r e d i c t i o n s  wi th  t h e  experimental  d a t a  one can optim- 
i z e  t h e  va lues  o f  t h e  unknown parameters  (which a r e  used i n  t h e  ca lcu-  
l a t i o n s )  t o  produce t h e  c l o s e s t  f i t s  between experiment and theory .  

Thus t h e  b a s i c  p r i n c i p l e  of t h i s  method of e x t r a c t i n g  d a t a  from 
experiment i s  t h a t  of a d j u s t i n g  parameters  i n  a computation whicii, 
under optimum c o n d i t i o n s ,  would p r e d i c t  t h e  outcome of an experiment.  
The gene ra l  form of an energy d i s t r i b u t i o n  of pro tons  (proton c u r r e n t  
dens i ty  i n  t h e  sense  of t r a n s p o r t  t heo ry ) ,  t h a t  have slowed down by 
mul t ip l e  atomic i n t e r a c t i o n s  i n  t r a v e r s i n g  a s c a t t e r i n g  sample, i s  a 
gaussian-type curve.  One obvious p o s s i b i l i t y  f o r  a c r i t e r i o n  f o r  good- 
n e s s - o f - f i t  between two such d i s t r i b u t i o n s ,  would be t o  e s t a b l i s h  t h e  
average d i s t a n c e  between corresponding p o i n t s  on t h e  two curves  i n  a 
d i s tance-squared  me t r i c  ( the  l e a s t  squares  method). This would ce r -  
t a i n l y  be a good method i f  t h e  experimental  cond i t ions  were f u l l y  
p r e d i c t a b l e  by t h e  computation method. This i s ,  however, unfor tun-  
a t e l y  no t  completely t r u e .  To see  t h i s  compare t h e  r e a l  and t h e  theo- 
r e t i c a l  cond i t ions  i n  f i g u r e s  2 and 3 ,  r e s p e c t i v e l y .  I t  is obvious 
t h a t  t h e  i d e a l  method of a n a l y s i s  would inc lude  t h e  d e t e c t o r  i n  t h e  
t h e o r e t i c a l  "reproduct ion" and a c t u a l l y  p r e d i c t  t h e  output  of t h e  de- 
t e c t o r .  One would then  be j u s t i f i e d  i n  opt imiz ing  t h e  mutual f i t  of t h e  
two cu rves ,  A t  t h e  p r e s e n t  s t a g e  of development, t h i s  method s t o p s  
one s t e p  s h o r t  of  such an i d e a l  t r ea tmen t .  The assumption i s  ma6e 
t h a t  t h e  peak of t h e  experimental  d i s t r i b u t i o n  corresponds on a one-to- 
one b a s i s  t o  t h e  peak of t h e  energy d i s t r i b u t i o n  of pro tons  ( cu r ren t  
dens i ty)  averaged over t h e  e x i t  s u r f a c e  of t h e  sample. The f a c t s  t h a t  
t h e  detector- to-sample d i s t a n c e  i s  l a r g e  and t h e  good r e s o l u t i o n  prop- 
e r t i e s  of t h e  d e t e c t o r  back t h i s  assumption. The c o r r e c t n e s s  of t h i s  
assumption i s  e s t a b l i s h e d  i n  a fo l lowing  s e c t i o n .  I t  i s  r e a d i l y  r e a l -  
i zed  t h a t  o the r  c r i t e r i a  f o r  comparing t h e  two d i s t r i b u t i o n s ,  such a s  
those  based on t h e  first moment of t h e  d i s t r ibu t ion (mean  energy) w i l l  
be more s t r o n g l y  dependent upon t h e  f i n i t e  and asymmetric r e s o l u t i o n  
func t ion  of t h e  d e t e c t o r  and hence l e s s  s u i t a b l e  f o r  t h i s  purpose.  
Previous workers have used comparison c r i t e r i a  based on t h e  mean energy. 
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Such procedure w i l l ,  of  course ,  be dependent on t h e  s e l e c t i o n  of low 
energy cu t -o f f  of t h e  experimental  d i s t r i b u t i o n .  

Paramet r iza t ion  of Experimental  Resu l t s  

The experiments r e s u l t  i n  pu l se  he igh t  d i s t r i b u t i o n s .  These 
a r e  recorded  by a mult ichannel  ana lyser  and a r e  thus  i n  a his togram 
form. Such a form i s  n o t  t h e  most s u i t a b l e  one f o r  eva lua t ion  of 
t h e  maximum of  the d i s t r i b u t i o n .  We t h e r e f o r e  conver t  t h i s  h i s t o -  
gram i n t o  an a n a l y t i c a l  form. 

The fo l lowing  mathematical  express ion  i s  s e l e c t e d  on t h e  b a s i s  
of t h e  phys ics  of t h e  problem. 

N 
1 -t2 

f ( t 9  = - (e 11 + 1 a v H v ( t ) ] )  , 
J;; v= 1 

(1-2) 

E - E, t =  

Ea 
0 

i s  t h e  average energy (= most probable  energy i n  t h e  gauss ian  
approximation t o  t h e  s o l u t i o n  of t h e  slowing-down equat ion)  

0 = measure of d i s p e r s i o n  of t h e  gauss ian  approximation a s  above. 
cs i s  equal  t o  4" t imes t h e  s tandard  dev ia t ion  of  t h a t  d i s -  

tr i b u t i o n  

d a t a  
a a r e  unknown parameters  t o  be determined from t h e  experimental  

V 

V = 1, 2 ,  3 ... N 
I n  t h e  procedure f o r  e v a l u a t i n g  t h e  parameters av we f irst  s e t  Ea 
t o  t h e  middle energy of t h e  channel wi th  t h e  l a r g e s t  number of  counts .  
We compute from t h e  fo l lowing  approximation formula due t o  Ross i  (1). 

where 
x i s  t h e  th i ckness  of  t h e  s c a t t e r e r  ( i n  cms) 
P = t h e  m a t e r i a l  d e n s i t y  i n  g / c ~ ~  , and 

wi th  

and 

o2 = 2r2xp (1- 3) 

r 2 =  2crnc2% (1 - 5 1 (1- 4) 

2C = 0.30058 Z/A ( i n  cm2/g) (1-5) 

E; = 2mc2 $2 (1-61 
m2c4+ M2c4+ 2mc2 (p2c2+ m2c4) 'I2 

where 
p 2 2 =  ~2 + M C ~ E  

E', i s  t h e  maximum k i n e t i c  energy l o s s  ( i n  MeV) s u f f e r e d  by a c o l l i s i o n  
of a p ro ton  of energy E (MeV) wi th  an (inbound e l e c t r o n  a t  r e s t .  

HV (t) is the H e r m i t e  polynomial of order v: 
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As Ho(t) E 1, equat ion  1 - 2  w i l l  always f u l f i l l  t h e  cond i t ion  

Imf ( t )  d t  = 1 
-CO 

(1-10) 

We i n t e n d  t o  f i t  an express ion  of t h e  form of equat ion  1 - 2  t o  t h e  
experimental  his togram by a l ea s t - squa res  c r i t e r i o n  app l i ed  t o  so lve  
t h e  parameters  av , v = 1, 2 , 3 . .  a N 
of N w i l l  be determined on t h e  b a s i s  of p r a c t i c a l  cons ide ra t ions .  
We in t roduce  our n o t a t i o n  i n  f i g u r e  4. 
We l e t  F i  denote t h e  number of counts  between t h e  ene rg ie s  E and 
E i + l  (corresponding t o  ti < t i + l )  and s e t  

where t h e  appropr i a t e  va lue  

i 

N 

i= 1 
IF, = f (1-11) 

We have s i l e n t l y  assumed t h a t  t h e r e  i s  a (not  n e c e s s a r i l y  l i n e a r )  
one-to-one r e l a t i o n  between channel boundaries and pro ton  energy. 
This i s ,  of course ,  t h e  b a s i s  of t h e  use fu lness  o f  t h e  d e t e c t o r  a s  
a spectrometer .  
I n  order  t o  change t h e  range of d e f i n i t i o n  of t h e  func t ion  f ( t )  from 
an i n f i n i t e  one t o  a f i n i t e  one ( i n  t )  we s e t  

This  problem w i l l  be s c r u t i n i z e d  i n  a l a t e r  s e c t i o n .  

K f * ( t )  = F f ( t )  (1-12) 

K being a cons t an t  determined by t h e  c r i t e r i o n  
tn+ 3. 

t1 
1 f* ( t )  d t  = 1 (1-13) 

K w i l l  have t h e  meaning of t h e  t o t a l  number of counts  p r e d i c t e d  f o r  
t h e  i n t e r v a l  -00 < E < co by t h e  f i t t i n g  f u n c t i o n  Ff*( t )  . 
We now s e t  

%+1 %+l 
= F 1 f*(t)dt = K 1: f(t)dt 

ti ti 
+i 

By comparing equat ions  1-13 and 1-14 we s e e  t h a t  
N 

i=l 
h i = F  

Our l e a s t - s q u a r e s  express ion  r eads  

(1-15) 

(1-16) 

We want t o  minimize S t o  o b t a i n  optimum values  o f  t h e  parameters 
a i l  a2....a . We p r e f e r  equat ion  1 - 1 6  t o  O T ~ C  whc:rc: the -terms i n  
t h e  s u m  a r e  weighted i n v e r s e l y  wi th  some power o f  tile es t imated  
e r r o r  i n  F i .  The reason  i s  t h a t  we want t h e  f i t  t o  be b e s t  a t  t h e  
peak of t h e  " d i s t r i b u t i o n  and do n o t  so much mind dev ia t ions  i n  t h e  
f l a n k s  . 
Using equati.ons 1.-1 2 ,  1.-1.3, and 1 - 1 6  we o b t a i n  

N 

1- 

% ti+ 1 
S = [F .Yi1 f(t)dt - F J' f(t)dtI2 (1-17) 

i=1 t ti 
The parameters  {a,) a r e  so lved  by minimizing t h e  express ion  S of 
equat ion 1-16 u t i l i z i n g  t h e  GAP language f o r  automatized c r i t e r i o n  
f u l f  i l l m e n t  (2) . 
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The i n t e g r a l s  i n  equat ion  1-16  may be w r i t t e n  

(1-18) - a2 -b2 b N 
I f ( t ) d t  = - (y &Ierf (b)-erf(a)+ la [e Hy,l (a) - .e Hv-l 
a 6 V= I 

Using t h e  p r o p e r t i e s  of Hermite polynomials as given i n  ( 3 )  where 
t h e  e r f  func t ions  a r e  a l s o  def ined .  
I t  i s  r e a d i l y  seen t h a t  t h e  equat ions minimizing S r e p r e s e n t  a 
l i n e a r  system i n  t h e  v a r i a b l e s  a , a ? .  ~. . a  . 
The f i t  w i l l  be exac t  i n  t h e  sense  t h a t  F i  = @i 
i i f  N = n-1, i . e .  t h e  number of parameters i s  equal  t o  t h e  num- 
ber  of channels  minus one. The case  N = n-1 may produce computation- 
a l  i n s t a b i l i t i e s  and may g ive  f l u c t u a t i o n s  i n  t h e  func t ion  f ( t ) .  
Therefore ,  we apply t h e  cond i t ion  

We have found it p r a c t i c a l  t o  use  va lues  of  N ranging  from 4 t o  8 .  
I n  each f i t t i n g  problem a l l  t h e s e  va lues  of N a r e  used and t h e  b e s t  
one i s  s e l e c t e d  on t h e  b a s i s  of t h e  c r i t e r i o n  t h a t  t h e  sum of  t h e  
terms (Qi - Fip over t h e  f i v e  channels  n e a r e s t  t o  t h e  peak should 
be a s  smal l  as p o s s i b l e .  
By d i f f e r e n t i a t i n g  equat ion  1 - 2 ,  we o b t a i n  

f o r  a l l  va lues  of 

N 5 n-2 (1-19) 

(1-20) 

u s i n g  aga in  t h e  p r o p e r t i e s  of t h e  Hermite polynomials (see r e f s .  (3) 
and (4)).  By s e t t i n g  df ( t ) / d t  = 0 we may so lve  e m a t i o n  1-20 f o r  
t h e  va lue  of  t a t  which t h e  curve has  i t s  maximum. I n  gene ra l ,  t h e  
funct ion,  f ( t )  may have more than  one r e a l  extremum. We must t he re -  
f o r e  check t h a t  t h e  root t = 6 t h a t  i s  s e l e c t e d  i s  a meaningful one, 
and t h a t  t h e r e  i s  n o t  more than  one maximum i n  t h e  range t, < t t,+l. 
This cond i t ion  i s  app l i ed  before  an optimum value  of N i s  s e l e c t e d  
on t h e  b a s i s  of  t h e  c r i t e r i o n  c i t e d  above. The cond i t ion  of equa- 
t i o n  1-13 i s  gene ra l ly  s u f f i c i e n t  t o  au tomat i ca l ly  make t h e  unique- 
ness  cond i t ion  f u l f i l l e d .  
I n  order  t o  make t h e  va lue  of t h e  r o o t  t = 6 independent upon t h e  
choice of numerical  va lue  of t h e  cons t an t  Ea we i t e r a t e  t h e  f i . t t i n g  
procedure by exchanging f o r  Ea ( i n  d e f i n i t i o n  of t )  t h e  peak energy 

s o  many t imes u n t i l  two subsequent va lues  of  6 d i f f e r  by l e s s  t han  
This i t e r a t i o n  technique has  as a r e s u l t  t h a t  t h e  func t ions  

e-t2 and f ( t )  w i l l  have numerical ly  co inc iden t  maxima a t  t = 0 i n  
t h e  l a s t  i t e r a t i o n .  
A s  seen from equat ion  1 - 2 0  t h i s  impl ies  t h a t ,  f o r  t h e  converged s e t  
of av, t h e  fo l lowing  cond i t ion  w i l l  ho ld  ( t o  wi th in  t h e  accuracy 
d i c t a t e d  by t h e  convergence c r i t e r i o n ) :  

Ep = Ea + 60  (1- 21) 

(1-22) 

which may be r e w r i t t e n  

V+P 
_I 

= o  (1-23j  (r+l) ! 
Ca (-1) r+l 

V= I V  
(odd values of VI (7). 

The f i t t i n g  procedure c o n s t i t u t e s  t h e  subprogram PARA i n  t h e  ORACLE 
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code system performing t h e  complete a n a l y s i s .  A sample r e s u l t  i s  given 
i n  Table 1. 
The experimental  d a t a  have been manually cut o f f  a t  t h e  h igh  and low 
ene rg ie s  shown. This  t r u n c a t i o n  could a l s o  have been done according 
t o  some mathematical  c r i t e r i o n ,  e.g.  when t h e  counts  i n  two subsequent 
channels d i f f e r  by l e s s  than  t h e  probable  e r r o r  i n  t h e  number of 
counts .  This  problem i s ,  however, n o t  c r u c i a l  t o  t h e  accuracy of 
de te rmina t ion  of t h e  p o s i t i o n  o f  t h e  peak. 

S t a t i s t i c a l  E r ro r  i n  Experimental  Value of Peak Energy 
Having e s t a b l i s h e d  t h e  procedure f o r  o b t a i n i n g  a va lue  of t h e  

most probable  energy i n  t h e  measured d i s t r i b u t i o n ,  t h e  s t a t i s t i c a l  
accuracy of t h i s  q u a n t i t y  must be determined. It  i s  d i f f i c u l t  t o  
c a l c u l a t e  t h e  e r r o r  a n a l y t i c a l l y  a s  t h e  peak energy i s  a non- l inear  
func t ion  of  t h e  parameters  We choose i n s t e a d  t o  apply t h e  
p r i n c i p l e  of s t a t i s t i c a l  sampling and assume t h a t  t h e  number of 
counts F i  i n  channel i i n  t h e  measurements i s  normally d i s t r i b u t e d  
wi th  mean F i  and va r i ance  F i ( 1  - Fi/F).  By applying well-known 
computer methods f o r  sampling of a normally d i s t r i b u t e d  s t o c h a s t i c  
v a r i a b l e  we may produce a new s e t  of Fi which might have been t h e  
outcome of a r epea ted  experiment.  We then  f i n d  t h e  maximum of  t h i s  
experimental  analogue. I n  t h e  pa rame t r i za t ion  we use  t h e  va lue  
of N ,  found t o  be b e s t  f o r  t h e  a c t u a l  experiment,  according t o  
t h e  c r i t e r i o n  descr ibed  above equat ion  1-20 .  The resampling process  
i s  r epea ted  and t h e  d i s t r i b u t i o n  of  peak p o s i t i o n  va lues  i s  analysed 
wi th  r ega rd  t o  i t s  d i spe r s ion .  I n  our computerized implementation 
of t h i s  i d e a  we resample e i g h t  t imes and compute t h e  mean square dcv;--  
a t i o n .  The shape of  t h e  d i s t r i b u t i o n  of t h e  peak p o s i t i o n  has  been 
s t u d i e d  and appears  t o  be very near  t o  a normal d i s t r i b u t i o n  as 
i n d i c a t e d  by a s t anda rd  non-normality t e s t .  ( 5 ) .  

aV . 

The Monte Carlo c a l c u l a t i o n  g ives  r i s e  t o  h i s t o p a m s  of t h e  
same type  as those  obta ined  experimental ly .  This t rea tment  i s ,  
of  course ,  app l i cab le  a l s o  t o  t h e  computed d i s t r i b u t i o n s  and we 
proceed i n  e x a c t l y  t h e  same way, i n  f a c t  t h e  Monte Carlo compu- 
t a t i o n  i s  always fol lowed by an a n a l y s i s  of t h e  peak p o s i t i o n  and 
of i t s  s t a t i s t i c a l  e r r o r .  

Tes t  of  Overa l l  Consistency 
A s  w a s  po in ted  o u t  i n  t h e  beginning, our c o r r e l a t i o n  of t h e  

peak of  t h e  experimental  d i s t r i b u t i o n  t o  t h e  most probable  energy 
i n  t h e  spectrum of  p ro ton  c u r r e n t  d e n s i t y ,  l e a k i n g  ac ross  the e x i t  
su r f ace  of  t h e  absorber ,  i s  n o t  r i g o r o u s l y  j u s t i f i e d .  We may, however, 
g ive  a proof of  t h e  c o r r e c t n e s s  of  t h i s  assumption i n  t h e  case  of 
aluminum where t h e  phys ica l  d a t a  t h a t  govern t h e  pro ton  t r a n s p o r t  a r e  
known. 
Let  us  c a l l  t h e  parametr ized form of t h e  energy d i s t r i b u t i o n  measured 
by t h e  d e t e c t o r  w i th  no absorber  f o ( t )  wi th  - E-EO 

Eo be ing  known through c a l i b r a t i o n  and oo -42 A ,  where A2 i s  t h e  
mean square dev ia t ion  of  t h e  experimental  d i s t r i b u t i o n .  We may assume 
t h a t  t h e  shape o f  f o ( t )  remains unchanged f o r  va lues  of Eo vax-ying 
s l i g h t l y  around i t s  a c t u a l  va lue .  Le t  u s  now s e t  t h e  parametr ized 

00 
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ve r s ion  of t h e  t h e o r e t i c a l  (Monte Carlo c a l c u l a t e d )  energy d i s t r i -  
bu t ion ,  f o r  a c e r t a i n  th i ckness  of aluminum, equal  t o  

The f o l d i n g  i n t e g r a l  

t hus  r e p r e s e n t s  t h e  t h e o r e t i c a l  spectrum smeared by t h e  response 
func t ion  of t h e  d e t e c t i n g  system. If our b a s i c  assumptions a r e  
c o r r e c t ,  t h e  func t ion  g*(E) should have i t s  maximum a t  t h e  same 
p lace  as t h e  func t ion  f (E) r e p r e s e n t i n g  t h e  paramet r ized  ve r s ion  
of t h e  measured spectrum for t h e  same aluminum absorber  t h i ckness .  
Agreement i n  t h i s  ca se  i s ,  of course ,  t o  be considered i n  r e l a t i o n  
t o  s t a t i s t i c a l  accu rac i e s .  
We now go on t o  look  f o r  a mathematical  formula t ion  of t h i s  cons is -  
tency t e s t .  
S e t  

(1-24)  

E '  - EMC 
with tl = 

U 
and 

N2 

J;; v= 1 
f ( E - E ' ) =  f o ( t 2 )  = - [,-';(I+ 1 c ? J v  H (t2))] 
0 

E-E ' with  t2 = - 

(1- 25) 

(1- 26) 

I n s e r t i o n  o f  equat ions  1-25 and 1 - 2 6  i n t o  equat ion  1-24 g ives  

N 

(1- 27) 
2 

v= 1 v= 1 

(1- 28 

g iv ing  

(1- 29) 
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We i n s e r t  t h e  v a r i a b l e  u i n t o  equa t ion  1-27 and o b t a i n  

1 . .?I2 N1 N2 
[I.+ 1 b H (Aru+B) I [l+ 1 c H (A2u+B2) ldu (1-30) g * ( E ) =  ---- ---- - - .  . . I 2 ' .  c 

v v  1-11 - 1  J7; &;'.;;' 4;; v= 1 p= 1 

where we have de f ined  

- 0  
z 5 '  

A2 q - T - 2 -  

We no te  f o r  f u t u r e  use  t h a t  
I t  i s  convenient  t o  s e t  

A: + A$ = 1 

= t  

We now t r a n s c r i b e  equa t ion  1-30 

E-EMC 

40,2 + 02 

m N1 
e f -  e e [ 1 b H (A1u - A,t)ldu + v v  v= 1 

g*(t)dt - 1 - a t 2  - -_ 
JT; dt 

1 -t2/ m 1 -u2 N2 
- e - e 1 c H (A2u + Alt)ldu + 

1 - 1 1 - 1  J;; -m J;; lJ" 1 

(1-31) 

(1-32 ) 

(1-33) 

(1-34) 

(1-35) 

(1-36) 

(1-37) 

The i n t e g r a t i o n  range i n  equat ion  1-30 has  been s e t  equal  t o  (-00, 0 9 ) .  

This i s  j u s t i f i e d  only i f  t h e  paramet r ized  d i s t r i b u t i o n  f u n c t i o n s  Eo 
and g r e p r e s e n t  meaningful e x t r a p o l a t i o n s  o u t s i d e  t h e  range of t h e  
his togram on which t h e s e  d i s t r i b u t i o n s  a r e  based. I n  p r a c t i c e  t h e  a r e a s  
under t h e  e x t r a p o l a t e d  t a i l s  o f  t h e  d i s t r i b u t i o n s  a r e  found t o  be 
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n e g l i g i b l e .  
T h i s  i s  i n d i c a t e d  by t h e  very good agreement, t h a t  i s  always found, 
between t h e  t o t a l  number o f  a c t u a l  counts  F and t h e  ex t r apo la t ed  
number of counts  K .  We now eva lua te  t h e  d e r i v a t i v e  o f  t h e  func t ion  
g*(t)  a t  t = 0 .  
( Q * / 3  t ) t=o  i s  equal  t o  zero  wi th in  t h e  s t a t i s t i c a l  accuracy of 
I ~ i e  q u a n t i t i e s  involved.  We know t h a t  t h e  corresponding experiment- 
a l  d i s t r i b u t i o n  f ( t )  has  i t s  maximum a t  t = 0 a s  a r e s u l t  of t h e  
f i t t i n g  p rocess .  
D i f f e r e n t i a t i o n  of  equat ion 1-37 wi t \ , r e spec t  t o  t g ives  a t  t = 0 

The hypothes is  t h a t  we want t o  t e s t  i s  whether 

N2 
A1 --I - e  1 - u 2  [ 1 2 p c H  ( A u )  
J ; ; - W  J;; 1-1”1 !J 1-1-1 2 

1 W N 1  N 2  

J;; --m J;; v= 1 U-1 

- J -’ e-U2 [ 1 bvHv ( A l ~ ) ]  [ 1 21-1cPHy- ( A 2 u )  du - 

1 m Nl - A2 1 e-.’[ 1 2vb H (Alu)]  [; c y H U ( A 2 u )  du v v-1 G-W J;; V= 1 !J= ‘I 

Equation 16.5.22 of (6) may be transformed t o  r e a d  ( fo r  even va lues  
of m+n) 

(1-38) 

- ( m + n )  n m a 6 G H  (0) 
m+n ( - l I m  ( a 2  + B21 (1-39) 
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We use equat ion  1 -36  t o  eva lua te  the  i n t e g r a l s  i n  equat ion  1-38 
bea r ing  i n  mind t h a t  Al 2 + A: = 1. 

(1-40) 

I f  we compare equat ion  X-UB.$ith equa t ion  1 -23  we observe t h a t  t h e  
d e r i v a t i v e  i n  equat ion  1-3$D w i l l  be ze ro  whenever A 1  o r  A2 i s  equal  
t o  e i t h e r  0 o r  1. This corresponds t o  t h e  l i m i t i n g  c a s e s .  

ao= (," 
IJ 

a r e  known and equat ion  1-40 t h e r e f o r e  
and 

A l l  t h e  parameters  b ,  
pe rmi t s  d i r e c t  e v a l u a t i o n  of he d e r i v a t i v e .  Its optimum v a l u e ,  ze ro ,  
w i l l ,  of  course ,  n o t  be obta ined  e x a c t l y  i n  t h e  p r a c t i c a l  ca se .  We 
t h e r e f o r e  e s t a b l i s h  our cons i s t ency  t e s t  i n  t h e  fo l lowing  way: 
Assume t h a t  t h e  maxima of t h e  f u n c t i o n s  g*(E) 
by an amount E and t h a t  t h e  shape o f  g*(E) can be approximated by a 
normal d i s t r i b u t i o n  i n  t h e  v i c i n i t y  of  t h e  peak. The approximate 
shape of g*(E) i s  t h e n  

and f (E) a r e  d i sp l aced  

- (t - €/do2 + 02)  * (t) dt = e 0 

glppr. hi- 

This means t h a t  t h e  s i g n  of E is  chosen so t h a t ,  f o r  E > 0 ,  

g3ppr. (E) 

We d i f f e r e n t i a t e  equa t ion  1-39 a t  t = 0 

has  i t s  maximum f o r  E > EMc. 

(1-41) 

(1-42) 
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By i d e n t i f y i n g  t h e  r i g h t  hand s i d e s  o f  equat ions 1-41 and 1-43 
we so lve  f o r  t h e  displacement E. 

Let  us  now r e l a t e  t h e  dev ia t ion  E t o  t h e  sources  of e r r o r .  We 
o b t a i n  e r r o r s  i n  t h e  de te rmina t ion  of  t h e  most probable  ene rg ie s  
i n  t h e  experimental  and t h e o r e t i c a l  (Monte Carlo) d i s t r i b u t i o n s  , 
r e s p e c t i v e l y .  Le t  us s e t  t h e  corresponding va r ious  e r r o r s  equal  
t o  D2exp and D 2 ~ ~  r e s p e c t i v e l y  ( D 2 ~ ~  i s  always made t o  be much 
l e s s  than  D2exp). 

I n  p r a c t i c e  t h i s  cond i t ion  has  always been very we l l  f u l f i l l e d  

Our consi$tency c r i t e l - ion  should r ead  

(1-44) E2 << D:xp 4- DMc 2 

L 
E 0.01 

D exp 4- Dk 
(1-45 1 

and we t h e r e f o r e  cons ider  t h e  assumption d iscussed  a t  t h e  o u t s e t  of 
t h e  p r e s e n t  s e c t i o n  proven. The c a l c u l a t i o n s  descr ibed  a r e  incorpor-  
a t e d  i n  t h e  sub program CONSIS, 
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CHAPTER 2 

EVALUATION OF THE MOST PROBABLE ENERGY LOSS SUFFERED BY PROTONS PERPENDICULARLY 

INCIDENT ON PLANE PARALLEL ABSORBERS. 

by Martin Leimdorfer and George W. Crawford 

1. Introduction 

I n  experimental determinations of charged p a r t i c l e  stopping power, the standard 
procedure i s  t o  measure the  average energy loss  of a p a r t i c l e  when t r a n s -  
versing an absorber. The path length i s  usually designated as the  thickness 
o f . t h e  absorber, x .  I n  t h a t  case one determines the  ari thmetic value of the  
energies of t he  t ransmit ted pa r t i c l e s  a f t e r  correct ing f o r  t he  angular devia- 
t i ons  of t he  p a r t i c l e  paths.  

In  many cases, however, t he  mean value of the measured transmission spectrum 
i s  d i f f i c u l t  t o  co r re l a t e  t o  the  ac tua l  mean value of the energy d i s t r ibu t ion  
of transmitted p a r t i c l e s .  This d i f f i c u l t y  occurs when the  detector  response 
d i s t o r t s  t he  r e a l  d i s t r ibu t ion  and an unfolding procedure i s  l i k e l y  t o  in t ro -  
duce la rge  e r ro r s  i n  the  r e s u l t s  (e .g .  due t o  excesseve escape from the  
detector;  see Part  I, Ch. 6 ) .  I n  most cases i t  may, however, be possible  t o  
use the  peak value of t he  experimental d i s t r ibu t ion  instead of t he  mean value 
s ince the  peak i s  more l i k e l y  t o  be e s sen t i a l ly  undistorted by t h e  detector  
propert ies .  A discussion of the  l a t t e r  phenomenon i s  given i n  Ch. 1. The 
purpose of t he  present repor t  i s  t o  show t h a t  the  value of the  most probable 
energy loss  i n  the  experimental case i s  useable as the  mean energy los s  
calculated from Monte Carlo proton t ranspor t  code PROTOS 111. 

The average energy l o s s  t h a t  should be the  ult imate quantity t o  be derived 
from an experiment i s  understood t o  be t h a t  average energy which a charged 
p a r t i c l e  loses  when t rave l ing  a given path length. Since pa r t i c l e s ,  pene- 
t r a t i n g  through a plane p a r a l l e l  absorber f o i l  have undergone coulomb i n t e r -  
act ions with the atoms of t he  absorber material ,  t he  ac tua l  path length i s  
not a unique quantity i n  t he  experimental configuration f o r  there  i s  a 
d i s t r ibu t ion  of path lengths,  with an average value s l i g h t l y  l a rge r  than the 
f o i l  thickness.  Let us denote the  desired average value of the s t r a i g h t -  
path energy los s  Eo - Ea, where Eo i s  the  energy of t he  incident p a r t i c l e s .  
The mean value of t h e  variable-path energy l o s s  i s  Eo - Since the  
pa r t i c l e s  have, on the  average, t rave led  fu r the r  i n  the  la t ter  case than i n  
the  former, the  quantity Ea - Em should be posi t ive.  I n  sect ion 2 we s h a l l  
derive an expression f o r  obtaining values of the  correct ive quant i ty  Ea  - G. 
Using the  r e s u l t s  of E a  - Em we may then ca lcu la te  Ea  - Ep, where Ep 's the  
peak energy determined by the  procedure described i n  the  preceding chapter.  

The theo ra t i ca l  values obtained by the  methods out l ines  i n  the  sect ions 2 and 
3 represent t he  perturbations of the  average e x i t  energy Ea due t o  angular 
def lect ion of the  p a r t i c l e  paths. I n  addition, the  ac tua l  lengths of the  
paths have a s t a t i s t i c a l  d i s t r ibu t ion ,  s t raggl ing,  which a l so  influence the  
values of Em and Ep. 
l a t i ons  of sect ions 2 and 3 with the  s t raggl ing  e f f e c t  included. Since we 
have access t o  Monte Carlo calculated values of the  quant i t ies  i n  question 
we may s t i l l  study the  e f f e c t  of s t raggl ing,  using the  f u l l  t heo re t i ca l  
treatment, (See Pa r t  I, Ch. 3 ) .  

It i s  possible,  but  d i f f i c u l t ,  t o  car ry  out the calcu- 
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In the derh&.%rLanc, Of :%bernta&h6d scior'cc airou&&,thnn (1 d 2 ccuss dti :>h!mvq, $me: tizve 
t a c i t l y  assumed t h a t  the  continuous slowing down, multiple scatterhng approx- 
imation of t h e  pa r t i c l e  transport  equation i s  applicable. This i s  almost 
always done i n  re la ted  l i t e r a tu re .  The condition f o r  va l id i ty  of t h i s  approx- 
imation is  t h a t  t h e  m a s s  of the  migrating pa r t i c l e  be large as compared t o  
t h a t  of the  electron, I n  our case, the  mass of t he  proton was  about 2000 
t i m e s  l a rger  than t h a t  of t he  electron. 
the  present study i s  being conducted, we s h a l l  have to m a k e  appropriate cor- 
rections f o r  departure= from the  picture,  These e f fo r t s  w i l l  be covered i n  
section 5. 

I n  the  degree of accuracy with which 

2, Analytical evaluation of E 

Assume t h a t  pa r t i c l e s  of energy Eo are  incident perpendicularly onto a slab 
of thickness z and i n f i n i t e  extension. The distance S traveled by a pa r t i c l e  
Before transmission i s  

- Em neglecting path-length straggling, a 

S 

s = J as' and 

Z = dS'cos8 

0 

S 

0 

dS' being an element of p8thlength at S p  where the polar angle of directidbn 
of the  path i s  equal to 8,  

E 
pgssible wavelengths S. 

i s  equal to the  mean energy of the  pa r t i c l e s  t h a t  have t raveled a l l  
We may wri te  

E m - E a =( ( S - Z )  dE/dS) (2-3 1 
where dE/dS i s  the  stopping power at  the exit energy. 
t o  denote mean value. 
possible energies, we may set  

The symbol ( )  i s  used 
Since dE/dS i s  essent ia l ly  constant over t he  range of 

E - E (S-Z)dE/dS (24 1 m a 

=( ss (1-cos@) dS')dE/dS 
0 

Since 0 i s  generally a s m a l l  angle, 

The angle 0 has a 
S'. If we assume 

a E - E  m 

(2-5 1 

Gaussian-like d is t r ibu t ion  with a width t h a t  increases with 
t h a t  the  dis t r ibut ion i s  normal, we get  

(2-7) 

2 W e  have applied Moliere themy (4,5) t o  a calculation of ( 8  ). 
evaluated values of E - E m e  printed out by the  PROTOS Monte Carlo program as 
an auxi l iary information, 
given i n  section 6. 

Analytically 

El a The de ta i l s  covering the  calculation of Ea - Em are 
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3. Analytical  evaluation of E - E neglecting s t raggl ing 

We s h a l l  now address ourselves t o  t h e  problem of calculat ing the  value of t h e  
most probable energy l o s s  of the  penetrating pa r t i c l e s  i n  t h e  configmation 
described i n  the  preceding section. Yang (6) has developed a theory which 
applies t o  t h e  present problem under t h e  assumption t h a t  t h e  energy of t h e  
pa r t i c l e  remains unchanged (during t h e  path). 
ra ther  t h i n  absorbers t h i s  assumption i s  acceptable. Defining t h e  var iable  

a P9 

Since we s h a l l  concentrate on 

v = 2 7 -  ,;s.-z 
s -2:  

Yang obtains a d is t r ibu t ion  f o r  v 

2 
m a  3 The maximum of the  function Y(v) appears a t  v 

Consequently, 

= - ( t o  within 0.02 percent) 

E -E a x ,  v 1 max (2-10) 

which i s  a universal  r e s u l t ,  rigorouRly applicable t o  t h i n  absorbers and 
under the  other assumptions given. 

4. Effect of s t raggl ing on the quantity E -E 

I n  order t o  be able t o  study the  e f f e c t  of including s t raggl ing i n  the  
calculat ion of E -E w e  have compared an ana ly t ica l  evaluation of t h i s  
quantity (wi thod  s?raggling ) and a s tochias t ic  evaluation (.cJ.Jrth s t raggl ing)  e 

For the  sake of consistancy both calculat ions are based on the same energy 
gr id  arrangement. Fig. 1 shows t h e  r e s u l t  of the  comparison f o r  a case of 
99.99 Mev protons incident  on aluminum absorbers, of varying thickness. 
We notice t h a t  the  r e s u l t  with s t raggl ing are somewhat higher than those 
without straggling. Since we are using t h e  Monte Carlo Calculated value 
of E -E i n  t h e  formula 

a m  

a m  

E -E 

E -E 3 
"p=l 

a m  

t h i s  a f f e c t  does not dis turb the  present study. 

5. Corrections t o  t h e  continium model, using the  Vavilov theory 

(2-11) 

I n  the  preceding derivations we have assumed, throughout, t h a t  t h e  energy- 
l o s s  process i s  a continuous one. I n  r e a l i t y ,  the  protons in t e rac t  with only 
one or a f e w  electrons at each individual  co l l i s ion  process. The energy 
calculat ion i s  influenced t o  some degree by t h i s  approximation. I n  the  con- 
tinuous model, the  pa r t i c l e s  t h a t  have t raveled a cer ta in  (curved) pathlength 
have an energy d is t r ibu t ion  which i s  a Gaussian function due t o  the  va l id i ty  
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of the  c e n t r a l  l i m i t  theorem t o  t h i s  theore t ica l  process. 
however, t h i s  energy d is t r ibu t ion  i s  not symmetrical and a l s o  has i t s  average 
displaced by a s m a l l  correct ive energy as compared t o  recorresponding curve 
of the continuous model. Since our calculations are intended t o  be very 
accurate i n  t h e i r  evaluations of the peak energy we s h a l l  attempt t o  take 
i n t o  account t h i s  non-continuous perturbation. We have used the Vavilosr 
theory(7)(8) t o  calculate  t he  required correction t o  E e 

the  corrective quantity i s  posi t ive and independent of'the absorber material, 
since it r e l a t e s  only t o  the proton-electron interact ion.  We have evaluated 
the correction (E 
essent ia l ly  constgnt. 
100, 200, and 300 MeV, respectively.  The correction converges asymptotically 
t o  a fixed value at  each energy as the absorber thickness increases. The 
asymptotic value can be shown t o  be wel l  approximated by the  formula 

m 

I n  the exact theory, 

It turns  out t h a t  

- E ) on the approximation t h a t  t he  proton energy i s  
h e  r e s u l t s  are i n  Figures 2-5 f o r  proton energies of 50, 

(2-12) e E ,,,-E = E - p p o m + m  
e P  

where m and m a re  the  r e l a t i v i s t i c  masses of the electron and proton, 
respectively. PThe r i g h t  hand s ide  of t h e  equation represents the mean energy 
l o s s  i n  the f i rs t  proton-electron interact ion.  

e 

I n  order t o  perform t h e  calculations on which the Figures 2-5 are based we 
used the values of t he  Vavilov dis t r ibut ion,  given by BeXtzema3.cE@ergeT ( ( 7 )  
performed an interpolat ion t o  search f o r  the m a x i m u m  values of t he  difference 
between the  maximum and the  average energy los s .  

6. Calculation of E -E (neglecting s t a t i s t i c a l  f luctuat ions i n  t h e  stopping a m  power ) 

Definitions: 

E = mean energy of p a r t i c l e s  t h a t  have t raveled a distance x (given by the  a 

dE, where Eo i s  the (2-13) r k r  the r e l a t i o n  x = 

0 

dE 
dx source energy and - the  stopping power. ) 

E = mean energy of pa r t i c l e s ,  escaping from a s l ab  of thickness x, a f t e r  m 

(e2?, = mean square of angle of t he  t ra jec tory  with regard t o  angle of 

having entered at r i g h t  angles t o  t h e  s l ab  surface. 

incidence, measured at  the  pathlength s '  from the point of incidence. 

Following the  reasoning of Fano (g) ,  we may write 

(2-14) 

i n  the small-angle approximation. Substi tuting x f o r  s i n  the upper l i m i t  of 
the i n t e g r a l  creates  a negligibAe e r r o r  as long as s and x a re  nearly equal. 
The numerical computation of ( 8  i s  very complicated. 
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Numerical procedure: The variable SPR i s  defined by 
s7 

integrated over an i n t e r v a l  i n  s ' ,  s obtained by adding a l l  e n t r i e s  under E 
from the top  through the  l i n e  at  which the value of SPR i s  read o f f ,  and s 
by adding values of E only t o  the  next higher posi t ion,  

1 
2 We may then wri te  

2 dE E -E = A [(SPR), (E),] - a m  (2-16) 

The constant, A, i s  evaluated by comparison with values of E -E obtained by 
Monte C a r 1 0  calculations 
butions are given i n  histogram form. 
first moment of t he  d is t r ibu t ion  with each p a r t i a l  area being represented by the  
point i n  the  middle between the energy l i m i t s  of t h e  in t e rva l .  Representative 
varues a re  given i n  Table 2-1. Fromthese r e su l t s ,  the  constant A i s  found 
t o  be equal t o  120 (A=120), 

I n  these calculations,  t he  result?ngmenergy d i s t r i  - 
The values of Em a re  computed as the  

Thus the value of E -E may be obtained from a Monte Carlo calculat ion o r  can 
be calculated from equation 2-16. The nearly symmetrical d i s t r ibu t ion  of 
energies about the mean value fo r  the Monte Carlo calculations produces a 
value f o r  t he  peak energy almost t h a t  of the mean energy. Thus from the 
standpoint of the Monte Carlo calculations,  when one has determined the value 
f o r  Em' t he  value f o r  E 
be used t o  produce resuyts f o r  other values of p d x .  

a m  

has a l s o  been determined. Linear interpolat ion can 

Aluminum 

pdx 2 
(gm/cm ) 

1 6848 
3.2346 
4 6602 
5 9259 

1.6848 
3 2346 
4 6602 
5 9259 

1 6848 
3 2346 
4 6602 
5 0 9259 

0,1350 

0.4055 
0.5400 

Table 2-1: 

o 2700 

( i n  MeV, * 0.003) 
Eo = 185.6 MeV 

12.279 12.297 0.018 
6.327 6.344 0.017 

17.874 17.894 0.020 
22.961 22.984 0.023 

Eo = 159.8 MeV 

7.010 7.024 0,014 
13.654 13.672 0.018 
19.968 19.993 0.025 
25.726 25.756 0.030 

Eo = 99.9 MeV 

9.974 ,9.9%2 0.008 
19.935 19:949 0.014 
30.002 30.025 0.023 
39.962 39.994 0.032 

1.704 1.710 0.006 
3q477 3.486 0.009 

E = 36.2 MeV 
0 

5.329 5.342 0.013 
7.273 7.288 0.015 

Comparison of Linear Energy Loss, Eo-Ea, w i t h  
Variable -Path Energy Loss, En -E, e 
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Absorber Thicknes s (gm/cm2 1 

Figure 2-1: E -E vs. Absorber Thickness of Alwainum. Eo = 99.9 MeV. a m  
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CHAPTER 3 

CALIBRATION OF PULSEHEIGHT DISTRIBUTION I N  TERMS OF PROTON ENERGY 

by Arne Ber.gstrom, Martin Leimdorfer 
E l ton  K.  Helwig and George W. Crawford 

The problems t o  be d iscussed  i n  t h e  p r e s e n t  s e c t i o n  a r e  those  of 
e s t a b l i s h i n g  t h e  conversion formula from pu l sehe igh t  (vol tage)  t o  
pro ton  energy and of a s s e s s i n g  t h e  a c c e l e r a t o r  beam energy and i t s  
e f f e c t i v e  d i s p e r s i o n .  I n  t h e  p r e s e n t  ve r s ion  of our procedure we 
assume t h e  s topping  power a s  a func t ion  o f  energy for::alwninum t o  be 
knowri. 
t o  an aluminyi s t anda rd .  The b a s i c  d a t a  i s  a s e t  of pu l sehe igh t  d i s -  
t r i b u t i o n s  from measurements w i th  d i f f e r e n t  aluminyn absorbers  of  
vary ing  th i ckness  and t h e  pu l sehe igh t  d i s t r i b u t i o n  taken  wi th  no 
absorber i n  t h e  beam. The f i r s t  s t e p  i s  t o  c a l c u l a t e  t h e  peak posi-  
t i o n  o f  each histogram, fo l lowing  t h e  procedure i n  Chapter I .  The 
energ ies  ET w i l l  be exchanged f o r  pu l sehe igh t s  i n  terms of channel 
number. The d i s p e r s i o n  (previous ly  c a l c u l a t e d  on t h e  b a s i s  of 
phys i ca l  da ta )  i s  now rep laced  by t h e  measure of  t h e  width of t h e  
d i s t r i b u t i o n  i n  terms of pu lsehe ight .  cr2 = 2A2, where A* i s  t h e  
mean square d e v i a t i o n  of  t h e  experimental  d i s t r i b u t i o n  from t h e  
middle of t h e  peak channel .  A l l  pu l sehe igh t s  i n  a s i n g l e  channel 
a r e  assumed t o  l i e  i n  t h e  middle of t h e  channel .  By way of d e f i n i -  
t i o n  we only inc lude  i n  A *  t h e  l a r g e s t  p a r t  of t h e  d i s t r i b u t i o n  which 
i s  symmetrical i n  terms of d i s t a n c e  from t h e  peak b u t  con ta ins  counts  
i n  a l l  channels .  The f a c t o r  of 2 is based on the Chapter I d e f i n i t i o n  
of 0 .  

This  means t h a t  t h e  c a l i b r a t i o n  w i l l  be performed r e l a t i v e  

A s  a r e s u l t  we can a s s o c i a t e  t o  each aluminum absorber j ,  of 

~ c ~ ' ' i ~ i ~  j J =  0 t o  be t h e  case  wi th  no absorber  and XI ,  x2.  ~ .x2 t o  
th i ckness  x . ,  a peak pu l sehe igh t  V j  w i th  s t a t i s t i c a l  error 
'd:> 
JJC Liic:i:ricsses of i n c r e a s i n g  magnitude. Le t  u s  s e t  t h e  unknown 
source energy equal  t o  Eo and t h e  l i kewise  unknown peak ene rg ie s  
f o r  t h e  n absorbers  equal  t o  E p l ,  Ep2 ...... Epn. These ene rg ie s  
should cover t h e  e n t i r e  range over which t h e  c a l i b r a t i o n  i s  des i r ed .  
From t h e  assumed knowledge of t h e  pro ton  s topping  power of aluminum, 
a s e t  of func t ions  S are def ined  i n  t h e  fo l lowing  way. 
Eo - Epl = s (Eo9 Xl) 
EO - Ep2 = S(Eo, ~ 2 )  

77 

11 

17 

17 

71 

n equat ions  (3-1) 

E a  - Epn = S G o ,  xn) 
where t h e  S f u n c t i o n s  r e p r e s e n t  t h e  most probable  energy l o s s e s  
s u f f e r e d  by pro tons  of i n i t i a l  energy Eo while  t r a v e r s i n g  aluminum 
absorbers  of  t h i cknesses  xj. 
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Mathematical express ions  f o r  t h e  S func t ions  a r e  obta ined  i n  t h e  
fo l lowing  manner. A s e r i e s  of Monte Carlo c a l c u l a t i o n s  a r e  made 
involv ing  d i f f e r e n t  source ene rg ie s  covering t h e  range of i n t e r e s t ,  
The PROTOS program g ives  t ransmiss ion  s p e c t r a  f o r  many d i f f e r e n t  
t h i cknesses  i n  one r u n  s o  a l l  t h i cknesses  x can be c a l c u l a t e d  on 
t h e  same run .  An a n a l y t i c a l  func t ion  (polynomial) i s  then  f i t t e d  
t o  t h e  va lues  of E 
peak a n a l y s i s  program PARA. This  is done by a l e a s t - s q u a r e s  pro- 
cedure u s i n g  weights equal  t o  t h e  inve r se  of t h e  s t a t i s t i c a l  e r r o r  

A E p j  a l s o  produced by t h e  PARA program. The s t a t i s t i c a l  e r r o r s  of 
t h e  Monte Carlo r e s u l t s  a r e  made s u f f i c i e n t l y  small  (by ana lys ing  
a s u f f i c i e n t  number of h i s t o r i e s )  t o  be unnot iceable  a s  compared 
t o  o t h e r  e r r o r s  i n  t h e  c a l i b r a t i o n  procedure.  

j 

- Eo versus  E ob ta ined  f o r  each x j  v i a  t h e  p j  Q 

Next a f u n c t i  n a l  form of th c a l i b r a t i o n  func t ion  is  def ined  
E = Bo + B1V + B2V’ + ., D .  ~ .+ BmV , which r e l a t e s  pu l sehe igh t ,  i n  
terms of  channel widths ,  t o  pro ton  energy v i a  t h e  parameters B,.,.B1 
ob ta ined  i n  t h e  c a l i b r a t i o n  procedure,  I n  t h e  ease  of  i d e a l  l i n e a r -  
i t y  B 1  w i l l  be t h e  pro ton  energy decrement (MeV] pe r  channel a s ,  
i n  t h a t  ca se  B2  = B3 = . . . . . B 1  = 0 ,  

(3-2) 

We i n s e r t  t h e  connected q u a n t i t i e s  E 
ob ta in  t h e  n equat ions (corresponding t o  n absorbers)  

V j  i n t o  equat ion  3-2 and p j  

= BO+B1V1+B2V$+. 2 ., +BmVF 
E P l  

= B O + B ~ V ~ + B Z V ~ + .  e a +BmVY 
EP 2 11 

I t  n equa t ions  
11 

11 

= Bo+B1Vn+B2Vn+ 2 ,, . +BmV: 
EPn 

I n  analogy, t h  equat ion  f o r  t h e  source energy becomes E o = B o + B ~ V o + B ~ V o +  5 +BmVE 

By s u b t r a c t i n g  each of  t h e  n equat ions  3-3 i n  t u r n  from t h e  
equat ion 3-4 a new se? o f  equat ions i s  obta ined ,  

11 

lt  

tt 

tt 

EO-Epn=B1 (Vo-Vn) +H (Vo-Vn) 2 2  +, a e e +Bm (Vo-Vn) m m  

( 3 -  3) 

(3-4) 

( 3 -  5) 

The l e f t  hand s i d e s  of t h e  f irst  n of t h e  equat ions  3-5 a r e  i d e n t i c a l  
t o  those  of equat ions  3-1 which a r e  equal  t o  t h e  polynomial expansions 
S ( E o ~ x  ) a .S (Eo,xn) By i n s e r t i n g  t h e s e  we g e t  a system of n + l  equa- 
t i o n s  $or s l o v i n g  t h e  v a r i a b l e s  Eo,  Bo,  B l S  B2. .,B, 
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S (Eo XI) =B1  (VO-Vl) +B2 (Vo-V1) 2 2  + ., . . a +Bm (V:-V'i"> 

S (Eo , xn) =B1 (Vo-Vn) f 

Eo=Bo+B1Vo+B2Vo+. 2 . . -. +BnVf 

(Vo-Vn) 2 2  +. . e . +Bm (V:-V:) 

This  system of equat ions  may be w r i t t e n  i n  ma t r ix  form as  

S(Eo) = V B ( 3 - 7 )  

For t h e  de t e rmina t ion  of t h e  m + l  c o e f f i c i e n t s  B = (Bo, B1-...Bm! 
from t h e s e  n + l  equa t ions  we want t o  g ive  a l l  equa t ions  equal  weight ,  
i . e .  we d i v i d e  them wi th  t h e  experimental  s t anda rd  d e v i a t i o n s  f o r  
t h e  r i g h t  membrum. (We assume t h a t  t h e  polynomial expansions g ive  
t h e  S f u n c t i o n s  i n  t h e  l e f t  membrum wi th  n e g l i g i b l e  t r u n c a t i o n  
e r r o r s . )  
t han  t h e  absorber  measurements and Vo - V i  << Vo t h e  e r r o r  i n  
t h e  r i g h t  membrum w i l l  be 

S ince  t h e  source measurement Vo i s  much more accu ra t e  

The normalized equa t ions  w i l l  t hen  r ead  

S'(Eo) = V'  B ( 3 9 )  

where t h e  pr imes des igna te  t h a t  a l l  e lements  a r e  d iv ided  by AV.. 
1 

We now have n + l  equat ions  of equal  weight from which we want 
t o  determine t h e  m+2 unknown parameters  B o 4  B l . -  * . " B m  and Eo, 
where B o , B 1 ,  ..... B occur l i n e a r i l y  and Eo n o n - l i n e a r i l y  a s  a 
power s e r i e s  ao+algo+a E2+. . D .  For this  problem we s h a l l  now 
give  an a lgor i thm which 1s a g e n e r a l i z a t i o n  of t h e  l e a s t - s q u a r e s  
method f o r  t h e  de t e rmina t ion  o f  l i n e a r i l y  occur ing  parameters  
t o  an a lgor i thm where we may determine a l s o  a n o n - l i n e a r i l y  
occur ing  parameter f rom a power s e r i e s  expansion o f  a r b i t r a r y  
o rde r  i n  t h e  parameter .  

2 0  

To v i s u a l i z e  t h e  working of t h e  a lgor i thm we s h a l l ,  u s i n g  t h e  
model of r e f .  (1) , r e p r e s e n t  a f u n c t i o n  f (x) by a p o i n t  i n  an 
(n+l)-dimensional  f u n c t i o n  space where a coord ina te  i may be def ined  
a s  t h e  va lue  f ( x i )  of t h e  f u n c t i o n  a t  x i = O ,  1, .... n ,  and wi th  
a m e t r i c  de f ined  by t h e  d i s t a n c e  measure hetween t w o  f u n c t i o n s  

d = {C(f(xi) - g(xi)l214' 
In  t h i s  p i c t u r e  t h e  f u n c t i o n s  f ( x )  = S(Eo,  x) w i l l  be r e p r e s e n t e d  

i' 

f ( x >  and g(x) 

(371.0) 
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a s  a curve L(Eo) and t h e  func t ion  
I 

V 

g(x> = 
.v~'/av 

J O  0 j- 
as a hyperplanel l  (Bo, B1s....Bm) of order  m + l .  The problem now con- 
sists of f i n d i n g  t h e  p o i n t s  on fl(Eo) and fl(B) between which t h e  len-  
g th  of t h e  normal i n  t h e  sense of t h e  above me t r i c  i s  minimized, 
One approach t o  s o l v i n g  t h i s  problem would be a l i n e a r i z a t i o n ,  as 
descr ibed  i n  (3) , of t h e  non- l inear  parameter dependence i n  S (Eo9 x) 
by a Taylor expansion i n  (Eo - Eoo) around a guessed value Eo, and 
neg lec t ing  terms of second order  o r  more, A s  i s  poin ted  ou t  i n  ref. ,  
(2) t h i s  i s  a r a t h e r  hazardous method i f  t h e  func t ion  i s  no t  very 
simple s i n c e  t h e r e  may be s e v e r a l  minima, A scanning,  a s  descr ibed  
i n  (2) , i n  t h e  non-l inear  parameter and simultaneous s o l u t i o n  f o r  
t h e  l i n e a r  parameters  u s ing  t h e  normal equat ions  may then  be t h e  only 
s a f e ,  a l though very t e d i o u s ,  way t o  so lve  t h e  problem, I n  our pres-  
e n t  problem, however, we can f i n d  a more genera l  and much f a s t e r  
a lgori thm by us ing  one of t h e  assumptions made i n  formula t ing  t h e  
problem, namely, t h a t  t h e  term of order  m + l  i n  eq ,  1-21 may be 
neglec ted .  By inc lud ing  t h a t  term i n  our system of equat ions we 
i n s t e a d  g e t  a hyperplane H" (Bo, B 1 ,  ~. e ~ Bm+2) of  order  m+2 co r re s -  
p o n d i n h e  t h e  func t ion  

r 

x = o  

The new"dimension i n  t h e  hyperplane can be regarded a s  or thogonal  
t o  t h e  normal t h a t  we a r e  looking f o r ,  s i n c e  we have assumed t h a t  
t h e  a d d i t i o n a l  term i n  t h e  c a l i b r a t i o n  expansion was n e g l i b l e  and 
thus  would no t  reduce t h e  l e n g t h  of t h e  normal. We may now so lve  
t h e  normal equat ions  

V* S = V* V* B* 

where t h e  a s t e r i s k  i n d i c a t e s  t h a t  t h e  term Vm*' i s  included making 
t h e  V*-matrix of order  (n+l) (m+2) and B S  of order  m+2.  The 
s o l u t i o n  g ives  t h e  B : s  a s  func t ions  of E corresponding t o  a curve 
on t h e  hyperplane H*(Bo, Bl,o..oBm+l) which t h e  normal from t h e  l i n e  
L(Eo) desc r ibes  as Eo v a r i e s .  
B o z o ,  s e l e c t i n g  t h e  s o l u t i o n  which g ives  t h e  l e a s t  value of t h e  
l e n g t h  of t h e  normal. 
and t h e  c a l i b r a t i o n  func t ion ,  equat ion  3-2. Should t h e  u n c e r t a i n t y  
i n  Eo ,  when determined by t h i s  method, exceed t h a t  which can be 
obta ined  for t h e  a c c e l e r a t o r  f a c i l i t y  u s i n g  any o t h e r  method, an 
opt ion  e x i s t s  which used a f i x e d  Eo i n  t h e  S- func t ions  and only de- 
termines t h e  Bo;os.  We m u s t ,  however, a l s o  eva lua te  t h e  accu rac i e s  
involved.  We r e p e a t  t h e  procedure used once before  and resample 
new s e t s  of va lues  of t h e  pu l sehe igh t s  Vo, V 1 9 . .  . " V n  from normal 
d i s t r i b u t i o n s  wi th  means V j  and va r i ances  ( B V M ) ' ,  The new va lues  
a r e  then  used f o r  r epea ted  s o l u t i o n s  of t h e  c d l i b r a t i o n  equat ions  

(3-13 ) 

Q '  

We now so lve  Eo from t h e  cond i t ion  

This method determines t h e  source energy Eo 



3-5 

By doing t h i s  a number o f  t i m e s ( i n  p r a c t i c e  t e n  t imes)  we o b t a i n  
a d i s t r i b u t i o n  of Eo and may compute d i s t r i b u t i o n s  o f  E a t  a s e t  
of given p o i n t s ,  e .g ,  E p j .  
t h e  root-mean-square d e v i a t i o n s  o f  t h e s e  q u a n t i t i e s  and i n t e r p r e t  
them as our s t a t i s t i c a l  e r r o r s .  

I n  t h e  same way a s  b e f o r e  we c a l c u l a t e  

The u n c e r t a i n t y  i n  t h e  de te rmina t ion  of  t h e  absorber  t h i c k -  
ness  should a l s o  be examined wi th  r ega rd  t o  i t s  i n f l u e n c e  on t h e  
c a l i b r a t i o n  e r r o r .  To s u f f i c i e n t l y  good approximation we may s e t  
t h i s  p h y s i c a l  e r r o r  equal  t o  ( th i ckness  u n c e r t a i n t y )  1 aE/as I 

EP 
By adding t h e  squares  of t h e  s t a t i s t i c a l  e r r o r  and t h e  phys- 

The c o n d i t i o n  f o r  a l i n e a r  r e -  
i c a l  e r r o r  we o b t a i n  an e s t ima te  o f  t h e  square of t h e  t o t a l  c a l i b r a -  
t i o n  e r r o r  a t  t h e  p o i n t s  E = Epj.  
sponse i s  t h a t  f o r  a l l  va lues  of V,  

B V2+ B V3+ : o o e +  B ?-’ 
<< 1 L P 2  3 n-1 

Bo+ B,V 

The reason it i s  possible t o  evaluate the  source energy by t h e  method 
described i s  t h a t  t h e  S functions a re  not a l l  proportional t o  the  source 
energy i t se l f .  If t h a t  were so,  t he  system of equations f o r  Eo and Bj:s 
would not be solvable f o r  E. This implies t h a t  the  method of ca l ibra t ion  
works best  where the  stopping power has a large and momotonic var ia t ion  
with energy. If t h e  source i s  known, for instance from a magnetic deflec- 
t i o n  experiment, t h e  ca l fbra t ion  function can be established with t h i s  
method f o r  any form of the  stopping power var ia t ion  with energy. I n  t h a t  
case Eo i s  no longer a var iable  and t he  system of equations w i l l  determine 
one more parameter i n  the  ca l ibra t ion  function (1 = n) .  

(3-14) 

The ca l ibra t ion  method described above cons t i tu tes  a pa r t  of t he  
ORACLE code system of experimental anahysis. The subprogram i s  ca l l ed  CALIB. 

An example of a ca l ibra t ion  calculat ion i s  given i n  Table 3-1. The 
histograms of 6 d i f fe ren t  thicknesses of alunrfnum absorber and the  h is to-  
gram of the  “NO Absorber” condition were analyzed t o  obtain peak channel, 
the  e r ro r  i n  the  peak determination 
FWHM, of  t he  peak. On Figure 3-6 a re  drawn 4 of the  7 histograms used i n  
the  example. 
Monte Carlo histograms f o r  t he  same aluminum absorber thicknesses assuming 
a perfect ly  monoenergetic proton beam (see Figure 3-5). 
fit f o r  t h e  7 data points,  t h e  calculated value f o r  E, w a s  99.74 MeV. The 
best  experimental value f o r  Eo was 99.9 MeV. The calculated values f o r  
the  mean energy of t he  protons leaving the  absorbers, with e r ror  evaluation 
a re  l i s t e d  at  the  end of t h e  table ,  t he  la rge  deviation resu l ted  from using 
Eo - E, instead of using Eo - E, values i n  the  f i t t i n g  calculations.  

In  Table 3-2 a re  given the  r e s u l t s  obtained using the  same data points  
of Table 3-1 where the  option of using Eo - Q values w a s  employed.. The 
values obtained a re  very close t o  the  values c a l c u h t e d  by the  program 
(again using Eo - 
values used as the  ca l ibra t ion  Em’s were the  r e s u l t  of many calculat ions 
using many combinations of data points. This proedwe w a s  repeated f o r  each 
s e t  of experimental conditions. Having establ ished a viable  ca l ibra t ion  of 
channel number vs. mean energy, it w a s  possible t o  determine mean energy 
from histograms of absorbers of mater ia ls  other than alminum. 

and the  f u l l  width a t  half  maximum, 

The experimental histograms may be compared t o  the  calculated 

%sed on the  

opt ion)  using a d i f fe ren t  s e t  of data points. The f i n a l  
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TABU 3-1: Aluminum Calibration, Montreal Data, 2-Degree Fit to Eo - Ea. 
Z=l3 ~=26.98 1=163.0 RHO=2!.7OO 2-Degree S-Funtion E-est = 99.9 MeV 
V( 0)=200.60 dV=O. 1000 
V( 1 I=l9O. 90 dV=O. 0262 RHOdx=O. 8406 
~(2)=180.54 dV=O. 0350 RHOdx=P. 6846 
V( 3)=169.85 dV=O, &22 RHOdx=2.5063 
V(4)=161. PO dV=O. 0626 RHOdxr3.2346 
V(5)=140.76 dV=O.2263 RHOdx=4,6602 
~(6)=118.96 dV=O. 3545 RHOdx=5.9292 

S(1)= -12.508644 + .11534117 Eo - 00039022%54 E: 
S(2)= -26,431078 + -24986833 Eo - .00084835445 E: 
S(3)= -42.863384 + .42540854 Eo - .00148104430 E$ 
S(4)= -60.165183 + .62547166 Eo - .00222987345 Eg 
S(5)= -105.65214 +1.20746408 Eo - 00450636082 Eg 
~(6)= -l72.52337 +2.18116906 Eo - 00855.2.42414 Eg 
Eo = 99.743 MeV 
Bo = 38936218 BETA = .498996 MeV/Channel 
CHAN=l90.90 CALC ENERGY=94.858 dx error=.0060 STAT error=.0160 
CHAN=180.54 CALC ENERGY=89.796 dx error=.0063 STAT error=.0168 
CHAN=169.85 CALC ENERGY=84.578 dx error=.0066 STAT error=.OP77 
C H A N = ~ ~ ~ .  LO C A W  ENERGY=79.781 dx error=. 0069 STAT error=. 0184 
CHAN=140,76 CALC ENERGY=@. 696 dx error=, 0077 STAT error=. 0200 
~~~~=118.96 CALC ENERGY=590702 dx error=.0088 STAT error=.O217 
.RESOLUTION IS .05089 

TABLE 3-2: Repeat of Montreal Data Calibration, 2-Degree Fit to Eo - E, 

Input data identical to that of Table 3-1. 
S(l)= -10.589439 + .076518712 Eo - .00019480964 E$ 
S(2)= -26.555747 + .e49855341 Eo - .00083708827 
S(3)= -41.980734 + .404946573 Eo - .00136617160 Eg 
S(4)= -59.871731 + .616872022 Eo - .00217550653 
S (5 )= -102.32139 +lo 138214891 Eo - 00414993637 E: 
~ ( 6 ) ~  -1.66.63244 +2.059635892 Eo - 00792904942 E$ 
Eo = 99.912 MeV 
Bo = -2,0927188 
CHAN=190. 90 CALC E=95 e 042 STAT er=. 0127 TOT error= e 0140 
CHAN=~~O. 54 CALC ~=89.913 STAT el-=. 0126 TOT error=. 0140 
C1-1A~=169.85 CALC E=84.599 dx er=.0064 STAT er=.0144 TOT error=.0158 
c~~~=161.10 C A W  ~=80,235 STAT er=. 0169 TOT error=. 0182 
CHAN=140.76 CALC E=7O. 358 STAT er=, 0621 TOT error=. 0625 
cm~=118.96 CALC E=59.019 dx er=.oo85 STAT er=,1654 TOT error=.1656 
RESOLUTION IS .05003 
TABLE 3-3: Aluminum Calibration, Montreal Data, 2-Degree Fit to Eo - E;n 

Different Set of Data Points from Tables 1 and 2- 
Eo = 99.903MeV 
Bn = 05295190 BETA = 49384 MeV. Channel 
CHAN=l91. 36 CALC E=95.035 dx ers- 0059 STAT er=* 0082 TOT error=. 0101 
c~~~=181.00 CALC ~=89.925 dx er= 0062 STAT er=. 0088 TOT error=. 0108 
CHAN=l7O. 31 CALC E=84.652 dx er=. 0064 STAT er=. 0145 TOT error=. 0159 
~~~~=161,10 CALC ~=80.lO9 dx er= 0067 STAT el-=. 0206 TOT error=. 0216 
CHAN=~~O. 76 CALC E=70.077 dx er=. 0074 STAT er=. 0350 TOT error=. 0358 
CHAN=118.96 CALC E=59.324 dx er=. 0084 STAT er=. 0508 TOT error=.0514 
RESOLUTION IS .Ob933 

E8 

Eg 

BETA = -50325 MeV/Channe1 
dx er= 0059 
dx er=- 0061 

dx er=. 0067 
dx er=. 0074 
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FIGURE 3-2: Multichannel Spectrum of 
185.6 MeV Protons After Transmission 
Through Aluminum and Absorption in 
a Silicon Detector. 
Channel Width: 0.50 MeV 
pdx in gm/cm2 
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FIGURE 3-72 Mbnte Carlo Histogram of 
36,i MeV Protons after Transmission 
Through Aluminum, 
Channel Width: 0,125 MeV 
pdx in gm/cm* 
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FIGURE 3-8:  Multichannel Spectrum of 
36*2 MeV Protons After Transmission 
Through Aluminum and Absorption in 
a Silicon De%ector. 
Channel Width: 0,1487 MeV 
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FIGURE 3-9: Multichannel Spectrum of 13.92 MeV Protons 
After Transmission Through Aluminum and Absorption 
i n  a Si l icon Detector. 
Channel Width: 0.0603 MeV. pdx i n  gmIcm2. 
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FIGURE 3-10: Multichannel Spectrum of 
10.91 MeV Protons After Transmission 
Through Aluminum and Absorption in a 
Silicon Detector. 
Channel Widtg: 0.0458 MeV 
pdx in gm/cm 
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FIGURE 3-11: Multichannel Spectrum of 
7.88 MeV Protons After Transmission 
Through Aluminurn and Absorption in a 
Si l icon  Detector. 
Channel Width: 0.03356 MeV 
pdx in gm/@m2 
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CHAPTER 4 

PROTON STOPPING POWER MEASUREMENTS I N  SEVEN EL;EMENTS 

by George W. Crawford, Stephen M. Curry, Danny R. Dixon, Patr ick H. Hunt; 
P h i l l i p  L. Kehler and Daniel C.  Nipper 

Introduction 

The purpose of t h i s  research i s  t o  contr ibute  t o  the  information avai lable  
i n  the  f i e l d  of stopping power data, a r e l i a b l e  set  of measurements from 
which t h e  mean ionizat ion po ten t i a l  of each of seven elements can be calcu- 
la ted .  Additional da ta  i s  reported i n  Chapter 5 of t h i s  volume (1). 
values extracted from these data  are reported i n  Chapter 6 (2) .  

The 

A c r i t i c a l  review of t he  experimental stopping power data  previously ava i l -  
able  has been made by Bichsel (3) .  
Bichsel and regards the  same data  from the  point of view of ve r i f i ca t ion  
of t he  theory and determination of t h e  parameters. A s  Turner and Bichsel 
report  i n  t h e i r  papers, no data  i s  avai lable  on any of t he  seven elements 
reported herein covering the  energy range from 30 t o  265 MeV. 
data  i s  avai lable  at  energies less than 30 MeV f o r  aluminum and copper, and 
these da ta  are analyzed by Bichsel t o  represent t he  same values f o r  t h e  
mean ionizat ion po ten t i a l  as reported f o r  t h i s  work. 

Turner (4)  complements the  work of 

Overlapping 

Design of t he  Experiment 

It w a s  desired t o  measure the  energy l o s t ,  AE, by a proton of i n i t i a l  
energy, Eo, i n  passing through an absorber of thickness X having a density, 
p ,  The measured quant i t ies  included t h e  i n i t i a l  energy of t he  proton, t he  
most probable energy of t he  unscattered proton, E?, after leaving t h e  ab- 
sorber and the  sho r t e s t  possible distance, pdx, through t h e  absorber. The 
energies Eo and E i  w e r e  recorded as multichannel pulse height d i s t r ibu t ions  
of charge created i n  and col lected from t h e  ac t ive  region of l i thium-drif ted 
s i l i con  detectors .  The detectors  used were i n  each case la rge  enough t o  
t o t a l l y  absorb the  enter ing proton beam. These detectors  are described i n  
Volume 68-1 of t h i s  report ,  with a f u l l  description of t he  t o t a l  absorption 
technique given i n  Chapter 6 (5 ) .  

I n  order t o  obtain a s ingle  da ta  point,  4 separate measurements w e r e  made 
using two detectors  of d i f f e ren t  volumes and two nearly i d e n t i c a l  absorbers. 
The sequence w a s  as follows. With detector  number 1 operating at optimum 
bias  and alignment (5),  the  histogram representing Eo w a s  s tored i n  t h e  R I D L  
Nanolyzer. Absorber A w a s  then intruded i n t o  the  beam as exactly perpen- 
dicular  t o  the  beam as possible  by a changer apparatus without breaking the  
vacuum and the  histogram f o r  1 E A W a S  stored. Absorber A w a s  replaced with 
absorber B and the  histogram ~ E B  w a s  stored. Precision pulse generator 
peaks w e r e  a l so  s tored with each proton peak. These were used t o  monitor 
the  s t a b i l i t y  of t he  system. The typed record of one such histogram i s  
given i n  Table 1, together with i t s  companion Eo histogram. 
generator peaks are found i n  channels 144-5, 164-5 and 209 f o r  both runs. 
Each histogram w a s  analyzed using the  new approach described i n  Chapter 1 
(6) .  
the  most probable channel number, N, and determines the  e r ro r  i n  N. 

The pulse 

The analysis  f o r  each peak i s  given i n  Table 2. The program se l ec t s  
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DETECTOR G-3 BIAS 550 VOLTS: X8-1/16-662-376-ATT. I N :  INPUT-1: Eo=lOO MeV 

Channel Number O f  Counts Stored I n  Each Channel 
Number 0 1 2 3 4 5 6 7 8 9 

140 572 596 567 610 1220 759 598 540 556 543 
150 548 523 526 534 461 489 494 503 468 476 
160 462 448 442 466 910 1192 401 406 454 448 
170 445 429 423 369 406 458 397 407 426 398 
180 442 427 454 525 525 552 575 608 685 705 
190 673 735 655 644 643 699 793 949 1251 3145 
200 7773 1178 147 111 87 74 log 68 91 1050 
210 59 86 74 74 70 84 68 78 72 61 

wi-28 No Absorber 

140 827 840 823 883 1.699 1025 855 811 819 741 
150 814 784 824 791 806 803 856 894 911 939 
160 952 932 1023 1100 1638 2323 1134 1104 1075 1078 
170 1035 1007 950 917 938 1012 1142 1289 1684 3299 
180 54.83 5193 1765 427 250 257 201 202 205 180 
190 186 179 185 184 178 143 164 169 159 160 
200 167 150 170 160 144 154 141 150 387 1974 
210 139 150 128 155 157 137 139 125 132 134 

W1-29 AL(1.6778 g/cm2) Absorber 

TABm 1. TYPICAL MULTICHANNEL ANALYmR DATA HISTOGRAMS 

Experimental Procedure 

The e lec t ronic  system had been ca re fu l ly  chosen and adjusted t o  give very 
l inear ,  noise-free operation under the  conditions ex is t ing  at Southern 
Methodist University. Field t r i p s  t o  s i x  d i f f e ren t  radiat ion f a c i l i t i e s  
were made t o  obtain the  data  covering the  range from 8 through 187 MeV. 
Essent ia l ly  the  same procedure was car r ied  out a t  each laboratory.  Any 
t r a v e l  damage w a s  located and corrected.  Next a noise-free ground con- 
nection w a s  established. A s  t he  operating conditions d i f fe red  at  each 
place, a thorough t e s t i n g  of t he  l i n e a r i t y  of response and the noise 
l e v e l  was made under the  operating conditions of each laboratory. 
tes t  w a s  repeated a t  in t e rva l s  during the  long continuous periods of 
operation. During ce r t a in  periods of the ea r ly  morning and ear ly  evening 
power t rans ien ts ,  it w a s  necessary t o  suspend data  taking u n t i l  t h e  
noise l e v e l  returned t o  an acceptable leve l .  

This 

A very ca re fu l  alignment of t he  detector  i n  the  beam w a s  v i t a l  t o  the  
success of t he  experiment. 
t r ans l a t iona l  and ro t a t iona l  motion w i t h  respect t o  a l l  th ree  axes. Fine 
adjustments continued u n t i l  the  proton beam entered one end (at the  
center  of t h e  ac t ive  region of the de tec tor )  and remained i n  t h i s  region, 
t rave l ing  p a r a l l e l  t o  the  length of the  detector,  u n t i l  t o t a l l y  absorbed. 
This alignment produced both the m a x i m u m  charge pulse and the  sharpest  
peak histogram at  the  optimum b ia s  voltage. 

The mounting of the  detector  permitted both 

A series of histograms, each w i t h  the  protons t o t a l l y  absorbed i n  the 
ac t ive  region of the detector,  were taken as a function of absorber 
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TABLE 2. DETERMINATION OF MOST PROBABZT CIEANNEL 

CHANTJEL LIMITS: 196 197 198 199 200 201 202 203 204 
COUNTS : 793 949 1251 3145 7773 1178 147 111 

MEAN CHAlvlvEL IS 199.3836 TOTAL COUNTS ARE 15357 

K A 
16463. - .24572 .21027 - .04073 .08079 
16448, - .23022 .21050 - .02815 .08090 .00101 
13891 - ,23202 - .40445 - .00762 - .12468 .00308 - .01469 
14023. - ,42000 - .37547 - .16213 - .UT22 .02464 - .01423 - .00110 
24700. - ,38076 1.25470 - .20138 .55830 .03145 - .06379 - ,00126 .oo224 
CHAN 
196. 
197 
198. 
199. 
200. 
201. 
202. 
203. 

EXP 
793 * 
949. 
1251. 
3145. 
7773 * 
1178. 
147. 
111. 

4 
1171.53 
811.40 

4150.03 
6417.94 

-694.32 

609.90 

2325.94 

66.25 

5 
1125.34 
818.60 
636.72 
4118.20 
6426.63 
2344.87 
-729.66 
73.92 

6 
476.04 
1543.85 
592 70 
3844.85 
7116 * 39 
1839.62 

606.54 
-436.17 

7 
569.65 
1417.13 
705 * 93 
3773.57 
7142.30 
1870.86 
- 522.91 
740.92 

8 CHAN 
793.00 197. 
949.00 198. 
1251.00 199. 

7773.00 201. 

147.00 203. 

3145.00 200. 

1178.00 202. 

111.00 204. 

PROB. CH. NO. 200.34 200.35 200.36 200.39 200.41 

8 IS BEST N. AND GIVES CHAN = 200.41, ERROR IS .03 CHAN. 

MONTREAL"1-28: E-= 100 MeV: NO ABSORBER 

CHANNEL LIMITS: 177 178 179 180 181 182 183 184 185 
COUNTS: 1289 1684 3299 5483 5193 1765 427 250 

MEAN CHANNEL IS 180.5242 TOTAL COUNTS ARE 19390 

K A 
20178. -. 22346 12624 -. 03763 .027544 
20180. - ,22536 .12636 -. 03884 ,027560 -. 00012 
20430. - .22488 .16124 - 04015 .038742 - .00026 .00073 
20408. - .44855 .16821 -. 20001 .039202 - .02837 .00067 - .00113 
CHAN EXP 4 5 6 7 CHAN 
177. 1289 1201.99 1206.43 1238.84 1289. 178. 

179 3299 3165.06 3164.52 3198.68 3299. 180. 
180. 5483 5608.22 5611.15 5589.30 5483. 181. 
181. 5193 5090.44 5087.13 5080.12 5193. 182. 
182. 1765 1852.71 1854.51 1878.65 1765. 183. 

184. 250 281.83 277.31 316.35 250. 185. 

PROB. CH. NO.: 180.90 180.90 180.90 180.92 

178. 1684 1820.61 1817.92 1766.99 1684. 179. 

183. 427 369.14 371.02 321.07 427. 184. 

7 IS BEST N AND GIVES C W  = 180.92 ERROR IS .020 CHAN. 

MONTREAL*1-29 AL (1.6778 p d x )  ABSORBER 
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TABU 3 

MEASUREMENTS FOR STOPPING POWER DETERMTNATIONS 
AT Eo = 159.75 (a.25) MeV 

P d x  Most A v e r a g e  
(g . cm2 ) Probable Error .  FWHM AE 
*. 001 C h a n n e l  ( C h a n n e l s  ) ( C h a n n e l s  ) (MeV ) :- 

BERYLLIUM: z = 4, A = 9.012, p = 1.844 
N o n e  322.50 *. 02 2.05 

3.082 294.87 *. 08 2.52 13.77 
4.403 282.42 *. 10 3.28 19.97 

1.599 308.36 *. 06 2.48 7.04 

CARBON: Z = 6, A = 12.011, p = 1.582 
N o n e  322.24 *. 02 

1.985 302 97 *. 08 3.28 9.60 
2,840 294.50 f. 10 3.30 13.82 
3.621 286.43 *. 10 3.34 17-83 

N o n e  
1.685 
3.235 
4.660 
5 929 

N o n e  
2.328 
3.503 
4.656 
6.984 
9.335 

N o n e  
3.244 
6.339 

N o n e  
3- 781 
5.423 
7.102 

N o n e  
5.106 
5.205 
7.858 

ALUMINUM: z = 1 3 ,  A = 26.980, p = 2.702 
318.57 *. 02 2.05 
304.46 *. 04 3.26 7.03 
291.14 A. 06 3.29 13.67 
278.46 f.  06 3.42 19.98 
266.89 *. 08 3.43 25.76 

SILICON:  Z = 14, A = 28.086, p = 2.328 
322.50 t. 02 1.95 
302.40 *. 04 2.58 10.00 
292.10 *. 04 3.24 15-15 
281.40 f. 06 3.38 20.48 
258.84 *.lo 3.36 31.72 
234.72 *. 10 3.42 43.74 

IRON: Z = 26, A = 55.847, p = 7.792 
322.35 *. 02 2.00 
297 93 *. 10 3-37 12.17 
273.50 *. 10 3.45 24.34 

COPPER: Z = 29, A = 63.540, p = 8.897 
318.55 zfr. 02 2.10 
290.98 *. 05 3.28 13.73 
278-31 *. 10 3;p 20.05 
265.03 *. 20 3.32 26.62 

LEAD: Z = 82, A = 207.190, p = 11.224 
318.40 *. 02 2.20 
290.80 *. 06 3.26 13.74 
290.50 f. 04 3.20 13-89 
275 43 *. 04 39 27 21.56 

*. 03 
zfr. 04 *. 05 

f. 04 
*. 05 
f.  05 

*. 02 
*. 03 
f .  03 *. 04 

*. 02 
f. 02 
*. 03 
k.05 *. 05 

*. 05 
A. 05 

*. 03 

*. 10 
*. 05 

f. 03 
f.  02 *. 02 
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TABLE 4 

MEASURE1MENTS FOR STOPPING POWER DETERMINATIONS 
AT Eo = 99.9 (*.l) MeV 

Pdx2 Most A v e r a g e  
( d c m  1 Probable E r r o r  FWHM AE 

BEHYLLIW. Z = 4, A = 9.012, p = 1.844 
*. 001 C h a n n e l  ( C h a n n e l s  ) ( C h a n n e l s  ) ~ (MeV ) 

N o n e  201.20 f.  02 1.35 
1,599 181.53 *. 05 2.47 10.10 
3.082 161.93 f. 05 2.47 20.16 
4.403 142.04 Q. 06 2.66 30.38 

CARBON: Z = 6, A = 12.011, p = 1.582 
N o n e  201.20 *. 02 1.35 
1.037 187.48 a. 04 2.10 7.03 
1.985 174.28 i. 06 2.38 13.82 
2,856 160. io *. 10 2.69 20.43 
3.636 149.26 *. 20 2.90 26.68 

ALUMINUM: Z = 13, A = 26.980, p = 2.702 
N o n e  201.21 *. 02 1.25 
1.685 181.78 *. 08 1.98 9.97 
3.235 162.36 *. 06 2.29 19.94 
4.660 142.73 f.  08 2.86 30.02 
5.929 123.30 *. 10 3.52 39.99 

IRON: Z = 26, A = 55.847, p = 7.792 
N o n e  200.40 f.  02 1.55 
1.666 183.05 f.  04 2.08 8.65 
3.244 165.46 A. 08 2.62 17.41 
6.304 126.62 *. 10 3.54 36.78 

COPPER: Z = 29, A = 63.540, p = 8.897 
N o n e  201.20 f.  02 1.60 
1.974 181.09 A. 04 1.88 10.00 
3.781 161.21 *. 06 2.30 19.93 
5.423 141.10 *. 05 3.04 29 0 95 

LEAD: Z = 82, A = 207.190t p = 11.224 
N o n e  200.24 *. 02 1.40 
2.680 180.99 *. 10 2.43 9.94 
2.723 180.73 *. 04 2.55 10.11 
5 205 162.00 f .  08 3.02 20.08 
7.893 140.81 A. 06 3.75 31.89 

f.  02 
*. 04 
05 

t.02 
*. 03 
-f. 05 
t.10 

*. 04 
*. 03 
f. 04 
*. 05 

Et. 02 
*. 04 
*. 05 

*. 02 
f.  02 
*. 03 

*. 05 *. 02 
=k. 04 *. 03 
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T A B U  5 

MEASUREMENTS FOR STOPPING POWER DETERMINATIONS 

AT Eo = 36.2 (i.1) MeV 

( g/cm2 ) Probable Error FWHM AE Error 
* .001 C h a n n e l  ( C h a n n e l s  ) ( C h a n n e l s  ) (MeV) (MeV) 

ALUMINUM: Z = 13, A = 26.980, p = 2.702 

P a  Most A v e r a g e  

N o n e  243.35 *. 05 2.2 
0.135 232.00 * 05 3.2 1.704 *. 01 
0.270 220.16 05 4.6 3.477 .01 
0.4055 207.87 * 05 5.3 5 329 .02 
0.540 194.88 .10 7.8 7.273 .02 

0.3306 224.88 e 10 5 . 1  4.42 t. 03 
0.6612 182.86 .10 6.4 9.38 03 
0.9941 143.75 .20 7.2 15.10 05 

0.106 236.89 * 05 3.1 1.12 *. 01 
0.164 231.76 * 05 3.8 1.74 .01 
0.263 225.42 * 05 4.3 2.84 .01 
0.318 221.53 .10 4.7 3.44 L 02 
0.424 212.17 .10 5 . 1  4.68 .02 

SILICON:  Z = 14, A = 28.086, p = 2.328 
N o n e  243.35 A.  05 2.2 

COPPER: Z = 29, A = 63.740, p = 8.897 
N o n e  243.35 *. 05 2.2 

N o n e  
0.01323 
0.01981 
0.02646 

N o n e  
0.0856 
0.1676 

N o n e  
0.0463 
0.09245 
0.1112 
0.1540 

TABLE 6 

MEASIJFEMENTS FOR STOPPING POWER DETERMINATIONS 

I AT Eo = 14. (t .05) MeV 

ALUMINUM: Z = 13, A = 26.980, p = 2.702 
231.52 *. 05 2.6 
225.72 05 2.8 0.349 
222.72 ' 05 3.2 0.529 
219.81 05 3.5 0.704 

SILICON:  Z = 14, A = 28.086, p = 2.328 
231.52 *. 05 2.6 
189. go .10 4.2 2.50 
143.36 15 6.1 5.30 

231.52 *. 05 2.6 

196.27 * 05 3.7 2.12 
187.70 .10 4.1 2.63 
168.67 .10 4.6 3.78 

COPPER: Z = 29, A = 63.540, p = 8.897 

214.17 ' 05 2.8 1.04 

*. 01 
.01 
.01 

*. 01 
.01 

f.  01 
.01 
.01 
.01 
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TABLE 7 

MEASUREMENTS FOR STOPPING POWER DETERMINATIONS 

AT Eo = 11. (a.05) MeV 

PdX M o s t  A v e r a g e  
(g/cm2) Probable Error FWHM AE Error 
*. 001 C h a n n e l  ( C h a n n e l s  ) ( C h a n n e l s  ) (MeV) (MeV) 

N o n e  
0.01323 

0.02646 

N o n e  

0.01981 

0.0856 
0.1676 

N o n e  
0.0463 
0.09245 
0.1112 
0.1540 

N o n e  
0.01323 

0.02646 

N o n e  

0.01981 

0.0856 

N o n e  
0.0463 
0,09245 
0.1112 

ALUMINUM: Z = 13, A = 26.980, p = 2.702 
232.32 *. 05 2.2 
223.45 05 2.7 0.421 *. 01 
218.92 05 3.1 0.636 .01 
214.04 0 05 3.6 0.868 .01 

232.32 *. 05 2.2 
166.21 .10 4.8 3.14 *. 01 
72.1 .10 9.2 7.61 .01 

232.32 *. 05 2.2 
205.35 0 05 3.9 1.281 *. 01 
176.92 05 4.3 2.635 . 01 
162.97 a 05 5.4 3.294 .01 
127.61 05 7- 1 4.974 .01 

S I L I C O N :  Z = 14, A = 28.086, p = 2.328 

COPPER: z = 29, A = 63.540, p = 8.897 

TABLE 8 

MEASUREMENTS FOR STOPPING POWER DETERMINATIONS 

AT Eo = 8. (b.05) MeV 

ALUMINUM: z = 13, A = 26.980, p = 2.702 
234.7 a. 10 2.1 
218.4 .10 2.9 0.546 * *  01 
209.9 .10 3.4 0.831 .01 
201.0 .10 3- 9 1.128 01 

S I L I C O N  : 
234.7 
97.3 

234.7 
183.8 
121.6 
89.0 

C OPPER : 

Z = 14, A = 28.086, p = 2.328 
*. 10 2.1 
.10 9.5 4.60 *. 01 

.10 6.1 1.704 *. 01 

.10 8.3 3.788 .01 

.10 9.8 4.880 .01 

z = 29, A = 63.540, p = 8.897 
*. 10 2.1 
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thickness. Examples are given i n  Figures 2, 4, 6, 8, 9, 10 and 11 of Chap- 
ter  3 ( 7 ) ,  f o r  aluminum. The data taken at  187 MeV w a s  not accurate enough 
t o  be included. 
i s  t h a t  reported i n  Chapter 5 (1). 

The 187 MeV data  used for the  stopping power measurements 

A series of data involving ten  d i f fe ren t  absorbers could be taken without 
breaking the  vacuum and entering the absorber changer. 
one data point would be taken f o r  each thickness by loading the  holder with 
absorbers of t he  same material and increasing thickness. The second data  
point would be taken with absorbers of d i f fe ren t  materials but giving the  
same magnitude of AE. This w a s  repeated with the  second detector.  Every 
e f f o r t  w a s  made t o  eliminate sytemmatic e r rors  i n  the  d a t a  taking procedure. 
This included a change of operator so t h a t  d i f fe ren t  persons took the  four 
data points used t o  obtain the  average values reported i n  Tables 3 - 8. 

With each detector, 

Eo was determined using three d i f fe ren t  ways. F i r s t  w a s  the calzbrated 
value given by the  laboratory group. 
measurement i n  aluminum. 
power measurement with the  aluminum absorber thickness increased u n t i l  
the  energy of the  badly scat tered beam was  less than 4 MeV. The remaining 
range w a s  calculated and t h i s  w a s  checked by inser t ing  f o i l s ,  each about 
0.00662 g/cm2 i n  thickness. Using I = 163 eV, the  energy w a s  determined 
using the  Monte Carlo proton t ransport  program described i n  SMU Report 68-2. 
The usual l i nea r  t ransport  range calculat ion introduced considerable error. 
A t h i r d  check w a s  made using the  AE/4pdx measurements. 
value and the  accuracy with which Eo energy i s  known i s  given i n  the  t i t l e s  
of Tables 3 - 8. 

This w a s  checked by making a range 
Data w a s  taken as though it were a stopping 

The determined 

The values for  t he  average AE f o r  each pdx as reported i n  Tables 3 - 8 and 
i n  Chapter 5 (l), were used i n  the  determination of t he  mean ionizat ion 
poten t ia l  of the  seven elements. These r e s u l t s  are given i n  Chapter 6 (2).  
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CHAPTER 5 

STOPPING POWER MEASUREMF,NTS USING 

A MAGNETIC SPECTROMEmR 

by Danny R. Exon, Stephen M. Curry, Bo Jung and George W. Crawford 

The 185 MeV protons from the  synchrocyclotron of the Gustaf Werner 
Ins t i t u t e ,  t he  University of Uppsala, Uppsala, Sweden, have been used 
i n  a study of t he  energy lost by protons i n  t ravers ing various metals 
and p l a s t i c s .  Data were taken using the  double two-fold coincidence 
telescope system with s i x  energy channels of t he  Gustaf Werner Nuclear 
Physics group. 

Apparatus 

A schematic drawing of the experimental set-up i s  shown i n  Fig. 1. 
The collimator ins ide  the tank w a s  a 10 mm th ick  brass piece with a 
c i r cu la r  aperture of 20 mm diameter. Its purpose w a s  to reduce the  
geometrical cross-section of the  beam. 
to determine the  collimator shape. Neutrons and scat tered protons 
produced at the  collimator and i n  the  magnetic channels ins ide  the  
cyclotron were negl igible  due t o  the  large distance from the  detecting 
apparatus and the shields  used. 

Photographic methods were used 

The external,  unpolarized proton beam of the 185 MeV synchrocyclotron 
passed two focusing magnets, two bending magnets and one adjusting 
magnet before s t r ik ing  the  t a rge t .  The focussing magnets consisted of 
two sets of quadrapole magnets. They were both necessary to handle the  
large astigmatism of the  emerging beam. A t  optimum focusing the beam 
cross-section a t  the  entrance of t he  apparatus w a s  approximately circu-  
lar  with a diameter of 2.5 mm. 

The bending magnets defined the  direct ion of the  beam. The photographic 
methods used allowed a determination of the beam posit ion to a t  l e a s t  
f 0.2 mm a t  the  t a rge t  gosi t ion and of i t s  angular deviation from the  
symmetry axis to f 0.04 (I). 

The proton energies were analyzed i n  the  magnetic spectrometer. The 
magnet has a 3ending angle of 135 
of 1.17 x 10- steradians (2) .  For t h i s  work, the spectrometer w a s  
positioned at zero degrees, since only those protons exi t ing p a r a l l e l  
t o  t he  incident beam were of i n t e re s t .  

0 and accepts protons i n  a so l id  angle 

The incident beam w a s  i n  vaccuum over the  e n t i r e  path of f l i g h t ,  u n t i l  
emerging from the  magnetic spectrometer. 
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The magnetic f i e l d  i n  the  spectrometer w a s  s t ab le  to about one pa r t  i n  
25000, corresponding to an uncertainty i n  the  proton energy of 0.15 MeV 
out of 185 MeV. 
spectrometer did not contribute appreciably to t he  widths of t he  energy 

Consequently, t he  f i e l d  f luc tua t ions  of the  magnetic 

P e a s  ( 3 ) .  

The spectrometer f i e l d  w a s  measured with nuclear magnetic resonance 
equipment. The probe, containing lithium, was  inser ted  and a f i e l d  
reading made before and a f t e r  each measurement of t h e  number of counts 
i n  the  s i x  energy channels. 
w a s  thus known to a very high precision. 
knowledge of second order e f f ec t s  of t he  spectrometer there  i s  assigned 
an uncertaini ty  of approximately 0.5% to absolute energy values 

A t  t he  posi t ion of the  probe, the  f i e l d  
However, due to a lack of 

( 3 ) .  

After bending, t he  protons were detected i n  a double two-fold coinci-  
dence telescope system with s ix  energy channels. The l i g h t  pulses from 
the s c i n t i l l a t o r s  were detected by photomultipliers. The photomultiplier 
pulses were f ed  i n t o  t rans is tor ized  coincidence uni t s  and f a s t  prescalers .  
The dead time of t he  c i r c u i t s  w a s  su f f i c i en t ly  s m a l l  (approximately 
25 nsecs) f o r  two protons f r o m  consecutive burs t s  of the  cyclotron to be 
resolved (1). 
200 protons per second) i n  order to minimize pileup of the  proton pulses,  

The beam in t ens i ty  w a s  reduced during the runs (to about 

Although the  current i n  the  cyclotron magnet w a s  as s tab le  as the spec- 
trometer current,  t he  cyclotron f i e l d ,  due to in te rmi t ten t  short  c i r c u i t s  
i n  the  co i l s ,  occasionally "jumped", causing energy changes i n  t h e  proton 
beam of 100 keV or more. 
e f f ec t  w a s  so obvious t h a t  the  data  could always be adjusted appropriately. 

This resu l ted  i n  multiple-peaking, but t h e  

Experimental Procedure 

The s i z e  and posi t ion of t h e  incident beam were frequently checked by 
photographing the  beam using Polaroid type 57 3000 speed fi lm. Fine 
posi t ion adjustments were performed using the  adjust ing magnet shown 
i n  Fig. 1. 

The absorbers were mounted individually i n  a movable aluminum holder 
attached to t he  cover of t he  sca t te r ing  chamber. The holder could be 
moved i n t o  t h e  proton beam or out of the  proton beam by remote control.  
When the  holder w a s  i n  t he  beam, t h e  face of the  absorber w a s  perpen- 
dicular to t he  path of t he  incident protons. The beam was centered on 
the  face of the  absorber. 

The elements studied were Al, Be, C, Cu, Fe, Pb and Si ,  The p l a s t i c s  
studied were Lucite, nylon, polyethylene and a t i s s u e  equivalent 
p las t ic .  Each absorber w a s  large compared to the  beam diameter of 2.5 m. 

The energy loss ,  A E, i s  defined by the equation A E = E - E. , where 
E = the  incident proton energy and E . =  t he  energy of the  proEons a f t e r  
passage through the  absorber. E wah determined experimentally i n  the  
following way: 

0 

0 

0 
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With the  proton beam turned off,  the  absorber w a s  inser ted i n t o  the 
aluminum holder. 
and the  vacumm pump activated. 

The cover w a s  then placed on the sca t te r ing  chamber, 

Next, the  proton beam w a s  turned on. 
the magnetic f i e l d  s t rength w a s  adjusted u n t i l  scalers  f i v e  and s i x  
were recording more counts than any of t he  other scalers .  A t  t h i s  
point, protons having energy s l igh t ly  on the  high s ide of the peak 
were then bent enough by the  magnet t o  reach the  detectors. Protons 
s l i g h t l y  on the  low s ide  of the peak were bent too much t o  reach the  
detectors. 

With the holder out of the beam, 

Then the nuclear magnetic resonance probe w a s  inserted,  and the  magnet- 
.ic frequency read from the  display uni t .  The probe w a s  then removed 
and the sca le rs  r e s e t  a t  zero. 

Counts were then s tored i n  the  sca le rs  u n t i l  the  data w a s  va l id  s ta t is-  
t i c a l l y .  

The probe w a s  re inser ted i n t o  the  magnetic f i e l d .  If there  had been 
no s igni f icant  change i n  the  magnetic f i e l d  strength,  the number of 
counts i n  each of t he  s i x  sca le rs  was  recorded, The s ix  numbers repre- 
senting the number of counts i n  each of the s i x  energy channels and the  
average magnet frequency comprised one l i n e  of data. 

Next the  magnetic f i e l d  s t rength w a s  decreased u n t i l  the  peak had sh i f ted  
about two channels. The probe w a s  inserted,  and the magnetic frequency 
determined. The probe w a s  removed and the  sca le rs  r e se t  t o  zero. Counts 
were stored. The magnetic frequency w a s  rechecked and the  counts recorded. 

The f i e l d  strength w a s  again decreased u n t i l  the  peak had sh i f ted  
another two channels. The magnetic frequency w a s  determined, counts were 
stored, and the frequency checked. Then the t h i r d  l i n e  of data w a s  recorded. 

Usually three l i nes  of data were suf f ic ien t  t o  determine the  energy 
d is t r ibu t ion  of the  incident protons. The incident proton energy peak 
ordinar i ly  had only a 0.25 MeV FWHM, as compared t o  a 0.18 MeV channel 
width (approximate) f o r  the s c i n t i l l a t o r  detector system. 
f u l l  spectrum could be eas i ly  recorded i n  any three or four of the 
energy channels. Three l i n e s  of data therefore  provided a very adequate 
description of the  incident proton energy dis t r ibut ion.  

Hence the  

The next s tep  i n  the experimental procedure was the determination of 
E . .  The proton beam did not have t o  be turned off i n  order t o  place 
the  absorber, since t h a t  process could be accomplished by remote control.  
This provided greater  s t a b i l i t y  i n  the incident energy, 
fore  be t t e r  accuracy. Eo9 and there- 
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With the absorber i n  the beam, the  procedure used f o r  measuring E w a s  
repeated. 
the energy peak t o  broaden. The width of the peak dictated the number 
of l i nes  of data required f o r  adequate description. 
absorbers, as many as s i x  l ines  of data were required. 

However, the presence of the absorber i n  the  beam causgd 

For the  thicker 

A s  soon as enough l ines  of data had been recorded t o  adequately 
describe the absorber peak, the absorber w a s  removed from the beam 
by remote control. Then E w a s  remeasured, using the  same procedure 
previously described. The second measurement of E w a s  necessary t o  
insure t h a t  the  incident proton energy had not f lugtuated during the  
measurement of E The most probable value of E w a s  the  average of 
the two measurements. 

0 

i" 0 

A E was then determined from AE = E - Eio 
0 

Data Analysis 

Each l i n e  of data w a s  analyzed using the CIX 3600 computer at the 
University of Uppsala. A program wri t ten especially f o r  the analysis 
of data taken using the magnetic spectrometer and detector system at  
Uppsala w a s  used. Knowing the NMR frequency and the number of counts 
recorded i n  each scaler ,  t he  computer tabulated the  mean energy per 
channel, the channel width, the normalized number of counts per channel, 
and the standard deviation i n  the  number of counts. 
the data f o r  the r e l a t ive  sens i t i v i ty  of the s i x  s c i n t i l l a t o r  detectors. 

The program corrected 

A s  an example, the r e su l t s  of the computer analysis f o r  Pb (pdx = 
5.1050) are  shown i n  Table 1. 
of data shows 0.00 counts. The number three s c i n t i l l a t o r  f a i l e d  t o  
function properly at any time during t h i s  experiment. 

Note t h a t  channel three on every l i n e  

Figure 2 shows a p lo t  of counts vs. energy f o r  the data i n  Table 1. 
Through select ion of the bes t  multiplicative factors ,  the separate 
curves were a l l  normalized r e l a t ive  t o  any one of the  individual curves. 
The normalized curves are shown i n  Fig. 3. 

To the extent t h a t  it w a s  possible, a smooth curve w a s  drawn through 
the various data points. The peak energy w a s  then determined graph- 
i c a l l y  f o r  t he  posit ion of maximum counts. The energy spread w a s  ' 

determined at  f u l l  width half maximum. For t h i s  example, the  energy 
w a s  determined t o  be 173.28 6 0.05 MeV, and the  spread t o  be L 3 O  MeV. 

This same procedure w a s  used f o r  the  analysis of a l l  the  absorber 
peaks, as well  as the  incident proton energy spectra. 
computer print-out f o r  a typ ica l  no-absorber run. 
of counts vs. energy f o r  the data i n  Table 2a A typ ica l  normal- 
ized curve i s  shown i n  Figure 5. Values f o r  t he  mean 

Table 2 shows the 
Figure 4 shows a p lo t  
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energy l o s s  f o r  t h e  m a t e r i a l s  s t u d i e d  a r e  l i s t e d  i n  Table 3 .  Using 
t h e s e  measured energy l o s s e s  f o r  t h e  absorbers  s t u d i e d ,  t h e  mean 
i o n i z a t i o n  p o t e n t i a l  f o r  each m a t e r i a l  has  been c a l c u l a t e d .  See 
Chapters 6 and 7 .  

We a r e  g r a t e f u l  t o  Professor  The Svedberg f o r  h i s  support  and i n t e r e s t  
i n  t h i s  experiment. I t  i s  a p l e a s u r e  t o  acknowledge our deep debt  t o  
D r .  Borje Larsson f o r  h i s  generous suppor t  i n  a l l  phases of t h i s  work. 
We a r e  very g r a t e f u l  t o  Dr. Arne Johansson and t h e  o the r  members of  
the Nuclear Physics group f o r  permission t o  use the te lescope  syskem, 
the analyzing magnet, for t h e i r  he lp  i n  t h e  d a t a  t a k i n g  and f o r  analyz- 
111g t n e  d a t a  using t h e i r  computer program. 
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TABLE 5-1 

Results of the Uppsala Computer Analysis f o r  Pb ( 13% = 5.105) 

Line Ch. Ch. Stand. 
NO. No. Width Energy Counts Dev. a Max. Min. C 

5 
5 
4 
5 
4 
2 
5 
4 
2 
3 
5 
4 
2 
3 
5 
1 
4 
2 
3 
1 
4 
2 
3 
1 
2 
3 
1 
3 
1 
1 

1 .  0.1737 174.130 2982.25 54.23 
2 
1 
3 
2 
1 
4 
3 
2 
1 
5 
4 
3 
2 
6 
1 
5 
4 
3 
2 
6 
5 
4 
3 
6 
5 
4 
6 
5 
6 

0.1732 
0.1734 
0.1727 
0.1729 
0.1733 
0.1722 
0.1724 
0.1728 
0.1731 
0.1717 
0.1719 
0.1723 
0.1726 
0.1712 
0.1728 
0.1715 
0.1718 
0.1721 
0.1723 
0.1710 
0.1713 
0.1716 
0.1718 
0.1708 
0.1711 
0.1713 
0.1706 
0.1709 
0.1704 

173.956 
173.851 
173.783 
173.678 
173.668 
173.611 
173.505 
173.495 
173.454 
173.438 
173.333 
173.322 
173.281 
173.266 
173.198 
173.161 
173.150 
173.108 
173.025 
172.989 
172.978 
172.936 
172.853 
172.806 
172.765 
172.681 
172.593 
172.510 
172.339 

4760.20 68.82 
5652.86 74.66 

0.00 0.00 
7028.86 83.63 
5822.49 75.78 
7289.87 85.51 

0.00 0.00 
6308.46 79.23 
5921.10 76.42 
8207.53 91.38 
8232.70 90.87 

0.00 0.00 
6232.84 78.75 
7576.42 87.00 
5272.16 72.12 
8146.49 91.04 
6595.79 81.34 

0.00 0.00 
4800.00 69.11 
6805.19 82.45 
5920.65 77.61 
5480.44 74.14 

0.00 0.00 
4563.44 67.52 
4455.75 67.33 
3217.65 56.81 
3392.61 58.22 
2669.38 52.11 
1806.19 42.48 

:Standard Deviation in  counts 
Maximum = Counts plus Standard Deviation 

'Minimum = Counts minus Standard Deviation 

3036.48 
4829.02 
5727.52 

0.00 
7112.49 
5898.26 
7375.38 

0.00 
6387.69 
5997.52 
8298.90 
8323.57 

0.00 
6311.59 
7663.42 
5246.28 
8237.53 
6677.12 

0.00 
4869.11 
6887.65 
5998.26 
5554.58 

0.00 
4630.96 
4523.07 
3274.46 
3450.82 
2721.49 
1848.67 

2928: 02 
4691.38 
5578.20 

0.00 
6945.23 
5746.7 1 
7204.36 

0.00 
6229.23 
5844.69 
8116.15 
8141.83 

0.00 
6154.08 
7489.42 
5202.04 
8055.46 
6514.45 

0.00 
4730.89 
6722.74 
5843.04 
5406.30 

0.00 
4495.92 
4388.42 
3160.84 
3334.39 
2617.27 
1763.72 
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TAEZEC 5-3 

Mean Energy Lost by 185 MeV Protons 

I n  Traversing Various Materials 

Material 

Aluminum 

Ekryllium 

Carbon 

Copper 

Iron 

Lead 

Silicon 

Nylon :C1;H2202N2) 

Polyethylene ((2% )n 

Tissue Equivalent 

dx 

1.685 
3 235 
4.660 
5 * 929 

1.599 
3.082 
4.403 

1.985 

2.856 

3 - 781 
5.425 

3 * 217 

6.339 

5.106 

7.858 
7.893 

0.233 
3.. 164 
2.328 
4.656 

1.53-3 
2.260 
3.020 

2.900 

I-P 199 
20 396 

2.090 
2.781 

g m h 2  

2.840 

3.244 
6.304 

5 * 205 

1.450 

Mean Energy 
Loss (MeV) 

6.35 a.15 
12.36 a.05 
17.92 i.05 
22.97 a.11 

6.35 a.05 

17.89 *.io 

8.59 a.05 

12-50 a.05 

18.08 a.20 

1 0 ~ 8 0  fa05  
1 0 ~ 9 1  a 9  
21.63 6.10 

12.43 *.lo 

12.40 a.05 

12.46 k.20 

21.79 *.lo 

12.43 a.05 
12.65 4-05 
2.9.30 a.05 
19.37 a.05 

0.82 a.05 
4.46 t.05 

18.37 *.LO 

7.12 -+.io 
10.42 k.10 
1 4 . i l  t.10 

6*92 *.LO 
14.08 a.10 

6.16 *.io 
22.17 a.10 

11.31 a1.0 
13.35 ab20 

9.03 a.05 

FWHM 
(MeV 1 

0.90 a.06 
1.29 a.04 
1.64 a.05 

0.83 a.04 
1.40 i .05 
1.54 a.05 

1.14 a.05 

1.41 a.05 

1.79 i .06 
1 

1.28 t.05 

1.44 a.05 
1.50 hh05 

~ i 3  t .05 

1.85 6.05 
1.82 aa05 

1-30 a.05 

1.92 a.05 

0.31 t.05 
0.82 t.05 

1.60 6.05 

1.07 i .05 
1.43 6.05 
1.h3 i.05 

0.84 a.05 
1.44 a.05 

1.28 i.05 

1.46 a.05 

1.55 a.05 

1.39 i .05 

1.79 t.05 

1.36 i .05 

1.04 i .05 

2.73 *.lo 
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CHAPTER 6 

MEW IONIZATION POTENTIAL FOR MONTE CARLO 

PENETRATION OF CHARGED PARTICLES I N  MATTER 

by George W. Crawford 

Introduction 

The mean ionizat ion potent ia l ,  I, is  defined as the  mean value of t he  
minimum energy t r ans fe r  i n  an atomic co l l i s ion  which produces an ionizat ion 
event. All of the  atomic electrons a re  considered t o  par t ic ipa te  i n  the  
co l l i s ion  process (1). It is  t r ea t ed  here as a property of t h e  material 
under consideration and not as a function of t he  kind or  speed of t h e  inc i -  
dent pa r t i c l e .  
i n  Chapter 2 (1) based on the  work of Eohr ( 2 , 3 ) .  A survey of the modifica- 
t i ons  and ca lcu la t iona l  methods used t o  determine charged p a r t i c l e  energy 
degradation as a function of penetration depth i n  matter i s  given i n  Nuclear 
$cience Series  Report Number 39 (4) .  Tables of energy losses  and ranges are 
given based on adjusted values of I determined from e a r l i e r  stopping power 
o r  range measurements and assuming a "straight-ahead model. I' 

assume6 tha t  t h e  incident  p a r t i c l e s  lose  energy by ionizat ion losses  w i t h  
t h e  removal of atomic electrons i n  the  t a r g e t  material with no subsequent 
change i n  the  incident  p a r t i c l e  direct ion.  

I is  t h e  main parameter of t he  stopping power formula derived 

This model 

This paper uses the  latest form of the  "straight-ahead" stopping power equa- 
t i o n  as pa r t  of a Monte Carlo nucleon t ransport  program, PROTOS 3. This 
program i s  reported i n  d e t a i l  i n  Volume 68-2 of t h i s  report  ( 5 ) .  The inc i -  
dent p a r t i c l e  i s  permitted t o  i n t e r a c t  with the  free and bound atomic elec-  
trons,  t o  undergo small angle sca t te r ing  from the  electrons,  t o  have la rge  
angle sca t t e r ing  from the  nucleus and t o  c rea te  nuclear reactions.  
nearly as possible, t h e  program attempts t o  duplicat  t he  ac tua l  path of any 
incident  p a r t i c l e .  As shown by Berger and Seltzer,  (5) ,  the "straight-ahead" 
model assumption t h a t  the  path of t he  p a r t i c l e  i s  the  shor tes t  distance from 
entrance t o  e x i t  i n  a medium can be corrected i n  a number of ways. PROTOS 3 
cor rec ts  f o r  t h i s  by permitting multiple sca t te r ing .  It fu r the r  treats each 
p a r t i c l e  penetration as an individual  his tory,  d i f fe ren t  from a l l  others.  
A Monte Carlo histogram i s  compiled giving the  d is t r ibu t ion  of emerging 
p a r t i c l e s  with respect, t o  location, angle of emergence and energy of t he  
p a r t i c l e  as it emerges. A nwnber of histograms are given i n  Chapter 3 (6). 
The evaluation of t he  most probable energy loss  suffered by protons perpen- 
d icu lar ly  incident  on plane p a r a l l e l  absorbers w a s  car r ied  out using the  
parametrization procedure 
t h i s  report .  

A s  

derived i n  detail  i n  Chapters 1 and 2 (7 ,8 )  of 

Procedure 

Emerging energy histograms were calculated using PROTOS 
points  reported i n  Chapters 4 and 5 of t h i s  report  (9,lO). 
used f o r  the  i n i t i a l  run w a s  t h a t  reported i n  Science Series Report Number 
39 (4), f o r  each element. 
Bichsel (11). Bichsel a l so  provided ve r i f i ca t ion  t h a t  the  stopping power 
and s h e l l  correct ion program was correct .  The value of I w a s  then varied 

' for  each of t he  data  
The value for I 

The s i l i c o n  value used w a s  t h a t  provided by 
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TABLE 1 

DETERMINATION OF MEAN IONIZATION POTENTIAL, I, OF BERYLLIUM 

The Change I n  AE Produced 
Absorber Monte Carlo By A Change I n  Most 
Thi ckne s s Calculated P d x  , I  E-  Probable 

P a  Measured I = 53 e V  of ,001 of 1 eV of .l MeV Value O f  
f .001 AE AE A ( A E )  A(AE) m E )  i 

( g / c P )  (MeV ) (MeV 1 (MeV) (MeV) (MeV 1 . (ev) 
Eo = 185.6 MeV 

1.599 6.35". 05 6.35 .004 ,014 .002 53. 

4.403 17.89.t.10 17.88 .004 .038 ,006 52.7 
3.082 12.43.t. 10 12.40 .004 .026 .004 51.8 

Eo = 159.75 
1.599 7. O b .  03 7.05 .0045 ,015 .002 53.7 
3.082 13.77". 04 13.79 .0046 .029 a 006 53.7 
4.403 19*97** 05 19-99 .0048 .Ob3 008 53.4 

Eo = 99.9 1 

1- 599 10.10". 02 10.12 .0065 .023 .007 53.7 
3.082 20.16a. 04 20.26 .0071 .066 .015 54.5 
4.403 30.38.t. 05 30.42 ,0080 ,077 .030 53.6 

TABLE 2 

DETERMINATION OF MEAN I O N I Z A T I O N  POTENTIAL, I, OF CARBON 

The Change In  AE Produced 
Absorber 
'I%% c kne s s 

Monte Carlo & A Change In  Most 
Calculated p d x  I E Probable 

P a  Measured I = 72eV of ,001 of 1 eV of .1 MeV Value O f  ". 003- A?3 AE A(AE> A(AE) 1 
(g/cm2) (MeV) (MeV) (MeV) (MeV) (MeV 1 (ev) 

E = 185.6 MeV 
0 

1.985 8.59a.05 8.60 .0043 .011 .002 72.6 
2.840 12.4W.10 12.41 .Oak5 :021 .003 72.5 
2.856 12,50*.14 12.49 ,0045 .030 ,003 71.5 

1.985 9.60*.04 9.57 005. ,016 .002 . .  70.8 
2.840 13.82k.05 13.81 ,005 .024 .005 71.7 
3.621 17.83a.05 17.78 ,005 .031 ,006 70.6 

Eo = 159.75 MeV 

Eo = 99.9 MeV 

LO37 7.03.t. 02 7.03 .007 013 ,006 72. 
1.985 13.822.03 13.86 .007 .026 . OQg 73.5 
2.856 20.432.05 20.45 .007 .040 .012 72.5 
3.636 26.68.t.10 26.80 .007 ,068 ,026 73*7 
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TABLE 3 

DETERMINATION OF MEAN IONIZATION POTENTIAL, I, OF ALUMINUM 

The Change I n  AE Produced 
Absorber 
Thickness 

P d x  Measured 1=163 eV of .001 of 1 eV of .1 MeV Value O f  

Monte Carlo Qy A Change I n  Most 
Calculated P d x  I Eo Probable 

- *. 001 AE - AE A(AE)  - A(AE) A(AE) i 
(g/cm2) (MeV) (MeV) (MeV) (MeV) (MeV) (ev)  

1.685 
3.235 
4.660 
5.929 

1.685 
3.235 
4.660 
5 929 

1.685 
3.235 
4.660 
5 9 929 

' 135 
.270 
' 4055 
.540 

.01323 

.(I2646 

.01981 

.01323 

,02646 
.01981 

.01323 

.01981 

Eo = 185.6 MeV 

6-35.t. 15 6,344 .0038 .005 
12.261.05 12.297 * 0039 .010 
17.92.t. 05 17.894 ,0040 .015 
22.97". 11 22.984 .0041 .020 

7.03*. 02 7.024 .0042 .006 
13.67a. 03 13.672 .0044 .013 
19.98"- 03 19- 993 .0046 .021 
25.76a.04 25.756 ,0046 .030 

2 
= 159.75 MeV (Range = 22.607.t. 001 g/cm ) 

EO 

E = 99.9 MeV (Range = 9.935*.001 g/cm 2 
0 

9.97". 02 99 98 .0061 .009 
19.94.t. 03 19.95 .0068 .019 

39.99a.05 39.99 .0084 ' .044 

1.704t. 01 1.710 ,0013 .0016 
3.477.t. 01 3.486 .0013 ' 0037 
5,329'5.02 5.342 .0014 .006 

30.021. 04 30.02 .0074 .031 

Eo= 36.2 MeV (Range = 1.645*. 001 g/cm ) 
2 ,  

7.273*. 02 7.288 .0015 .008 

Eo = 14.MeV 

.349*. 01 ' 3508 ,027 .00034 

.529*. 01 ' 5287 .027 ,00051 

.704*. 01 7083 028 00069 
Eo = 11 MeV 

.421*. 01 .424 .032 .OQO4l 

.636t. 01 .638 * 033 .6B69 

.868*, 01 ,860 .034 .0011 

: 546.t. 01 545 .043 .00063 
831t. 01 .830 ,044 .00098 

Eo = 8 MeV 

.02646 1.128*, 01 1.124 .Ob5 ,00017 

.002 161.8 

.004 166.2 . 006 161.3 

.009 163.7 

,002 162. 
.006 163.1 
.008 163.6 
,010 162.9 

.008 163.9 

.018 263.5 
,031 '163. 
947 163. 

*005 166 a 5 
.010 .164.6 
.015 164.5 
.020 163.8 

.002 

.004 
,005 

,002 
Ob5 

.006 

.006 

.007 
,013 

168. 
162. 
168. 

170. 
165. 
156. 

161. 
162. 
160. 
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DETERMINATION (SF' MEAN IONIZATION POTENTIAL, I, OF SILICON 

The Change I n  AE Produced 
Absorber Monte Carlo By A Change In  Most 
Thickness Calculated 9d-X I E Probable 

PdX Measured 1=172.5eV of .001 of 1 eV of .1 MeV Value Of 
.t. 001 AE AE A(AE) A ( m  A(AJ-0 I 

(g/cm2 ) (MeV 1 (MeV ) (MeV) (MeV 1 (MeV) (4 

0.233 0.82.t. 05 .814 .0038 .002 .002 169.5 
1.164 4.46.t. 15 4.485 0039 .004 .002 178.7 

4.656 18.37.t.10 18.374 .0041 .015 .004 172.8 

Eo = 185.6 MeV 

2.328 g.03.t.10 9.038 0039 .007 .003 173.6 

Eo = 159.75 MeV 

2.328 
3.503 
4.656 
6.984 
9.335 

.. 3306 
' .6612 

' 9941 

10. 00.t .02 
15.15.t. 02 
20.48.t. 02 
31.72.t. 05 
43.74.t. 05 

4.42t. 03 

15.10*. 05 
g.38.t. 03 

io .  005 

20.495 
31.585 
43.63 

15.134 

EO 

4.409 
9.353 

15 195 

,0044 

,0047 
.0049 

.0046 

0053 
= 36.2 MeV 

.013 

.014 
,022 

.009 

.014 
,020 
039 

,058 

.0043 
,0102 
.0184 

.004 

.006 
,007 
.012 
,023 

,004 
,006 
,081 

172.9 
171.4 
173.3 
169.1 
170.6 

170. 
169.5 
178. 

Eo = 14 MeV 

.0856 2.5w.01 2.484 ,031 ,0034 ,017 168. 
,1676 5.30% 01 5.353 .040 0073 ,108 179 

,0856 3.14.t.01 3.129 .042 .003 ,029 170. 
.1676 7 . 6 ~  01 7.606 ,081 .017 140 170. 

.0856 4.6m.01 4.669 .083 ,0092 '. 096 173 

Eo = 1% MeV 

E~ = 8 ~ e v  
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TABm 5 

DETERMINATION OF MEAN IONIZATION POTENTIAL, I, OF COPPER 

The C h a n g e  I n  AE Produced 
By A C h a n g e  I n  

A b s o r b e r  Monte C a r l 9  Most 
Tbicknes s C a l c u l a t g i  p d x  I E Probable 

P& Measured I=314 e V  of ,001 of 1 e V  of .1 MeV V a l u e  O f  
f. 001 AE AE A m )  A(AE) W E )  I 

( a h 2  ) (MeV) (MeV ) (MeV) (MeV ) (MeV) (ev) 

3.781 
5 423 

3.781 
5.423 
7.102 

1.974 
3.781 
5.423 

106 

,263 
.318 

,164 

,424 

,0463 
,09245 
.m2 
,1540 

,0463 
.09245 
.1112 
1540 

,0463 
.09245 
.1112 

12.44t. 20 
18. o5t. 20 

13*73** 03 
20.051; 05 
26.62t. 10 

10. OOt. 02 
19.93%. 03 
29.951.02 

1.12t. 01 

2.8k-t. 01 
3.44t. 02 
4.68t. 02 

1.74t. 01 

1. 04t. 01 
2; 12* .a 
2.63 .01  
3.78*. 01 

1.281t.01 
2 .635t .a  

4.974t. 01 
3.294t. 01 

1.704.t. 01 
3 . 7 8 8 ~  01 
4.88W.01 

Eo = 185.6 MeV 

12.46 .003 
18.02 ' 0033 

13.75 0037 
20.03 .0038 
26.64 .0040 

Eo = 99.9 MeV 

10.01 .0046 

Eo = 159.75 MeV 

19.97 .0058 
29.95 ,0063 

E = 36.2 MeV 

1.121 .011 
0 

1.747 ,011 
2.835 .011 
3.451 . o n  
4.666 .011 

Eo = 14 MeV 

1.040 .023 
2.132 .025 
2.619 .027 
3.759 ,030 
Eo = 11 MeV 

1.274 ,0286 
2.659 ,0322 
3.289 0345 
4.958 * 0372 
Eo = 8 MeV 

1.691 .041 
3.782 .056 
4.887 ,071 

.006 
,007 

,006 
,009 
,013 

'005 
,011 
.018 

0007 

0017 

.0029 

,0007 
.0017 

,0031 

. 0011 

,0021 

,0020 

. 0010 

.0023 

.0030 
,0040 

.0013 
,0042 
,0065 

.006 
,009 

.008 

.013 
022 

.005 

,023 

.003 

.007 
,008 . O i l  

.003 

.007 

.009 

.012 

.004 

.014 

,005 
,012 
,015 
,018 

,019 
,061 

. . l o1  

317.2 
312.1 

317.2 
312.1 
315.5 

316. 
317.4 
314. 

314. 
320. 
311. 
319 
309 

314. 
321. 
309 
307 

307 
324. 
312. 
310. 

304. 
316. 
.313 
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DETEFMINATION OF MEAN IONIZATION POTENTIAL, I, OF' IRON 

The C h a n g e  I n  AE Produced 
A b s o r b e r  M o n t e  C a r l o  By A C h a n g e  I n  M o s t  
Thickness C a l c u l a t e d  P d x  I E Probable 

Measured I = 302 e V  of .001 of 1 e V  of . l M e V  V a l u e  O f  

Eo = 185.6 MeV 

3.217 10.80*. 10 10.805 - 0035 .005 .005 303 
3.244 10.91a.10 10.91 .0036 .005 .005 302. 
6.304 21.63.t. 10 21.61 ,0036 .011 ,012 300.2 
6.339 21.79t.10 21.73 .0036 .011 .012 - 296.6 

= 159.75 MeV 
EO 

3.244 12.17t.05 12.12 ,0038 .007 .008 295 
6.339 24.34*. 05 24.30 0039 .013 .019 299 1 

Eo = 99.9 MeV 

1.666 8.65t. 02 8.66 ,0054 .005 .004 304. 
3.244 17.41*:.04 17.44 ' .0058 .010 010 305 
6.304 36.78t.05 36.80 . .0070 .020 .026 303 

TABLE 7 

DETERMINATION OF MEAN IONIZATION POTENTI&, I, OF LEAD 

The C h a n g e  I n  AE Produced 
A b s o r b e r  M o n t e  C a r l o  By A C h a n g e  I n  - '  M o s t  
Thickness C a l c u l a t e d  P b  I E Probable 

PdX M e a s u r e d  I = 840 e V  of .001 of '1 e V  of .I MeV ' V a l u e  Of  
* .om AE AE A(AE> A(AE) A(AE) 1 

(g/cm2) (MeV ) (MeV) (MeV) (MeV 1 (MeV) (ev 1 
Eo = 185.6 MeV 

5.106 12.43a.05 12.426 .0025 ,0025 ,009 838.4 
5.205 12.65.1.. 05 12.647 .0025 .0025 . 009 838.8 
7.858 19.30*.05 19.296 .0025 .o&o I .016 841. 

19.37f. 05 19.381 .0025 ,0040 .017 842.8 7.893 

5.106 l3.74f.03 13.703 ,0027 .0030 .012 827.5 
5 205 13.89a.02 13.925 ,0028 .0031 .013 851.3 
7.858 21.56.t. 02 21.555 .0029 .0047 .022 839.5 

Eo = 159.75 MeV.  

Eo = 99.9 MeV 

2.680 9.94*. 05 9.943 .0036 .0030 .006 841. 
2.723 10.11*. 02 10.105 .0036 .0030 .006 838.3 
5 * 205 20.08~. 04 20.084 ,0038 .0048 ,016 840.8 

31.89*.03 _. 31.896 .0038 .0076 ,028 840.8 
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u n t i l  t h e  calculated AE f o r  t he  given absorber and p d x  w a s  t he  same as t h a t  
measured. The many values of I, each duplicating a data point, are given i n  
seven tab les ,  one f o r  each element. Each t ab le  a l so  contains the  p d x ,  Eo, 
measured AE, value of AE calculated using the  nearest  whole value f o r  I, t h e  
experimental value f o r  I and the  e f f ec t s  of e r rors  i n  I, Eo and p d x  on the  
calculated AE value. 
increasing values of Z, f o r  Be, C, Al, Si,  Fe, Cu and Pb. 

Consider t he  case of t he  aluminum absorber having a p d x  of 5.929 g/cm2 (see 
Table 3).  
22.97 *.11 using the  magnetic spectrometer. 
the  Monte Carlo calculated AE w a s  22.984 MeV. 
22.946 MeV. If the  s h e l l  correct ion and density fac tors  were removed from 
the  program, both calculated AE’s were increased by 0.015 MeV. 
1 e V  i n  the  value of I produced a change of 0.020 i n  the  calculated value of 
AE. 
represented a difference of 1 .9  eV i n  the  determination of I. The s h e l l  
correction represented a difference of only 0.75 eV i n  I. 

The t ab le s  are numbered 1 through 7 and arranged i n  

The average of four measurements of AE a t  Eo = 185.6 MeV w a s  
Assuming a value of I = 163.0 eV, 

The LINEAR calculated AE w a s  

A change of 

Thus the  difference between LINEAR and MONTE CARLO t ransport  calculat ions 

If an error  of 0.1 MeV had been made i n  measuring Eo, then AE w a s  i n  error by 
0.009 MeV. The magnetic f i e l d  i n  the  spectrometer w a s  stable t o  about one 
par t  i n  25000, corresponding t o  an uncertainty i n  Eo of 0.15 MeV, or an e r r o r  
i n  AE of 0.014 and i n  I of .7 eV. 

An e r ro r  of 0.001 g/cm2 i n  the  p d x  measurement causes a change of 0.0041 MeV 
i n  the  calculated AE. 
and the  measurements had been made with great  care  and precision. 
absorbers had been checked f o r  i n t e r n a l  holes. 
damage. 
i n  the  beam. This i s  the  major e r ro r  i n  the  p d x  value used. Thus the  e r ro r  
i n  I caused by the  p d x  measurement w a s  not greater  than 0.2 eV. 

The material used w a s  the  purest  available,  99.96 $, 
The many 

Handling w a s  done t o  minimize 
Positioning w a s  done within 1 degree i n  the  holder and the  holder 

The combined er rors  i n  determining I from the  measured values of Eo, p d x  and 
AE gave a maximum uncertain%y of 5 eV.  
Monte Car lo  determinations i s  roughly half t ha t .  
of I t o  use i n  the  Monte Carlo program i s  163.7 eV, f o r  t h i s  data point. 

The difference between Linear and 
The most probable value 

The average of four measurements of AE a t  Eo = 159.75 MeV f o r  t he  same s e t  
of absorbers w a s  25.76 3: .04 MeV, using s i l i con  detectors t o  t o t a l l y  absorb 
the  protons emerging from the  absorbers i n  the  s t r a igh t  ahead direct ion as 
described i n  Chapter 4 (9) .  
Carlo calculated AE w a s  25.756 MeV. The LINEAR calculated AE w a s  25.721. 
Using both programs t o  match the  measured AE, t he  most probable value fo r  
t he  Monte Carlo calculat ion of I w a s  162.86 as compared t o  the  l i nea r  calcu- 
l a t ion  of I = 161.7. The maximum possible e r ror  f rom a pdx  or Eo measurement 
would change I by 1 . 5  eV.  Removal of t he  s h e l l  corrections and density 
fac tors  caused an increase of .04 MeV i n  AE. For the  same set of absorbers, 
a t  Eo = 99.9 MeV, the  removal of t h e  corrections gave an increase of .12 MeV 
i n  AE. 
Carlo AE w a s  39.991MeV, and the  Linear AE w a s  39.958. 
would be 162.9. 

Assuming a value of I = 163.0 eV, the  Monte 

The average measured AE w a s  39.99 MeV. Using I = 163.0, the  Monte 
The best  l i nea r  I 

Using LINEAR calculat ion technics, the  data reported here would give a value 
f o r  I of 161.1 eV. 
AE measurements a t  seven d i f fe ren t  energies i s  163.8 eV.  The grea tes t  var i -  
a t ion i n  the  values f o r  I occurred i n  the low energies. The standard devi- 
a t ion  for the  25 data points i s  3.7 and the  probable e r ro r  i s  2.0 eV, 

The Monte Carlo average value based on the  25 average 
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TABLI3 8 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

I N  BEHYLLIUM: I = 53.34 eV, Z = 4, A = 9.012, p = 1.844 

Energy 

(MeV) 

2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
24.0 
28.0 
32.0 
36.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95.0 

100.0 
110.0 
120.0 

140.0 
130. o 

150. o 
160.0 
170.0 
180. o 
190.0 
200.0 
220.0 

Stopping 
Power 

(MeV cm2/g) 

136.87541 

80.83231 

58.62854 
51.80132 
46.50525 
42.26816 

ioi.00023 

67.79744 

38.79544 
33.42961 
29.46494 
26.40779 
23.97363 
21.98665 
18.93118 
16.68556 
14.96136 
13.59349 
12.48031 
11.34856 
10.42842 
9.66487 
9.02059 
8.46932 
7.99205 
7.57464 
7.20637 
6.87895 
6.58590 
6.32199 
6.08303 
5.66704 
5.31703 
5.01839 
4.76052 
4.53561 
4.33769 
4.16218 

3.73762 

4.00547 
3.86472 

3.51715 

Range 

(g/cm2) 
0.008 

0.028 
0.017 

0.041 
0.057 
0.075 
0.096 
0.118 

0.199 
0.262 
0.334 

0.501 
0.697 
0.922 
1.176 
1.456 
1.763 
2.183 

3.676 

4.855 
5.497 
6.173 
6.882 
7.624 
8.399 

0.143 

0.414 

2.643 
3.140 

4.247 

9.204 
10.907 
12.727 
14.662 
16.707 
18.857 
21.110 
23.461 
25.908 
28.447 
31.076 
36.590 

Range 

( e m >  

0.009 
0.015 
0.022 
0.031 
0.041 
0.052 
0.064 
0.077 
0.108 
0.142 
0.181 
0.224 
0.271 
0.378 
0.500 
0.637 
0.789 
0.956 
1.184 
1.433 
1.703 
1.993 
2.303 
2.632 
2.981 
3.347 
3.732 
4.135 
4.554 
4.991 
5.914 
6.902 
7.951 
9.060 

io .  226 
11.448 

14.050 

16.852 

0.004 

12.723 

15.427 

19.843 

Most Probable Energy Loss 
i n  1 mm 

(MeV) 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
9.262 
6.867 
5.743 
5.011 
4.478 
3.737 
3.236 
2.868 
2.586 
2.361 
2.137 
1.956 
1.808 
1.684 
1.579 
1.488 
1.409 
1.339 
1.277 
1.222 
1.173 
1.128 
1.050 
0.985 
0.929 
0.881 
0.839 
0.802 
0.770 
0.741 
0.715 
0.691 
0.650 

i n  5 mm 
(MeV) 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24‘. 
28. 
18.264 
15.276 
13.387 
11.738 

9.600 
8.852 

7.714 
7.269 
6.883 
6.545 
6.246 
5.979 
5.740 
5.327 
4.984 
4.694 
4.445 
4.229 
4.039 
3.872 
3.723 
3.590 
3.470 
3.262 

10.532 

8.234 

~~ 

in 10 mm 
(MeV 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 
32. 
36. 
40. 
28.868 
24.134 
21.229 
19.150 

16.269 
15.208 

12.871 
12.281 
11.757 
i o .  864 
LO. 132 
9.518 
8.996 
8.545, 
8.152 
7.807 
7.500 
7.266 
6.980 
6.555 

17- 552 

14.312 
13.541 



TABLE 8 (Continued) 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

Energy 

(MeV) 
240.0 
260.0 
280. o 
300.0 
320.0 
340.0 
360.0 
380.0 
400.0 
425.0 
450.0 
475.0 
500. o 
525.0 
550.0 
575.0 
600.0 
625.0 
650.0 
675.0 
700. o 
725.0 
750.0 
775.0 
800. o 
823.0 
850. o 
875.0 
900. o 
925.0 
950.0 
975.0 

1000.0 
1100.0 
1200.0 

1400.0 
1300. o 

1500. o 
1600. o 
1700. o 
1800. o 
1900. o 
2000.0 

I N  BERYLLIUM: 

Stopping 
Power 

(MeV cm2/g) 
3.33260 
3 17594 
3.04137 
2.92461 
2.82242 
2.73229 
2.65226 
2.58079 
2.51661 
2.44511 
2.38184 
2.32551 
2.27510 
2 22979 
2.18888 
2.15180 
2.11809 
2.08734 
2.05921 
2.03341 

1.98784 

1.94901 

2.00969 

1.96766 

1.93172 
1.91568 
1.90077 
1.88690 
1 * 87397 
1.86191 
1.85065 
1.84013 
1.83028 
1.79672 
1.77066 
1.75028 
1.73428 
1.72174 
1.71192 
1.70431 
1.69849 
1.69413 
1 69099 

I = 53.34 eV,  Z = 4, A = 9.012, p = 1.844 

Shielding Range 

( i d e m 2  1 
48.573 

68.661 
75.857 

90.918 
98.758 

108.828 
119 * 179 
129 792 
140.651 
151.741 
163.047 
174.556 
186.255 
198.134 
210.181 
222.386 

259.866 
272.620 
285.492 
298.475 
311.564 
324,752 
338.034 
351.405 
364.859 
378.394 

42.429 

55.004 
61.705 

83.280 

234.742 
247.238 

392 * 003 
447.114 
503.141 
559.903 
617.255 
675 * 079 
733.278 
791.773 
8 50.498 
909.399 
968.430 

i n  
(em) 
23.009 
26.341 
29.828 
33.462 
37.234 
41.137 
45.162 
49.304 
53.556 
59 * 017 
64.631 
70.386 
76.275 

94.661 
101.006 
107.448 

120.600 
127.300 
134.077 
140.92 5 
147.841 
154.822 

82.289 
88.420 

113.981 

161.863 
168.961 
176.112 
183.315 
190.566 
197.863 
205.202 
212.583 

272.853 
303.635 
334.737 

397 656 
429.377 
461.224 
493.166 
525 * 179 

242.469 

366 095 

Most Probable Energy Loss 
i n  1 mm 

(MeV 1 
0.616 
0.587 
0.562 
0.541 
0.521 
0.505 
0.490 
0.477 
0.465 
0.452 
0.440 
0.430 
0.421 
0.412 
0.404 
0.398 
0.391 
0.385 
0.380 
0.376 
0.371 
0.367 
0.363 
0.360 
0.357 
0.354 
0.351 
0.349 
0.346 
0.344 
0.342 
0.340 
0.338 
0.333 
0.328 
0.326 
0.320 
0.320 
0.318 
0.315 
0.315 
0.315 
0.313 

i n  5 mm 
(MeV) 
3 t 089 
2.942 
2.816 
2.707 
2.612 
2.527 
2.453 
2.386 
2.327 
2.260 
2.201 
2.149 
2.102 
2.060 
2.002 
1.988 
1.957 
1.928 
1.902 
1.878 
1.856 

1.817 
1.800 
1.784 
1.769 
1.755 
1.742 
1.730 
1.719 
1,709 
1.699 
1.690 
1.659 
1.635 
1.617 
1.602 
1.591 
1.581 
1.573 
1.568 
1.565 
1.563 

1.836 

i n  10 mm 
(MeV 1 
6.202 
5.903 
5.648 
5.427 
5.234 

4.780 
4.659 
4.525 
4.407 
4.302 
4.208 
4.123 
4.047 
3.978 
3.915 
3.857 
3.805 
3.757 
3.713 
3.673 
3.635 
3.600 
3.568 
3.539 
3.511 
3.485 
3.461 
3.439 
3.418 
3.398 
3.380 
3.318 
3.271 
3.232 
3.203 
3.180 
3.162 
3.148 
3.135 
3.128 
3.123 

5.064 
4.914 
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TABLE 9 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

I N  CARBON: I = 72.14 eV,  Z = 6, A = 12.011, p = 1.582 

Energy 

(MeV 1 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
24.0 
28.0 
32.0 
36.0 
40.0 
45.0 
50.0 
55.0 
60. o 
65.0 
70.0 
75.0 
80.0 
85.0 
go. 0 
95.0 

100.0 
110.0 
120.0 
130.0 
140.0 
150. o 
160.0 
170.0 
180.0 
1go.o 
200.0 
220.0 

Stopping 
Power 

(MeV cm2/g) 
143.12657 
106.12961 

62.03261 

49.42262 

85.27849 
71.49788 

54.94438 

44.99054 
41.34846 
35.70401 
31.52017 
28.28621 
25.70627 
23.59694 
20.34734 

16.11388 
14.65200 
13.46108 
12.24908 
11,26276 
10.44365 
9.75200 
9.15985 
8.64690 
8.19806 
7.80190 
7.44956 

6.84988 
6.59247 
6.14417 
5.76681 

5,16644 
4.92368 
4.70999 
4.52044 
4.35117 
4.19910 
4.06175 

17.95422 

7.13408 

5.44469 

0.008 
0.016 
0.027 
0.040 
0.055 
0.072 
0.091 
0.112 
0.135 
0.187 

0.388 

0.652 
0.861 
I. 096 
1.356 
1.641 
2.030 
2.456 
2.916 
3.411 
3.940 
4.501 
5.094 
5.718 
6.373 
7.058 
7.772 
8.515 

10.085 

0.247 
0.314 

0.469 

11.764 
13.546 
15.430 
17.410 

21.649 
23.901 
26.237 

19.484 

28.655 
3.82344 33.726 

0.005 

0.017 
0.025 
0.034 
0.045 
0.057 
0.071 
0.085 
0.118 
0.156 
0.198 

0.296 

0.544 
0.693 
0.857 
1.037 
1.283 
1.552 
1.843 
2.156 
2.490 
2.845 
3.220 
3.614 
4.028 
4.461 
4.913 
5.382 
6.375 
7.436 
8.563 
9.753 
11.005 
12.316 
13.684 
15.108 
16.585 

0.010 

0.245 

0.412 

18.113 
21.319 

Most Probable Energy Loss 
i n  1 mm 

(MeV) 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
7.80 
6.107 
5.179 
4.550 
4.084 
3.426 
2.975 
2.643 
2.386 
2.182 
1.976 
1.811 
1.675 
1.562 

1.381 
1.308 

1.187 
1.136 
1.090 
1.049 
0.977 
0.916 
0.865 
0.821 
0.782 
0.748 
0.717 
0.690 
0.666 
0.644 
0.607 

1.465 

1.244 

i n  5 mm 
(MeV 1 
2. 
3. 
4. 
5. 
6. 
7. 

9. 
10. 
12. 
14. 
16. 
18. 
20. 
24. 
21.083 
16.244 
13.817 
12.201 
io. 756 
9.683 
8.846 
8.170 
7.610 
7.137 
6.731 
6.378 
6.609 
5.795 
5.550 
5.330 
4.951 
4.634 
4.366 
4.136 
3.937 
3.762 
3.607 
3.470 
3.346 
3.235 
3.042 

a. 

i n  10 mm 
(MeV 1 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
12. 
14. 
16. 
18, 
20. 
24. 
28. 
32 
36. 
33.726 
25.498 
21.777 
19.328 
17.525 
16.116 
14.974 
14.023 
13.215 
12.518 
11.g10 
11.373 
10.895 
10.079 
9.408 
8.845 
8.364 
7.949 
7.587 
7.268 
6.985 
6.732 
6.504 
6.111 
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TABLE 9 (Continued) 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

I N  CARBON: I = 72.14 eV, Z E 6, A = 12.0ll ,  p = 1.582 

Energy 

(MeV 1 
260.0 
280. o 
300.0 
320.0 

360. o 
380. o 

240.0 

340.0 

400.0 
425.0 
450.0 
475.0 
500.0 
525.0 
550.0 
575.0 
600. o 
625.0 
650.0 
675.0 
700.0 
725.0 
750.0 
775.0 
800. o 
825.0 
850.0 
875.0 
goo. 0 
925.0 
950.0 
975.0 

1000.0 
1100.0 
1200.0 

1400.0 
1300. o 
1500.0 
1600. o 
1700. o 
1800. o 
1900.0 
2000.0 

Stopping 
Power 

(MeV cm2/g) 
3.62391 
3.45449 
3.30895 

3.07208 
2.97456 
2.88796 
2.81062 

2.66381 
2.59534 
2.53439 

2.38658 

2.27679 

2.21850 
2.19288 
2.16928 

2.10870 

2.06036 

2.03345 
2.02132 
2.01000 
1.99941 
1.96336 
1.93544 
1.91367 
1.89666 
1.88338 
1.87306 
1.86512 
1.85911 

1.85157 

3.18264 

2.74117 

2.47986 
2.43084 

2.34649 
2.31003 

2.24638 

2.14749 
2.12735 

2.09139 
2.07531 

2.04643 

1.85468 

Shielding Range 

(&m2 1 
39.095 
44.742 
50.651 
56.807 
63.196 

76.620 
83.631 
90.827 

100.068 
109.565 
119.301 
129.261 
139 4-30 
149.797 
160.347 
171.070 
181.959 
192 6 999 
204.183 
215.503 
226.951 
238.519 
250.200 
261.988 
273.877 
285.862 
297.936 
310.095 
322.334 
334.650 
347.036 
359.491 

69.804 

409.916 
461.164 
513.070 
565.502 
618.353 
671.535 
724.976 
778.616 

886.307 
832.407 

in 
( c m >  
24.712 
28.282 
32.017 
35.908 
39.947 

52.864 
57.413 

69.257 

44.124 
48.432 

63.254 

75.411 
81.707 
88.135 
94.688 

101.357 
108.136 
115.018 
121.997 
129.066 
136.222 
143.458 
150.770 
158.154 
165.605 
173.121 
180.696 
188.328 

211.5 36 
219.365 
227.238 
259.112 
291.507 
324.317 
357.460 
390.867 
424.484 
458.265 
492.172 
526.174 
560.244 

196.014 
203.751 

Most Probable Energy LOSS 
i n  1 mm 

(MeV 1 
0.575 
0,548 
0.525 
0.505 
0.487 
0.472 
0.458 
0.446 
0.435 
0.423 
0.412 
0.402 
0.393 
0.385 
0.378 
0.373 
0.367 
0.361 
0.356 
0.352 
0.348 
0.344 
0.341 
0.337 
0.335 
0.332 
0.329 
0.327 
0.324 
0.322 
0.320 
0.319 
0.317 
0.313 
0.307 
0.305 
0.302 
0.300 
0.297 
0.297 
0.297 
0.294 
0.294 

i n  5 mm 
(MeV 1 
2.882 
2.745 
2.629 
2.528 
2.439 
2.361 
2.292 
2.230 
2- 175 
2.113 
2.059 
2.010 
1.966 
1.927 
1.892 
1.860 
1.832 
1.805 
1.781 
1.759 
1.738 
1.719 
1.702 
1.686 
1.671 
1.658 
1.645 
1.633 
1.622 
1.611 
1.602 
1.593 
1.584 
1.557 
1.534 
1.518 
1.503 
1.492 
1.484 
1.479 
1.474 
1.471 
1.469 

in 10 mm 
(MeV 1 
5.784 
5.508 
5.271 
5.067 
4.888 
4.730 
4.591 
4.466 
4.355 
4.230 
4.121 
4.023 
3.936 
3.857 
3.787 
3.722 
3.664 
3.611 
3.562 
3.518 
3.477 
3.439 
3.404 
3.373 
3.343 
3.315 
3.290 
3.266 
3.244 
3.223 
3.204 
3.186 
3.169 
3.112 
3.068 
3.034 
3.005 
2.984 
2.969 
2.956 
2.945 
2.940 
2.935 
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TABLE 10 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

I N  ALUMINUM: I = 163. eV, Z = 13, A = 26.980, p = 2.702 

Energy 

(MeV) 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
24.0 
28.0 
32.0 
36.0 
40.0 
45.0 
50. o 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90. o 
95.0 

100.0 
110.0 
120.0 

140.0 
130.0 

150. o 
160. o 
170. o 
180. o 
190. o 
200.0 
220.0 

Stopping Range 

(MeV cm2/g) (g/cm2) 
Power 

112.40285 
83.96190 
67 96378 
57.55107 
49 91376 
44.46603 
40.19299 
36.74388 
33 89330 
29.44807 
26.12646 
23.54118 
21.46654 
19.73187 
17.10208 
15.15052 
13.64088 
12.43610 
11.45084 
10.44458 
9 62295 
8.93868 
8.35951 
7.86259 
7.43135 
7.05339 
6.71929 
6.42174 
6.15501 
5.91445 
5 * 69636 
5.31601 
4.99533 
4.72122 
4.48415 
4 27709 
4.09466 
3 93270 
3.78796 
3 65784 
3.54024 
3.33604 

0.0114 

0.0350 
0.0217 

0.0510 
0.0697 
0.0909 
0.1145 
0.1405 
0.1688 
0.2321 
0.3042 
0.3848 
0.4737 
0.5707 
0.7887 
1.0373 
1.3154 
1.6224 

2.4143 
2.9127 
3.4513 
4.0291 
4.6452 
5.2986 
5.9884 
6.7137 
7.4739 
8.2682 
9.0958 
9.9561 

11.7720 
13.7108 
15.7680 
17 ' 9392 
20.2201 
22.6070 
25.0961 
27.6839 
30.3671 
33.1426 
38.9583 

1.9573 

Range 

(cm 1 
0.008 
0.013 
0.018 
0.025 
0.033 
0.042 
0.052 
0.062 
0.085 
0.112 
0.142 
0.175 
0.211 
0.291' 
0.383 
0.486 
0.600 
0.724 
0.893 
1.078 
1.277 
1.491 
1.719 
1.961 
2.216 

2.766 
3.060 
3.366 
3.684 
4.356 
5 074 
5.835 
6.639 

8.366 
9.288 

10.245 
11.238 
12.266 
14.418 

0.004 

2.484 

7.483 

Most Probable Energy Loss 
i n  Imm 

2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12 * 
io .  068 
7.995 
6.869 
6.097 
5.056 
4.373 

' 3.879 

3.201 
2.900 
2.660 
2.462 
2.296 
2.155 
2.034 
1.928 
1.834 
1.751 
1.677 
1.611 
1.550 
1.446 
1.357 
1.282 
1.217 
1.161 
1.111 
1.066 
1.027 
0.992 
0.960 
0.904 

(MeV 1 

3.501 

i n  5 mm 
(MeV 1 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 

22.882 
19.306 
16.607 
14.763 
13.385 
12.302 

io .  686 
io .  062 
9.524 
9.054 
8.639 
8.271 
7.941 
7.373 
6.901 
6.503 
6.162 
5.866 
5.607 
5.378 
5.174 
4.991 

4.543 

32 * 

11.421 

4.827 

i n  LO mm 
(MeV 1 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 
32. 
36 
40. 
45 
38.647 
31.683 
27.840 
25.162 
23.123 
21.493 
20.146 
19.008 
18.029 
17.176 
16.423 
15.153 
14.119 
13.258 
12.528 
11.900 
11.354 
io. 875 
10.450 
io .  071 
9.731 
9.145 
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TABLJ3 10 (Continued) 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

Energy 

(MeV) 
240.0 
260. o 
280.0 
300.0 
320.0 

360.0 
380.0 

340.0 

400.0 
425.0 
450.0 
475.0 
500.0 
525.0 
550.0 
575.0 
600. o 
625.0 
650. o 
675.0 
700.0 
725.0 
750.0 
775.0 
800. o 
825.0 
850.0 
875.0 
900.0 
925.0 
950.0 
975.0 

1000.0 
1100.0 
1200.0 

1400.0 
1300. o 

1500. o 
1600. o 
1700. o 
1800. o 
1900. o 
2000.0 

I N  ALUMINUM: I =163. eV, Z = 13, 

Stopping Shielding Range 

3.16491 
3.01951 
2.89452 
2.78600 
2.69097 
2.60713 
2.53267 
2.46616 

2.33989 
2.28102 
2.22862 

2.13962 
2.10161 
2.06718 
2.03590 
2.00739 
1.98133 
1.95745 
1.93553 
1.91535 
1.89673 
1.87954 
1.86364 
1.84890 
1.83522 
1.82252 
1.81070 
1.79969 
1.70944 
1.77987 
1.77093 
1.74066 
1.71740 
1.69947 
1.68563 
1.67500 
1.66693 
1.66090 

1.65351 
1.65160 

2.40643 

2.18174 

1.65653 

45.108 
51.572 
58.331 
65.366 
72.663 
80.206 
87.980 
95.974 

12 5 * 507 
136.583 

159.465 
171.241 
183.221 
195.393 
207.745 
220.266 
232.945 
245 * 774 

271.843 
285.068 
298.409 
311.861 
325.417 

352.815 
366.648 
380.562 
394.554 
408.618 
465.527 
523.312 
581 - 789 
640.814 

104.174 
114.698 

147.908 

258.742 

339 * 070 

700.266 
760.050 
820.087 
880.311 

1001.117 
940.669 

i n  
( c d  

16.694 
19,086 
21.588 
24.192 
26.892 
29.684 
32.561 
35.519 
38.554 
42.449 
46.450 
50.549 
54.740 
59.017 
63.375 
67.809 

76.885 

86.212 
90.960 
95.759 

loo. 608 
105.502 

115.418 
120.435 

130- 575 
135.695 

151.228 
172.289 
193.675 
215.318 
237.162 
259.166 
281.291 
303.511 
325 799 
348.138 
370.509 

72.314 

81.519 

110.440 

125.488 

140.844 
146.023 

A = 26.980, p = 2.702 

Most Probable Energy Loss 
i n  1 mm 

(MeV 
0.857 
0.818 
0.784 
0.755 
0.729 
0.706 
0.686 
0.668 
0.652 
0.634 
0.618 
0.604 
0.591 
0.580 
0.569 
0.560 
0.552 
0.544 
0.537 
0.530 
0.524 
0.519 
0.514 
0.509 
0.505 
0.501 
0.497 
0.494 

0.484 

0.479 

0.490 
0.487 

0.482 

0.471 
0.466 
0.461 
0.458 
0.453 
0.453 
0.451 
0.451 
0.448 
0.448 

i n  5 m 
(MeV 
4.305 
4.104 
3.932 
3.782 
3.652 
3.537 
3.435 
3.344 
3.262 
3.171 
3.091 
3.020 
2.955 
2.898 
2.846 
2.800 
2.757 
2.718 
2.682 
2.650 
2.620 
2.593 
2.567 
2.544 
2.522 
2.502 
2.484 
2.466 
2.451 
2.436 
2.421 
2.408 
2.396 
2.357 
2.326 
2.300 
2.281 
2.268 
2.255 
2.248 
2.242 
2.237 
2.234 

I n  10 mm 
(MeV) 
8.658 
8.247 
7.896 
7.591 

7.093 
6. P€‘6 
6.702 
6.537 
6.353 
6.191 
6.046 
5.917 
5.802 
5.697 
5.633 
5.518 
5.439 
5.368 
5 .. 303 
5.243 
5.337 
5.137 
5.090 
5.046 
5.006 
4.969 
4.934 
4.902 
4.872 
4.844 
4.818 

7.326 

4.794 

4.599 
4.562 
4.534 
4.510 
4.495 

4.474 
4.469 

4.711 
4.648 

4.482 
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MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

Energy 

(MeV 1 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9- 0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
24.0 
28.0 
32.0 
36.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85.0 
90.0 
95- 0 
100.0 
110.0 
120.0 

140.0 
130. o 

150.0 
160. o 
170.0 
180. o 
190.0 
200.0 
220.0 

I N  SILICON: 

Stopping 
Power 

(MeV cm2/g> 

114.41418 
85 78734 
69.44820 

51.28148 

41.03139 
37.52287 

58.81833 

45.63120 

34.62308 
30.09547 
26.71164 

21.96254 

17.50618 

24.07713 

20.22415 

15.51462 
13 * 97303 
12.74212 
11.73507 
io .  70617 
9.86578 
9- 16567 
8.57296 
8.06432 
7.62282 
7.23581 
6.89366 
6.58891 
6.31569 
6.06926 
5.84581 
5 * 45609 
5.12746 
4.84651 
4.60351 
4.39124 
4.20420 
4.03815 
3.88973 
3.75630 
3.64570 
3.42628 

Range 

(g/cm2) 
0.012 
0.022 
0.035 
0.050 
0.068 
0.089 
0.112 
0.138 
0.165 
0.227 
0.298 
0.376 
0.463 
0.558 
0.770 
1.013 
1.284 
1.584 
1.910 
2.356 
2.841 
3.366 
3.929 
4.530 
5.166 
5.838 
6.544 
7.285 
8.058 
8.864 
9.702 

11.470 
13.357 
15.360 
17.473 
19.694 
22.017 
24.439 
26.957 
29.569 
32.269 
37 - 928 

Range 

( c m )  
0.005 
0.009 
0.015 
0.021 
0.029 
0.038 
0.048 
0.059 
0.071 
0.097 
0.128 
0.161 
0.199 
0.239 
0.331 
0.435 
0.551 
0.680 
0.820 
1.012 
1.220 
1.446 
1.688 
1.945 
2.219 
2.507 
2.811 
3- 129 
3.461 
3.807 
4.167 
4.927 
5.738 
6.598 
7.506 
8.549 
9.457 

10.498 
11.579 
12.701 
13.861 
16.292 

A = 28.086, p = 2.328 

Most Probable Energy Loss 
i n  1 mm 

(MeV) 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
8.187 
6.777 
5.904 
5.279 
4.415 
3.830 
3.405 
3.078 
2.817 
2.556 
2.346 
2.172 
2.027 
1.903 
1.796 
1.703 
1.621 
1.548 
1.483 
1.424 
1.371 
1.279 
1.201 
1.134 
1.077 
1.027 
0.983 
0.944 
0.909 
0.878 
0.849 
0.801 

i n  5 mm 
(MeV1 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 
23.670 
18.980 
16.428 
14.319 
12.817 
11.670 
10.757 
io .  007 
9.378 
8.841 
8.376 
7.969 
7.609 
7.289 
7.001 
6.505 
6.093 
5.743 
5.444 
5.184 
4.956 
4.755 
4.576 
4.415 
4.270 
4.020 

i n  10 mm 
(MeV 1 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9-  

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 
32. 
36. 
40. 
41.507 
30.919 
26.608 
23.774 
21.679 
20.034 
18.693 
17.570 
16.613 
15.784 
15 057 
14.414 
13.322 
12.428 

11.046 
10.498 
10.022 
9.603 
9.231 
8.899 
8.600 
8.085 

11.681 
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TAI3LE 11 (Continued) 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

I N  SILICON: I = 172.3, Z = 14, A = 28.086, p = 2.328 

Energy 

(MeV) 

260. o 
280.0 

320.0 

360. o 
380. o 

240.0 

300.0 

340.0 

400.0 
425.0 
450.0 
475.0 
500. o 
525.0 
550.0 
575.0 
600.0 
625. o 
650. o 
675.0 
700.0 
725.0 
750.0 
775.0 
800.0 
825. o 
850. o 
875.0 
900.0 
925.0 
950.0 
975.0 

1000.0 
1100.0 
1200.0 
1300.0 
1400.0 
1500. o 
1600. o 
1700. o 
1800. o 
1900. o 
2000.0 

Stopping Shielding Range Most Probable Energy Loss 
Power i n  i n  1 mm i n  5 mm i n  10 mm 

(MeV cm2/g> (g/cm2) ( c m >  (MeV) (MeV) (MeV) 

3.25077 
3.10163 
2.97342 
2.86210 
2.76462 
2.67861 
2.60222 
2.53399 
2.47271 
2.40446 
2.34405 
2.29030 
2.24221 
2.19900 

2.12469 
2.16001 

2.09261 
2 06337 
2.03664 
2.01215 
1.98966 
1 96897 
1 94989 
1.93226 
1.91595 
1.90084 
1.88683 
1.87380 
1.86169 
1.85041 
1.83990 
1.83010 
1.82095 
1 * 78994 
1.76615 

1.73367 
1.74781 

1.72284 
1.71461 
1.70849 
1.70407 
1.70103 
1.69914 

43.912 
50.201 
56.776 
63.620 
70 * 717 
78.054 
85.616 
93.391 

101.366 
111.601 

132.884 

166.585 

190.069 

214.252 
226.579 

251.659 
264.395 

290.221 
303.298 
316 * 475 
329.746 

356.553 
370.078 
383.677 
397.348 
452.659 
508.818 
565.648 
623.006 
680 777 
738.867 
797.200 
855.714 
914.355 
973.081 

122.113 

143.896 
155.135 

178.234 

202.079 

239 * 051 

277.251 

343 - 107 

18.862 
21.564 
24.388 
27.328 
30.377 
33.528 
36.776 
40.116 
43.542 
47.938 
52.454 
57.080 
61.811 
66.638 
71.557 
76.561 
81.645 
86.803 
92.032 
97.328 

102.685 
108.101 
113 * 572 
119.094 
124.665 
130.282 
135 * 943 
141.643 
147.383 
153.158 
158.968 
164.810 
170.682 
194.441 
218.564 
242.976 
267.614 
292.429 
317.382 
342.440 
367.574 
392.764 
417 - 990 

0.759 
0.725 
0.694 
0.668 
0.646 
0.626 
0.607 
0.592 
0.577 
0.561 
0.548 
0.535 
0.523 
0.513 
0.504 
0.496 
0.488 
0.482 

0.469 

0.460 

0.451 
0.447 
0.444 
0.440 
0.438 
0.434 
0.432 
0.430 
0.427 
0.425 
0.419 
0.414 
0.409 
0.406 
0.404 
0.401 

0.475 

0.464 

0.455 

0.398 
0.398 
0.398 
0.398 

3.810 7.657 
3.633 7.296 
3.481 6.986 
3.349 6.718 
3.233 6.484 
3.132 6.279 
3.042 6.096 
2.962 5.’934 
2.889 5.788 
2.809 5.626 
2.738 5.482 
2.675 5.355 
2.618 5.242 
2.567 5.139 
2.521 5.048 
2.480 4.964 
2.443 4.888 
2.408 4.819 
2.377 4.757 
2.348 4.699 

2.298 4.597 
2.322 4.646 

2.275 4.552 
2.255 4.510 
2.236 4.472 

2.201 4.404 
2.218 4.437 

2.186 4.373 
2.172 4.344 
2.159 4.318 
2.146 4.294 
2.135 4.270 

2.089 4.177 
2.060 4.123 
2.039 4.078 

2.010 4.018 
2.000 4.000 
1.992 3.984 
1.987 3.974 

1.982 3.964 

2.125 4.249 . 

2.023 4.044 

1.984 3.969 
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TABLE 12 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

I N  IRON: I = 300.9 eV, Z = 26, A = 55.847, p = 7.792 

Energy 

(MeV 1 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
12.0 
14.0 
16.0 
18. o 
20.0 
24.0 
28.0 
32.0 
36.0 
40.0 
45.0 
50.0 
55.0 
60.0 
65.0 
70.0 
75.0 
80.0 
85. o 
90.0 
95.0 

100.0 
110.0 
120.0 
130.0 
140.0 
150.0 
160. o 
170.0 
180.0 
190.0 
200.0 
220.0 

Stopping Range 
Power 

(MeV cm2/g1 (g/cm21 
88.83200 
68.39137 
56.20445 
48.03178 
42.13054 
37.64806 
34.11525 
31.22868 
28.83948 
25.10947 
22.32050 
20.14899 
18.40541 
16.97198 
14.74782 

n. 81591 
io .  75110 
9.92165 
9.07187 
8.37567 
7 79413 
7.30069 
6.87637 
6.50747 
6.18354 
5.89354 
5.63824 
5.40902 
5.20202 
5.01410 
4.68585 
4.40855 
4.17113 
3.96550 
3.78566 
3.62705 
3.48610 
3.36002 
3.24659 
3.14400 
2.96571 

13.09584 

0.015 
0.028 

0.063 
0.085 
0.110 
0.138 
0.168 
0.202 
0.276 
0.360 
0.455 
0.558 
0.671 
0.924 
1.212 
1.533 
1.887 
2.274 
2.800 
3.373 
3.991 
4.654 
5.358 
6. io4 
6.891 
7.717 
8.583 
9.487 

10.428 
11.405 
13.466 
15.663 

20.447 

25.718 
28.526 

0.044 

17.992 

23.024 

31.443 
24.466 

44.134 
37.591 

Range 

( c d  
0.002 
0.004 
0.006 
0.008 
0.011 
0.014 
0.017 
0.021 
0.025 
0.035 
0.046 
0.058 
0.071 
0.086 
0.118 
0.155 
0.196 
0.242 
0.291 
0.359 
0.433 
0.5i2 
0.597 
0.687 
0.783 
0.884 
0.990 
1.101 
1.217 
1.338 
1.463 
1.728 
2.010 
2.309 
2.624 
2.954 
3.300 
3.661 
4.035 
4.423 
4.824 
5.664 

Most Probable Energy Loss 
i n  1 mm 

(MeV 1 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
15.760 
12.488 
io .  629 
9.389 
8.456 
7.577 
6.907 
6.368 
5.923 
5.548 
5.228 
4.950 
4.706 
4.489 
4.298 
4.127 
3.972 
3.703 
3.477 
3.285 
3.120 
2 975 
2.848 
2.736 
2.636 
2.545 
2.464 
2.323 

i n  5 mm 
(MeV1 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 
32 
36 
40. 
45. 
50. 
48.573 
38.578 
33.855 
30.662 
28.259 
26.339 
24.750 
23.406 
22.248 
21.237 

18.194 
19.553 

17.070 
16.121 
15.309 
14.605 
13.988 
13.442 
12.955 
12.519 
11.768 

i n  10 mm 
(MeV 1 
2. 
39 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 
32 * 
36 
40. 
45. 
50. 
55. 
60. 
65. 
70. 
75 * 
80. 
63.031 

48.016 
42.848 
39.097 
36.195 
33.855 
31.91’5 
30.273 
28.862 
27.633 
26.551 
25.591 
23.960 

56.123 
51.515 
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TABLE 12 (Continued) 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

I N  IRON: I = 300.9 eV, Z = 26, A = 55.847, p = 7.792 

Energy 

(MeV 1 
240.0 
260.0 
280. o 

320.0 

360.0 
380. o 

300.0 

340.0 

400.0 
425.0 
450.0 
475.0 
500.0 
525.0 
550.0 
575.0 
600.0 
625.0 
650. o 
675.0 
700.0 
725.0 
750.0 
775.0 
800. o 
825.0 
850.0 
875.0 
900.0 
925.0 
950.0 
975.0 

1000.0 
1100.0 
1200.0 

1400,O 
1300. o 
1500. o 
1600. o 
1700. o 
1800. o 
1900.0 
2000.0 

Stopping 
Power 

(MeV cm2/g) 

2.81615 
2.68896 
2.57955 
2.48452 
2.40126 
2.32778 
2.26250 

2.15181 
2 09347 

1.99589 

1.91789 

1.82706 
1.80212 
1.77934 

2.20418 

2.04184 

1.95480 

1.88459 
1.85444 

1.75848 
1.73933 
1.72172 
1.70550 
1.69053 
1.67669 
1.66388 
1.65200 
1.64098 
1.63074 
1.62122 
1.61236 
1.60411 

1.57045 
1.55066 
1.53557 
1.52407 
1.51541 
1.50898 
1.50434 
1.50115 
1.49915 

1.59641 

Shielding Range 
i n  

(g/cm2 ( e m >  

51.046 
58.304 
65.888 
73.777 
81.954 
90.401 
99.103 

108.045 
117.214 
128.976 
141.051 
153.416 
166.054 
178.946 
192.076 
205.429 
218.990 
232.746 
246.686 
260.798 
275.071 
289.495 
304.062 
318.763 
333.589 
348.534 
363.590 
378.751 
394.010 
409.362 
424.802 
440.323 
455 9 922 
519.006 
583.009 
647.731 
713.014 
778.729 
844.770 
911.053 
977.509 

1044.080 _ _  ~ 

1.49812 1110.718 

6.551 

8.455 
7.482 

9.468 
10.517 
11.401 
12.718 
13.866 

18.102 
19 689 
21.310 
22.965 

15.043 
16.552 

24.650 
26.364 
28.104 
29.870 
31.659 
33.470 
35.301 
37 * 152 
39.022 
40.909 
42.811 
44.729 
46.662 
48.607 
50.566 
52.536 
54.517 
56.509 
58.511 
66.607 

83.127 
91.506 
99 939 

108.415 
116.921 
125.450 
133.993 
142.545 

74.821 

Most Probable Energy Loss 
i n  1 mm 

(MeV 1 
2.205 

2.018 
1.943 
1.878 
1.820 
1.768 
1.722 
1.681 
1.635 
1.595 
1.559 
1.527 
1.498 
1.472 
1.449 
1.427 
1.408 
1.389 
1.373 
1.358 
1.344 
1.332 
1.320 
1.309 
1.299 
1.290 
1.281 
1.273 
1.266 
1.259 
1.253 
1.246 
1.227 
1.211 
1.201 
1.190 
1.185 
1.180 

1.172 
1.172 
1.169 

2.104 

1.175 

i n  5 mm 

11.145 
(MeV) 

io .  620 
io .  171 
9.783 
9.445 

8.885 
8.650 

8.206 
8.000 
7.816 
7.652 
7.505 
7.373 
7; 253 
7.145 
7.046 
6.956 
6.873 
6.798 
6.728 
6.664 
6.604 
6.550 
6.500 
6.453 

6.369 
6..331 
6.296 
6.264 
6.233 
6.133 
6.055 
5.995 
5.948 
5.914 
5.888 
5.870 
5.859 
5.852 

9.148 

8.440 

6.409 

5.846 

i n  10 mm 

22.624 
(MeV 

21.508 
20.562 
19.750 
19.044 
18.427 
17.882 
17.397 
16.965 
16.485 
16.062 
15.687 
15.353 
1 5  053 
14.784 
14.541 
14.319 
14.119 
13.936 
13.768 
13.615 
13.473 
13.344 
13.224 
13.113 
13.011 
12.916 

12.747 
12.671 
12.600 
12.535 
12.473 
12.268 
12.109 

11.898 
11.831 
11.779 
11.742 
11.716 
11.701 
11.690 

12.828 

11.990 
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TABW 13 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

Energy 

(MeV) 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
24.0 
28.0 
32.0 
36.0 

45.. 0 
50. o 
55.0 
60.0 
65.0 
70.0 
75.0 
80. o 
85.0 
go. 0 
95.0 

100.0 
110.0 
120.0 

140.0 

40.0 

130. o 

150. o 
160. o 
170.0 
180. o 
190.0 
200.0 
220.0 

I N  COPPER: I = 313.8 eV, 

Stopping 
Power 

(MeV crn2/g) 

83.22719 

52.62654 
44.66743 
38.99442 

64.73953 

35 07007 
31.65868 
29 * 37289 

23.96626 
21.36069 

17.75064 
16.38200 

12.66833 

9.68537 
8.85178 
8.14362 
7.57969 
7.10098 
6.68921 
6.33111 
6 01662 
5.73813 
5 48979 
5.26681 

4.56166 
4.29228 
4.06158 
3.86174 
3.68695 
3.53275 
3.39571 
3 27311 
3.16281 

2.88963 

27.42743 

19.41222 

14.25314 

11.43869 
10.45452 

5.06544 
4.88045 

3.06304 

Range 

(g/cm2) 
0.0162 

0.0660 
0.0889 

0.0295 
0.0462 

0.1148 
0.1435 
0.1750 
0.2092 
0.2856 

0.5758 
0.6920 

1.5781 

2.3380 
2.8775 
3.4668 
4.1023 
4.7829 
5 * 5073 
6.2745 
7.0833 
7 9329 
8.8223 
9.7506 

10.7170 
11.7209 
13.8380 
16.0952 
18.4871 
21.0087 
23.6552 

29 3049 
32.3000 
35.4033 
38.6112 
45.3272 

0.3724 
0.4692 

0.9520 
1.2478 

1.9418 

26.4220 

z = 29, A = 63.54, p = 8.897 

Range 

(cm) 
0.0018 
0.0033 
0.0052 
0.0074 
0.0100 
0.0129 
0.0161 

0.0321 

0.0197 
0.0235 

0.0419 
0.0527 
0.0647 
0.0778 
0.1070 

0.2183 
0.2628 
0,3234 
0.3897 
0.4611 
0.5376 
0.6190 

0.7962 
0.8916 
0.9916 
1.0959 
1.2046 
1.3174 
1.5554 
1.8091 
2 0779 
2.3613 
2.6588 
2.9698 

0.1403 
0.1774 

0.7052 

3.2938 
3.6304 
3 9792 
4.3398 
5 0947 

Most Probable Energy Loss 
i n  1 mm 

(MeV) 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
19 177 
14.313 
12.059 
10.592 
9.524 
8.519 
7.729 
7.108 
6.606 
6.185 
5.825 
5.514 
5.242 
5.002 
4.788 
4.596 
4.422 
4.121 
3.870 
3.656 
3.471 
3- 311 
3.170 
3.044 
2.933 
2.832 
2.742 
2.585 

i n  5 mm 
(MeV 1 
2. 
3. 
4. 
5. 
6. 
7.  
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28 
32. 
36. 
40. 
45. 
50. 
55 
46.846 
39.500 
35.236 
32.194 
29.856 
27.966 
26.386 
25.038 
23.866 
21.921 
20.364 
19.086 
18.012 
17.095 
16.301 
15.606 
14.992 
14.446 
13.957 
13.116 

i n  10 mm 
(MeV 1 
2. 
3. 
4. 
5. 
6. 
7.  
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 
32 
36. 
40. 
45. 
50 
55 
60. 
65 
70 ‘ 
75 
80. 
85 
67.449 
60.300 
55 477: 
48.883 
44.310 
40.850 
38.102 
35 849 
33* 957 
32.338 
30.933 
29.702 
28.611 
26.764 
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TABLE 13 (Continued) 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

Energy 

(MeV) 
240.0 
260. o 
280. o 
300.0 
320.0 

360.0 
340.0 

380.0 
400.0' 
425.0 
450.0 
475.0 
500. o 
525.0 
550.0 
575.0 
600. o 
625.0 
650+. o 
675.0 
700. o 
725.0 
750.0 
775.0 
800. o 
825.0 
850. o 
875.0 
900.0 
925.0 
950.0 
975.0 
1000.0 
1100.0 
1200.0 

1400.0 
1300. o 
1500. o 
1600. o 
1700. o 
1800. o 
1900. o 
2000.0 

I N  COPPER: I = 313.8 eV, Z = 29, 

Stopping Shielding Range 
Power i n  

(MeV cm2/g) (g/cm2) (cm> 
2.74413 
2.62040 
2.51395 
2.42148 
2.34046 

2.20544 
2.14868 
2.09771 
2.04093 
1.99068 
1.94597 
90598 

1.87005 
1.83765 
1.80831 
1.78166 
1.75739 
1.. 73522 
1.71492 
1.69629 
1.67916 

2.26896 

1.66338 
1.64882 
1.63535 
1.62289 
1.61134 
1.60063 
1.59067 

1.57280 
1.56477 
1.55730 
1.53206 
1.51286 

1.58141 

1.49821 
1.48707 
1.47868 
1.47247 
1.46801 
1.46496 
1.46305 
1.46210 

52.421 
59.871 
67.654 
75 749 
84.139 
92.806 
101.734 

120.316 

144.768 
157.453 
170.416 
183.639 
197.106 
210.801 
224.709 
238.818 
253.114 

282.222 
297.014 
311.951 
327.025 
342.228 
357.552 
372.989 
388.534 

419.920 
435.749 
451.663 
467.655 
532.327 
597.937 
664.282 
731.197 
798.551 
866.237 
934.168 
1002.273 

110.909 

132.382 

267 585 

404.180 

1070.493 
1138.780 

5.892 
6.729 
7.604 
8.514 
9.457 
10.431 
11.434 
12.465 
13.523 
14.879 
16.271 
17.697 
19.154 
20.640 
22.154 
23.693 
25.256 
26.842 
28.449 
30.075 
31.721 
33.383 
35.062 
36.756 
38.465 
40.188 
41.923 
43.670 
45.428 
47.198 
48 * 977 
50.765 
52.563 
59.832 
67.206 
74.663 

89.755 
97.362 
104.998 
112.653 
120.320 
127.996 

82.184 

A = 63.54, p = 8.897 

Most Probable Energy Loss 
i n  1 mm 

(MeV 1 
2.543 

2.163 
2.090 
2.026 
1.968 
1.917 
1.872 
1.821 
1.776 
1.736 
1.700 
1.668 
1.639 
1.613 
1.589 
1.567 
1.547 
1.529 
1.512 
1.497 

2.342 
2.246 

1.483 
1.470 
1.458 

1.436 
1.427 
1.418 
1.410 
1.402 
1.395 
1.388 
1.367 
1.349 
1.336 
1.326 
1.318 
1.312 
1.310 
1.307 
1.305 
1.305 

1.447 

i n  5 m 

12.419 

11.330 

(MeV 1 

11.832 

io .  897 
io. 520 
io. 188 

9.633 
9.398 
9.138 
8.908 
8.704 
8.521 
8.358 
8.210 
8.078 
7.957 
7.846 
7.746 
7.654 
7.570 
7.492 
7.421 
7.355 
7.294 
7.238 
7.186 
7.138 
7.093 
7.051 
7.012 
6.976 

6.831 

6.677 
6.628 
6.589 
6.560 
6.542 
6.526 
6.518 

9.894 

6.942 

6.742 

6.513 

i n  10 mm 
(MeV)  

25.255 
23.998 
22.935 
22.022 
21.231 
20.540 

19.188 
18.933 
18.367 
17.895 
17.475 
17.102 
16.768 
16.468 
16.196 
15 * 950 
15.726 
15.521 

15.007 

19 929 

15.335 
15.164 

14.862 
14.729 
14.605 
14.492 

14.289 
14.198 
14.113 
14.035 
13.962 

14.386 

13 893 
13.664 
13.490 
13.357 
13.255 
13.180 
13.123 
13.081 
13.055 
13 * 037 
13.026 
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TABLE 14 

MONTE CARLO STOPPING POWER, RANGE AND ENERGY LOSS VALUES FOR PROTONS 

I N  LEAD: I = 840. eV, Z = 82, A = 207.19, p = 11.224 

Energy 

(MeV > 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
24.0 
28.0 
32.0 
36.0 
40.0 
45.0 
50. o 
55.0 
60. o 
65.0 
70.0 
75.0 
80. o 
85.0 
90.0 
95.0 

100.0 
110.0 
120.0 
130.0 
140.0 
150. o 
160. o 
170.0 
180. o 
190.0 
200.0 
220.0 

44.69257 
37.55753 
32 31839 
28,44336 
25.47507 

21.22166 
19.64079 
18.30627 

23 0 12759 

16.17175 
14.5 3462 
13.23496 
12.17552 
11.29363 
9 90564 
8.85917 
8 03932 
7.37811 
6.83254 
6,27060 
5.80803 

5 08973 

4.55628 
4.33756 
4.14346 
3.96953 
3.81317 
3.67180 
3 54331 
3.31852 
3.12825 
2.96506 
2.82350 
2.69954 
2.59006 

2.32693 
2.25586 
2.13220 

5.42009 

4.80477 

2.49266 
2.40546 

0.033 
0.057 
0.085 
0.117 
0.154 
0.194 
0.239 
0.287 
0.339 
0.454 
0.582 
0- 725 
0.880 
1.049 
1.423 
1.845 
2.314 
2.828 
3.385 
4.141 
4.962 
5.844 
6.786 
7.787 
8.845 
9.959 

11.127 
12.348 
13.621 
14.945 

19.208 

25.540 

16.318 

22.285 

28.966 
32.556 
36.305 
40.207 
44.256 
48.447 
52.774 
61.822 

0.003 
0.005 
0.007 

0.017 

0.025 
0.030 
0.040 
0.051 
0.064 
0.078 
0.093 
0.126 
0.164 
0.206 
0.252 
0.301 
0.369 

0.520 

0.693 
0.788 
0.887 
0.991 
1.100 
1.213 
1.331 
1.453 
1.711 
1.985 
2.275 
2.580 
2.900 
3.234 
3.582 
3 943 
4.316 
4,702 
5- 508 

0.010 
0.013 

0.021 

0.442 

0.604 

Stopping Range Range 

Power2 2 
(MeV em / g >  (g/cm ) (cd 

Most Probable Energy Loss 
i n  1 mm 

(MeV 1 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12 0 

14. 
16. 
18. 
20. 
14.736 
12.024 
10.407 
9.274 
8.418 
7.593 
6.948 
6.425 
5.992 
5.627 
5.313 
5.040 
4.801 
4.588 
4.398 
4.228 
4.074 
3.809 
3.581 
3.386 
3.223 
3.074 
2.951 
2.834 
2.737 
2.643 
2.564 
2.422 

i n  5 mm 
(MeV)  

2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 
32. 
36. 
40. 
45. 
50. 
47.151 
38.595 
34.144 
31.060 
28.709 
26 823 
25.258 
23 9 930 
22.783 
21.778 
20.095 
18.735 
17.608 

15.841 
16.657 

15.132 
14.510 
13.960 

13.030 
12.272 

13.470 

i n  10 mm 
(MeV 1 

2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
12. 
14. 
16. 
18. 
20. 
24. 
28. 
32. 
36. 
40. 
45. 
50. 
55 * 
60. 
65. 
70 
75. 
80. 
64.146 
57.330 
52.729 
49.228 
44.048 
40.278 
37.353 
34.992 
33.034 
31.376 
29.950 
28.708 
27.614 
26.642 
24.991 
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TABLE 14 (Continued) 

MONTE CARLO STOPPING POWER, RANGE AI’DETERGY LOSS VALUES FOR PROTONS 

I N  LEAD: I = 840. eV, Z = 82, A = 207.19, p = 11.224 

Energy Stopping Shielding Range Most Probable Energy Loss 
Power i n  1 mm i n  5 mm i n  10 mm 

(MeV 1 (MeV cm2/g1 (MeV 1 (MeV 1 (MeV 1 
240.0 
260. o 
280. o 
300. o 

360. o 
380. o 

320.0 
340.0 

400.0 
425.0 
450.0 
475.0 
500. o 
525.0 
550.0 
575- 0 
600. o 
625. o 
650. o 
675.0 
700. o 
725.0 
750.0 
775- 0 
800. o 
825.0 
850. o 
875.0 
900. o 
925.0 
950.0 
975.0 

1000.0 
1100.0 
1200.0 

1400.0 
1300. o 

1500. o 
1600. o 
1700. o 

1900. o 
1800.0 

2000.0 

2.02833 
1 * 93992 
1.86380 
1 79764 
1.73965 
1.68846 

1.60913 
1.57256 
1.53183 
1.49579 
1.46373 
1.43507 

1.38615 

1.64298 

1.40934 

1.36517 
1.34614 
I. 32865 
1.31287 
1.29845 
1.28523 
1.27309 
1.26193 
1.25166 
1.24218 
1.233h.2 

1.21784 
1.21090 
I. 20447 
1.19851 
1 19297 
1.18783 
1.17066 

1.22533 

1.15785 
1.14834 
1.14137 
1.13638 
1.13296 

1.12962 
1.12928 
1.12960 

1.13079 

71.363 
81.366 
91.801 

102.642 
113.863 
125.441 
137.356 
149.581 
162.057 
178.043 
194.434 

228.324 
211.203 

245.773 
263.527 
281.567 
299 873 
318.429 
337.220 
356.229 
375 442 
394.846 
414.429 
434.179 
454.087 
474.142 
494.334 
514.656 
535 099 
555.656 
576.319 
597.083 
617 939 
702.191 
787.527 
873.691 
960.477 

1047.72 3 

1223.088 
1311.014 

1486.997 

113 5 295 

1399 003 

6,358 
7.249 
8.179 
9.144 

10.144 

12.237 
11.176 

13.326 
14.438 
15.862 

18.817 

21.897 

25.086 

17.323 

20.342 

23.478 

26.717 
28.370 
30.044 
31.738 
33 9 450 
35 178 
36.923 
38.683 
40.456 
42.243 
44.042 
45.853 
47.674 
49.506 
51.347 
53 * 197 
55.055 
62.561 
70.164 
77.841 
85.573 
93.346 

101.148 
108.970 
116.804 
124.643 
132.483 

2.303 
2.201 
2.114 
2.038 

1.862 
1.823 
1.781 
1.734 
1.693 
1.657 
1.625 
1.595 
1.568 
1.545 
1.523 
1.503 
1.485 
1.469 
1.454 
1.440 
1.427 
1.416 
1.405 
1.395 
1.385 

1.972 
1.914 

1.377 
1.369 
1.362 
1.355 
1.349 
1.343 
1.326 
1.310 
1.300 
1.292 
1.284 
1.281 
1.279 
1.276 
1.276 
1.276 

11.642 
11.110 
io. 656 
10.264 
9.921 
9.619 
9.353 
9.125 
8.940 
8.703 
8.493 
8.307 
8.141 
7.992 
7.858 
7.737 
7.627 
7.527 
7.436 
79 352 
7.276 
7.207 
7.143 
7.083 
7.029 
6.979 
6.932 
6.889 
6.849 
6.812 
6.778 

6.716 
0.620 
6.544 
6.490 
6.451 
6.422 
6.401 
6.388 
6.380 
6.378 
6.380 

6.746 

23 637 
22.506 

20.721 
20.006 
19.379 
18.826 
18.344 

17.484 

16.673 
16.333 
16.029 
15 757 
15.510 
15.287 
15.083 

21.546 

17.97’2 

17.054 

14.896 
14.728 
14.574 
14.432 

14.182 
14.302 

14.072 

13.876 
13.789 
13.708 
13.634 
13.564 
13.500 
13.440 
13.242 
13.094 

13 970 

12.982 
12.901 

12.802 
12.776 
12 760 
12.755 
12.758 

12.841 
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The average of t h e  most pro'bable value of t he  mean ionizat ion poten t ia l  
f o r  each of the  seven materials i s  given i n  Table 15. The variance and 
probable e r ro r  of each value i s  given. These are compared t o  values of 
I used by Barkas and B r g e r  (4,12) and Berger and Se l tzer  (13) from the  
two emperical equations 

163 ev 'ad j /Z = 12 + 712 ev, 

/Z = 9.76 + 58.8 z 
'ad j 

'ad j 
163 e V  -1.19 

eV, 'ad j 

Equation 1n i s  due t o  Sternheimer (pr ivate  communication t o  Barkas and 
Berger)e 
found t h a t  equation In should be 

Exon (14) used h i s  measured values f o r  A l ,  Si, Fey and Pb and 

I/Z = 9. an + 3 5 . 5 / ~  
Values reported by Bichsel (15) are a l so  l i s t e d .  

VALUES OF I 

Element Bichsel Barkas Crawford Variance Probable 
Berger Error 

(ev) (4 (ev1 (4 (ev 1 
13e 4 64 60. 53.3 78 05 
C 6 78 78 72.1 98 -7 
A l  13 166 163 163.8 2.9 2.0 
S i  14 175.6 172.0 172.3 3.7 2.5 
Fe 26 285 300.9 3.2 2.2 
cu 29 320 314 313.8 4.9 3.3 
Pb 82 820 826 840 5.2 30 5 

Rather than merely f ind  another mathematical equation which f i t s  the  
new values of I, th i s  report  proposes a new model. This model i s  based 
on the  lowest (Class 1) ionizat ion po ten t i a l  as reported i n  t h e  Handbook 
of Chemistry and Physics (16). 
indicates  t h e  magnitude of the  difference between two adjacent elements. 
Thus the  proposed emperical re la t ionship which can be used t o  determine 
the  correct  value of 6 t o  be used i n  t h e  Monte Carlo t ransport  calculat ion 
is  given i n  Table 16. 
wel l  within the  experimental value error .  
elements f i l l s  another posi t ion i n  the  spd system of ident i fying electron 
configuration. Beginning with hydrogen with i t s  one electron, only one 
electron can be involved i n  a co l l i s ion .  The lowest ionizat ion po ten t i a l  
value of 13.53 eV and the  x-ray K edge ionizat ion po ten t i a l  of 14  eV are  
i n  close agreement. 
and should be the  same with I = 13.5 eV. 

Assume t h a t  t he  lowest ionizat ion poten t ia l  

This system gives values f o r  t he  f i rs t  two s h e l l s  
Each s t ep  i n  t h e  first ten  

Thus the mean ionizat ion poten t ia l  i s  r e a l l y  one electron 
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The ionizat ion po ten t i a l  i s  defined as the  work (expressed i n  electron 
v o l t s )  required t o  remove a given electron from i t s  atomic o r b i t  and 
place it at rest at  an i n f i n i t e  distance. The mean ionization para- 
meter, I, is  defined t o  be the  mean value of t he  minimum energy 
t r ans fe r  i n  a proton-atomic electron co l l i s ion  which produces an 
ionizat ion event. All of the  atomic electrons a re  considered t o  
par t ic ipa te  i n  the  co l l i s ion  process. 

Fano (4) has derived a def in i t ion  f o r  I based on the Thomas-Fermi 
s t a t i s t i c a l  model, namely t h a t  it is  the  logarithmic average over 
the  exci ta t ion energies weighted by the  osc i l l a to r  strengths.  I 
depends only upon the  ground and excited s t a t e  wave functions of 
a stopping material .  The determination of I from t h i s  def in i t ion  
presents serious d i f f i c u l t i e s  since the  osc i l l a to r  strengths a re  
not generally wel l  known i n  the  desired energy range. Theoretical 
values f o r  I for the  first four elements m e  reported by Fano t o  be 
15. f o r  hydrogen; 41.8 f o r  helium; 45, 38.8 f o r  l i thium and 
60, The model proposed here i s  a numerical corre- 
l a t i o n  which may lead t o  new ins ight  with a possible re la t ionship 
between the  lowest ionizat ion po ten t i a l  and the  osc i l l a to r  strengths.  

66 eV for Be. 

H e l i u m  with two electrons has a lowest ionizat ion poten t ia l  of 24.46 
eV, with an x-ray K edge ionizat ion poten t ia l  of 25 eV. 
empericalmodel, I for helium should be 37.99 eV. Both electrons 
would be involved i n  the  nucleon - electron co l l i s ion  process. ' 

The Class 2 ionizat ion po ten t i a l  of helium is  54.14 eV. 
the  two i s  78.6 eV. 
weight then I would be equal t o  & (24.46 + 54.14) = 39.3 eV. 
Thus the  possible I value would be between 38 and 39.3, 
page 311 of NSS Report ND. 39 (4), l i s ts  values of 15.0 and 42 1 3 eV 
f o r  H and He, as compared t o  13.5 and 38. f o r  t h i s  model. 

Using t h i s  

The sum of 
If the  mean value, I, involves both with equal 

Fano on 

The problem becomes more complex i n  stepping from the  f irst  period 
t o  the  second period. Three electrons are now involved i n  the  
co l l i s ion  process. However, i f  one assumes t h a t  the  change i n  the  
MEAN value i s  indicated by the  lowest ionizat ion potent ia l ,  then 
I f o r  l i thium i s  about 43.35 eV. 
and t h i s  compares favorably with the  measured value of 53.3 eV. 
Continuing on, t he  model gives a value f o r  carbon of I = 72.11 
which is  t h a t  measured f o r  carbon. Values f o r  the value of I f o r  
t he  r e s t  of the  second period a re  obtained by adding i n  turn  the 
lowest ionizat ion po ten t i a l  of each element. 

The I f o r  beryllium becomes 52.63 

The values f o r  I f o r  higher Z elements can be obtained using two 
assumptions. F i r s t ,  t h a t  within a given period, the  Class 1 ion- 
i za t ion  poten t ia l  represents t he  difference i n  mean ionization 
potent ia l ,  I, between any two adjacent elements. Second, t h a t  the  
correct  value fo r  I i s  known f o r  at l e a s t  one element i n  the  period. 
Thus the  values f o r  I i n  the  t h i r d  period l i s t e d  i n  Table 16 are  va l id  
i f  t he  I-value f o r  aluminum i s  163.0 eV. Those l i s t e d  i n  the  fourth 
period a re  based on I The baseline values used i n  each 
of t he  periods, two, and fow', agree closely with those measured 
i n  t h i s  research e f f o r t  using protons having energies as low as 8 MeV 
and as high as 185.6 MeV. 

= 314.0 eV. 
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16 

SW3STED VALUES FOR I 

Element Electron Lowest Values of I i n  eV 
Configuration Ionizat ion Summing Crawford Barkas Fano Anderson 

z Potent ia l  C o l a  3 Berger 

B 1  
Be 2 

L i  3 
B e 4  
B 5  
c 6  
N ?  
0 8  
F 9  
N e  10 

N a  ll 

. _ _ -  

- _  
rn 3-2 
f i  3-3 
S i  . 14 
p 3-5 
s 16 
c i  17 
~r 18 

K 19 
C a  20 
sc 21  
T i  22 
v 23 
C r  24 
Mn 25 
Fe 26 
co 27 
N i  28 
cu 29 
Zn 30 
G a  31 
Ge 32 
A s  33 
Se 34 
Br 35 
fi 36 

- -  

- -  

11 
19 3s' 

It If 3p4 

I t  3p6 3P 

i r  

lS 

91 

If 91 3p5 

130 53 
24.46 

5.36 
9.28 

43.26 
91.22 
14.48 
3-30 55 
97.34 
21.47 

5.12 
7.61 
5.96 
8.12 

10. g 
10.30 
12.95 
15.68 

(Ar )4sl  
4s2 

'I 3d14s2 
l1 3d24s2 

r f  3a54s2 

" 3d34s2 
'I 3d54sl 

3d64s2 
" 3d74s2 
" 3d84s2 
" 3d104s1 

4s2 11 Of 

Sf 9 s  

( 9  11 

11 11 

11 11 

I1 19 

I1 SI 

" 4p3- 
4p2 
4p3 

lt 4p4 
f1 4p5 
.Irn 4p6 

4.32 
6.09 
6.7 
6.81 
6.71 

7.41 
7.83 
7.81 
7.61 
7.68 
9.36 
5.97 
8.09 

10.5 
9.70 

11.80 

6.74 

13.93 

13.53 
37.99 

43.35 
52.63 
60.89 
72. u. 
86.59 

u 7 . 4 8  
138e95 

300.14 

149.4 ' 

157.0 
163. o 
171.1 
182.0 
192.3 
205.3 
221.0 

242,7 
248.8 
255.5 
262.3 
269, o 
275.7 
283.1 
290.9 
298.7 
306.3 
314.0 
323.4 
329.4 
337.5 
348.0 
375.7 
3690 5 
383.4 

18.7 15 
42. 42&3 - -  

40,38 
53.3 60.0 64 

72.1 78.0 81 
88 
102 

163.8 163.0 163 
172.3 172.0 

210. 190 -- 
194.8k3.4 
216.8i3.6 
229.8k2.6 
239.2k2.8 
258.054.4 
273.2i5.4 

300.9 285 273 280.6k3.1 
298.8*3.7 

304 303*2*3* 7 
313.8 314 315 320.8*3.8 

323.M. 8 

343.0 

381. 360 -- 
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Anderson, Sorensen and Vajda (17) obtained a value of 320.8 t 3.8 eV from 
tfsmoothed stopping power values" and a l inea r  t ransport  calculat ion.  
Dalton and Turner (18) report  a "new average value f o r  I If calculated 
from the  data  of nine experiments t h a t  measured absolute stopping power, 
r e l a t i v e  stopping power, or range. The experiments reviewed were those of 
m e r  and Segre (19); Thompson (20); Sachs and Richardson (21); Brolley 
and Ribe (22); Burkig and MacKenzie (23); Zrelov and Stoletov (24); 
Nielsen (25); Barkas and von Friesen (26); and Nakano, MacKenzie and 
Bichsel (27). 
have been analyzed with insuf f ic ien t  allowance f o r  the  contribution of 
s h e l l  corrections,  and new s h e l l  corrections (C/Z) f o r  the  e n t i r e  atom, 
as described by Fano (28), have been included i n  t h i s  analysis.  
obtained from r e l a t i v e  stopping power measurements have been normalized t o  

Their r e s u l t s  a re  given 
i n  Table 17. 
about 2% f o r  the  elements considered, which i s  consis tent  with the accuracy 
of the experimental measurements. "(17) 

cu 

They describe t h e i r  procedure as follows: "The older data 

I-values 

I = 163 eV f o r  aluminum and I = 314 f o r  copper. 
The standard e r ror  reported f o r  the  new average values 'lis 

The 25 average values f o r  I given i n  Table 3 represent 100 d i f fe ren t  
measurements. 
d i f f e ren t  measurements. 
experimental agreement with the  "new average values, f o r  aluminum and 
copper but not f o r  t he  other f i v e  elements. 

Al The 24 average values f o r  I i n  Table 5 represent 96 cu The average values reported i n  Table 15 are  i n  

The value obtained f o r  I from a given measurement, whether of stopping 
power or of range, i s  determined as much by the  method of evaluation 
(smoothed, l i nea r ,  Monte Carlo, e tx .  ) as by the  measurement. 
used for s h e l l  and density correct ions a l so  play a v i t a l  ro l e  i n  the 
value of I. The changes i n  the  I-values as reported and as modified i n  
the  Dalton and Turner (18) paper a r e  ample evidence of t h i s .  
Nielsen's values (25) were reduced due t o  C/Z correct ion as follows: 

The equations 

A s  an example, 

I Reduction New Value Crawford (Theory) 
4-Be 56 eV 3.6% 55.6 eV 52.63 eV 

Copied from Table 8, 
page 29, reference 18. 

For protons of 1 t o  5 MeV 
energy. 

13-Al 179 10.7 163. 163. 
2 8 - ~ i  371 18.5 308. 306.3 
29-cu 376 18.4 315. 314. 
47-Ag 577 25.2 461. 461. 
79-AU 942 21.2 777. 816. 
Burkig and MacKenzie's values (23) reduced due t o  C/Z correction as follows: 

2 6 - ~ e  328.8 
29-cu 366.0 
4 7 - ~ g  587.0 
79-Au 997. 
82-pb 1070 

289.5 
318.6 
459.6 
719 6 
774 

290. o 

816. 

314. 
461. 

840. 

Copied from Table 2, 
page 17, reference 18. 

For protons of 19.8 MeV 
energy. 

Thompson's values (20) were ra i sed  by C/Z corrections as follows: 

1-5 18.2 21.9 
H-saturated 15.5 18.6 

6 -C 70.2 82.2 72.11 
C-saturated 69.3 80.0 
C-unsaturated 67.2 78.7 

86-59 7'N2 76.3 89.1 
N-in r ing  68.8 80.6 

Copied from Table 5 ,  
15.7 13.53 page 23, reference 18. H-unsaturated 13.0 

For 270-MeV protons 

8-o2 88.3 102.8 100.1 
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BakJser and Segre (19) performed an experiment similar t o  the one reported 
here i n  t h a t  they measured the  amount of material necessary t o  ob ta in  a 
fa i r ly  large amount of energy lo s s  from the  i n c i d e n t  340 MeV proton, report-  
ing  t h e i r  results i n  terms of re la t ive absorption of copper. They found the  
mass stopping power relative t o  copper by dividing the number of g/cm2 of 
copper by t h e  equivalent number of g/cm2 of the  element being s tudied.  
Dalton and Turner "treated B U e r  and Segre's values of stopping powers per 
electron relative t o  aluminum as the r a w  data. B&er and Segre's r e su l t s  
were corrected by using 163 e V  ins tead  of 150 e V  fo r  the I-value of alumi- 
num." (18). 
are compared t o  the Monte Carlo values and t o  the resul ts  of Zrelov and 
Stoletov (24) i n  the following compilation. 

E le -  Mass Stopping Power Relative t o  Copper Mean Ionization Potential ,  eV 
ment 340 MeV 660 MeV Craw-  

Their values f o r  the  mass stopping power relative t o  copper 

Bakker Crawford Zrelov Crawford Bakker Dalton Ford Zrelov Dalton 

1 - H  
3 -Li 
4-Be 
6-c 

13 -KL 
26 -Fe 
29-cu 
474% 
48-cd 
50-sn 
82 -Pb 

3.01w 
1.214 
1.171 
1.285 
1.143 
1.036 
1. 
0.902 

0.858 
0.754 

3.088 
1.199 
1.205 
1.310 
1.148 
1.030 
1. 
0.904 

0.868 
0.752 

3.016* 3.022 15.6 
34. 

1.167 1.188 60.4 
1.268 1.294 76.4 

150. 
1.034 1.029 243. 
1. 1. 279 

428. 
0.887 0.888 

479 
758 

17.5 13.5 15th 13.6 
37.4 43.4 
66.6 52.6 61t6 61.7 
83.5 72.1 85t8 86.2 

163. 163. 
266. 290. 273t22 276. 
297. 314. 305*10 307. 
444. 462. 

491. 483. 
742. 840. 

470. 468t35 461. 

11 *Both Bakker and Zrelov measured H as p a r t  of C%. 
hydrogen w a s  determined f r o m  the CH2 - C difference. For hydrogen the  
accuracy of the mass stopping power i s  about 5% and t h a t  of IH i s  about 5O%." 
according t o  Zrelov (24). It is  apparent t ha t  the chemical binding of the 
hydrogen i n  polyethylene has considerable influence on the stopping power 
and I -value. (20 ) 

The stopping power of 

The only d i rec t  data given by e i ther  group is  the range i n  copper. 
,and Segre (19)  report  a range of 92.4 g/cm2 Cu. 
a 340 MeV proton i n  copper i s  92.806 fo r  I = 313.8 eV.  An error of 1 MeV 
i n  t he  energy of the proton represents an error of 0.434 g/cm2 Cu, so the 
measured range i s  within the range f o r  a 3.39 MeV proton i n  copper. Zrelov 
and Stoletov report a range of 257.6 * 0.3 g/cm2 Cu f o r  protons having an 
energy of 658 * 2 MeV. The Monte Carlo calculat ion using I = 314 e V  gives 
a range of 257.75 g/cm2 Cu fo r  658 MeV protons. It is  quite apparent t h a t  
the Monte Carlo calculat ion which includes the  latest she l l  and density 
corrections gives resu l t s  i n  complete agreement w i t h  the  reported data f o r  
copper whereas a simple l i nea r  recalculation does not. 

Bakker  
The Monte Carlo range fo r  

This superior i ty  of the Monte Carlo determination i s  also shown i n  the 
following comparison of the reported ranges of protons i n  aluminum. 
h t a  covering a range of energies from 6 t o  18. MeV were taken by Bichsel, 
Mozley and Aron (30); at  18 MeV by Hubbard and MacKenzie (31); a t  36.2 and 99.9 
MeV by Crawford; at  100 MeV by Portner and Moore (29 ); at 159.75 MeV by 
Crawford; at 340 MeV by Mather and Segre (32); and a t  752 MeV by Barkas and 
von Friesen (26). 
given for  each data point.  

The corresponding Monte Carlo range for  1=163 e V  i s  
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The s h e l l  corrections decrease i n  value as the  proton energy increases, 
producing very small changes at energies above 100 MeV. 
of the  change with proton energy is c l ea r ly  shown i n  the  examples given. 

The magnitude 

When the  I-value i s  obtained from a range measurement, a new variable  must 
be considered. This var iable  i s  the  difference between the  range calculated 
from the  l i n e a r  o r  "s t ra ight  ahead" concept and t h a t  calculated by a Monte 
Carlo t ransport  program which permits small and la rge  angle sca t te r ing  as - 

wel l  as nuclear in te rac t ion  i n  addition t o  the  usual l i nea r  movement of 
the  proton between these events. 

Range 

The range of a heavy p a r t i c l e  i s  wel l  defined only when the pa r t i c l e  loses  
energy solely.by many, s m a l l  energy losses  t o  electrons without scat ter ing.  
The s t r a igh t  ahead model uses t h i s  continuous slowing down approximation. 
This c.s.d.a.  range i s  calculated from the  equation 

where Ro i s  the  range a t  some l o w  energy, Eo, and must be measured. 
t h i s  report ,  the  values of RO at Eo = 2 MeV were taken f romthe  Barkas 
and Berger range tab les  i n  SSR Report No. 39 (4).  For proton energies 
above 25 MeV, Ro represents l e s s  than 1% of the range of the proton. 
any e r ro r  i n  t h i s  measurement has very l i t t l e  e f f ec t  on the range calcu- 
l a t ed  f o r  high proton energies and a large e f f ec t  on range values a t  
low energies. This represents a maximum s t r a igh t  l i n e  t r a v e l  and may be 
correlated with the perpendicular distance between the faces of an absor- 
ber. 
perpendicular path. The value given f o r  the  range i n  Tables 8 through 1 4  
were obtained from a Monte Carlo penetration and represent t h i s  shortened 
perpendicular path. A t  energies below 200 MeV, the percentage of protons 
removed from the  beam by large angle sca t te r ing  and by nuclear reactions 
is su f f i c i en t ly  l o w  t o  continue t o  use the concept of range i n  giving 
the depth of penetration. A t  higher energies, the percentage of protons 
remaining i n  t h e  o r ig ina l  beam decreases rapidly as the proton energy 
increases. 
Cas10 range. 

I n  

Thus 

Scattering spreads %he beam of protons, resu l t ing  i n  a shortened 

Thus the  term "Shielding Range" i s  used rather  than the Monte 
Some do penetrate t h i s  far but most of the  beam does not. 

The l i n e a r  method of determining I from a range measurement i s  t o  estimate 
the  probable I-value of the  absorber and then t o  numerically in tegra te  
over t he  energy i n t e r v a l  Eo t o  E. The pre-determined value of i s  
added t o  the  r e s u l t  of t he  numerical intergrat ion.  The value 0%' I 
i s  adjusted unt i l  a value of 1 i s  found which gives the  measured range. 
I n  the  Monte Carlo calculat ion,  t he  same basic game of varying the  value 
of I i s  played, but f o r  the same value of I and the  same she l l .  and density 
corrections,  the  Konte Carlo range i s  always shorter  than the  c.s.d.a. 
range. The Monte Carlo value f o r  I i s  always la rger  than the  c.s.d.a. 
I-value f o r  the same range, i f  the  saxae stopping power tab les  a re  used. 
Ihl ton and Turner (18) used the  same range c.s.d.a. equation but d i f fe ren t  
stopping power tab les  t o  obtain !!new values of I" from the  following data. 
The same range measurements, when compared t o  the  Monte Carlo ranges 
reported i n  Tables 8 - 14,- a r e  i n  agreement within experimental error .  
Many of the  la rge  differences i n  I-values which appear i n  comparing r e s u l t s  
of d i f fe ren t  experimenters disappear when the  Monte Carlo evaluation of I is  
made using the  same data. 
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TABLE 17 

Comparison of Measured Ranges i n  Aluminum t o  Monte Carlo Ranges 

Source Proton Energy Measured Range Monte Carlo Range Change i n  Range 
(MeV ) (g/cm2 ) I = 163 eV i f  Energy Wrong 

by 1 MeV 
6.15 *.010 o.o~3o1*.0002 0.0729 1 

0.2264 
30 
30 11.820 $1. 015 0.22633 
30 14.971 **020 0.34263 " 0.3432 
30 17.836 **025 0.46692t. 0003 0.4666 
31 18.00 a.02 0.4770 $1.0005 0.4737 .0b5 

' 077 36.2 t.1 1.645 t.001 1.640 
9999 *.l 9.935 t.001 9.939 

29 99.58 *.08 9.768 $1.010 9.884 .017 
29 99.88 t.08 9.940 $1.009 9.936 

159.75 * e 2 5  22.607 $1.001 22.550 .036 

79.540 .118 32 338.5 t1.40 78.63 t.92 
32 339.7 t1.84 79.42 *Lo4 80.093 
26 752.2 273.29 

752.7 
Thus t he  range predicted f o r  Monte Carlo t ransport  of t he  proton through 
the  absorber using a value of I = 163 e V  gives a value within the  experi- 
mental. accuracy of t he  experiments when one considers both the  range un- 
c e r t a i n i t y  and the  energy uncertaini ty .  

Comparison of Measured Ranges i n  Copper t o  Monte Carlo Ranges 
I = 314 e V  

J 

32 337.9 t1.44 91.84' a.92 gi. 896 433 
32 338.5 t1.89 91.77 *.g2 92 156 

24 658. +2. 257.6 *.3 257.748 571 
26 752.2 314.91 313.46 .603 

19 340, *2. 92.4 92.806 

754.9 314.9 
Comparison of Measured Ranges i n  Lead t o  Monte Carlo Ranges 

I = 840 eV 

335.5 122.76 
32 338.5 $12.25 122.76 ai.84 124.00 579 
32 339.7 a2.32 124.37 tl.90 125.26 
26 752.2 415.62 416.009 790 

751.7 415.62 
Comparison of Measured Range i n  Carbon t o  Monte Carlo Range 

I = 72.11 eV 

32 339.7 *1.83 70.03 $1.88 69 705 330 
19 340. *2. 70.9 69.804 

343.3 700 9 
Again the  Monte C a r l o  calculated ranges using the  I-values measured i n  
t h i s  research e f f o r t  are i n  agreement within experimental e r ro r  with the  
reported ranges. 
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TABI;E 18 

New Average Values of I (Dalton and Turner) 

Element 

1 - H  
2 - He 
3 - L i  
4 - B e  
6 - c  
7 - N  
8 - 0  

10 - Ne 
13  - Al 
17 - c i  
18 - ~r 

23 - v 
27 - co 

29 - cu 

20 - Ca 
22 - T i  

26 - Fe 

28 - N i  

30 - Zn 
36 - fi 
41 - Nh 
42 - MO 

46 - Pd 

48 - Cd 

45 ' -  Rh 

47 - Ag 
49 - I n  
50 - Sn 
54 - xe 
73 - Ta 
74 - w 
77 - Ir 
78 - pt 
79 - Au 
82 - pb 
90 - ~h 
92 - u 

Average 
Value of I References 

(ev) 

18.2 
44.3 
37.4 
61.7 
81.2 
89.6 

101 
132 
163 
176 
189 
187 
224 
250 
277 
290 
312 
316 
319 
350 
407 
422 
440 
456 
466 
462 
481 
486 
480 
692 
704 
730 
711 
760 
767 
698 
856 

Dr. Hans Bichsel made invaluable contr ibut ions t o  the  development of 
t h i s  research. 
and densi ty  correct ions were v i t a l  t o  t h e  success of the  Monte Carlo 
program. 
t e r  1 of t h i s  volume w a s  developed thanks t o  h i s  help i n  analyzing t h e  
ea r ly  data.  

H i s  g r ea t  ass i s tance  i n  t h e  ve r i f i ca t ion  of t h e  s h e l l  

The parametriz2ttion of experimental r e s u l t s  reported i n  Chap- 
* 

W e  wish t o  thank Dr. Bichsel f o r  his help. 
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CHAPTER 7 

MEAN I O N I Z A T I O N  POTENTIAL VALUES FOR MIXTURES AND COMPOUNDS 

by George W. Crawford 

Introduction 

A s  par t  of the stopping power measurements i n  s'even elements described 
i n  Chapter 4 of t h i s  report ,  data w a s  taken using luc i t e ,  nylon, poly- 
ethylene and a t i s sue  equivalent p l a s t i c s .  The p l a s t i c s  were inser ted 
i n  the  beam i n  sequence with the  elements and data was taken hn? crocessed 
fo r  them i n  exactly the  same way as for the  elements. In order t o  obtain 
a s ingle  data point, 4 separate measurements were made using two detectors 
of d i f fe ren t  volumes and two nearly iden t i ca l  absorbers. 

Description of t he  P la s t i c s  

LUCITE ( C5H802 ) = 1.1892 @/em2 

Carbcn: 
Hydrogen: Z = 1, A = 1.00797 
Oxygen: 

G r a m  Molecule = 100.1188 grams contain 6.023 x 1023 molecules 

Z = 6, A = E . O l l l 5  

Z = 8, A = 15.9994 

Density of Carbon 
Density of Hydrogen = .0957678 'I 

Density of Oxygen = .380028 

= .713242 gm/cc 

Carbon: Z = 6, A = 12.01115 
Hydrogen: Z = 1, A = 1.00797 
Oxygen: Z = 8, A = 15.9994 
Nitrogen: Z = 7, A = 14.0067 

G r a m  Molecule = 226.309 grams 

Density of Carbon: 
Density of Wdrogen: = .1117 ' I  

Density of Oxygen: = .1611 'I 

Density of Nitrogen: = .1411 

= ,7260 'gm/cc 

POLYETI-IYL;ENE ( CH2)n 

Carbon: Z = 6, A = 12.01115 
Hydrogen: Z = 1, A = 1.00797 

G r a m  Molecule = 14.02709 grams 

Density of Carbon 
Density of Hydrogen = .13592 'I 

= .80990 gm/cc 

= 1.1399 gm/cc 
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TISSUE EQU1VAL;ENT 

Carbon: z = 6, 

Oxygen : z = 8, 
Hydrogen: Z = 1, 

Nitrogen: Z = 7, 

Gram Molecule = 375.4745 grams 

Density of Carbon: = .95003 
Density of Hydrogen: = .06210 
Density of Oxygen: = .04687 
Density of Nitrogen: = .Oh103 

Bragg's R u l e  (1) 

It i s  assumed tha t  Bragg's ru le  gives t h e  correct  proceedure f o r  
determining the  proper value for Z/A, I, and s h e l l  correct ions t o  
be used i n  the Monte Car lo  calculat ions.  

The values obtained for the four p las t ics  are as follows: 

I (theory ) I (measured) I ( 5  ) Name Z/A 
Lucite 0 53990 
Nylon 54860 57.0 57.55 63.4 
Polyethylene e 57137 47.4 46.58 54.5 
Tissue Equiv. 52776 61.5 61.50 

61.9 63.89 68.1 

Values f o r  I are measured i n  e lectron Volts.  

Reference 

1. Studies i n  Penetration of Charged Par t ic les  i n  Matter Publication 1133 
National Academy of Sciences-National Research Council, Nuclear Science 
Series Report Number 39, Washington, D/C/ (1964). 
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TABLE 1 

I J E T E M N A T I O N  OF MEAN IONIZATION POTENTIAL, I, O F  LUCITE 

The Change i n  AE Produced 
Absorber Monte Carlo By A Change I n  Most 
Thi ckne s s Calculated PAX I EO Probable 

P a x  Measured I = 61.9 eV of .001 of 1 eV of .1 MeV Value O f  
*. 001 BE AE A(AE) A(AE) A(AE) i 
(g/cm2> (MeV) (MeV) (MeV) (MeV) (MeV) (ev 1 

Eo = 185.6 MeV 

1.510 7.17 1.05 7.172 .005 .012 .002 62.51 
2.263 10.82 1.05 10.820 .005 ,021 .003 61.93 

1.510 7.95 1-03 7.966 .005 .015 .002 63.00 
2.263 12.00 1.04 12.046 .005 .023 .003 63.85 
3.009 16.19 1.05 16.226 .005 .032 .003 63.06 

E, = 99.9 MeV 
0.754 5.58 1-05 5.593 .007 .011 .006 63.11 
1.510 11.47 1.03 11.467 .007 .024 . 009 61.81 

Eo = 159.75 MeV 

Average Value = 62.89 
Lucite: ( ~ 5  E8 02). 
p = 1.1892 g/cm2. 

Barkas and Berger Value: I = 65.6 e V  

Z/A = 0.5399 

TABLE 2 

DETERMINATION OF MEAN I O N I Z A T I O N  POTENTIAL, I, OF NYLON 

The Change I n  AE Produced 
Absorber Monte Carlo By A Change I n  Most 
Thickness Calculated Pax I EO Probable 

P a x  Measured I = 57.0 e V  of .001 of 1 e V  of .1 MeV Value of 
* .001 AE AE A(AE) A(AE) A(AE 1 1 
g / em 2) (MeV) (MeV ) (MeV ) (MeV ) (MeV) (ev> 

E, = 185.6 MeV 

1.449 7.06 1.08 7.078 .005 .011 .002 58.66 
2.895 14.34 *.io 14.337 .005 .031 .003 57.10 

1.449 7.82 1.04 7.838 .006 .012 .002 58.66 
2.174 11.87 *.03 11.866 .006 .025 .003 56.84 

Eo = 159.75 MeV 

2.895 15-99 1.03 15.953 .006 033 .003 55.88 

0.727 5-51 1-03 5.537 . 009 .013 .006 59.08 
1.449 11.28 a.03 11.283 .009 .01g . 009 57.16 

2.895 23.73 f.03 23.762 .010 .OF4 .010 57.59 

E, = 99.9 MeV 

2.174 17.37 1.04 17.357 . 009 .Ob1 .010 56.68 

Average Value = 57.55 
Nylon: (C12 H-22 02 N2).. 
p = 1.1399 g/cm2. 
Z/A = 0.5486 

If NAS-NRC Publicat ion 1133 I -values  are used, 
I i s  ca lcu la ted  t o  equal 63.35 eV. 
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DETERMTNATION 

Absorber 
Thickness 

PAX Measured 

TABLE 3 

OF MEAN IONIZATION POTENTIAL, I, GF POLYETHYLENE 

The Change I n  AE Produced 
Monte Carlo By A C h a n g e -  Most 

Probable 
I = 47.3 eV of .001 of 1 eV of .1 MeV Value of 

PAX I E O  C a l c  u l a t  e d 

t. 001 AE AE A(AE)  A(AE)  W E  1 i 
g / cm 2 )  (MeV ) (MeV) (MeV) (MeV) (MeV) (ev)  

Eo = 185.6 MeV 

1.200 6.24 k.05 6.230 * 005 .014 .002 46.64 

1.200 6.93 k.04 6.898 .006 .016 .002 45-35 
1.802 10.44 t .03 10.438 ,006 .024 ,003 46.93 
2.402 14.00 f.04 14.031 .006 .032 .003 48.32 

Eo = 99.9 MeV 

0.600 4.87 t .10 4.853 . 009 .012 .005 45.93 
1.200 9.93 t .04 9.908 . 009 .025 .006 46.47 
1.802 15.23 t .03 15.198 .009 - 039 .006 46.53 
2.402 20.79 f.05 20.744 .010 .054 .006 46.50 

Average Value = 46.58 

Eo = 159.75 MeV 

Polyethylene: (C H2)". 

p = 0.9458 g/cm . 
Z/A = 0.57137 

Barkas and Berger Value: I = 54.6 eV 
2 

TABLE 4 

DFLPERMINATION OF MEAN I O N I Z A T I O N  POTENTIAL, I, OF A PLASTIC 
( ~ 2 7  ~ 2 1  0 N )  

The Change I n  AE Produced 
Absorber Monte Carlo By A Change I n  Most 
Thickness Calculated PAX I E, Probable 

PAX Measured I = 61.5 eV of .001 of 1 eV of .1 MeV Value of 
* f .  001 AE AE A(AE) A(AE)  1 
(dcm2 ) (MeV) (MeV ) (MeV) (MeV) (MeV) (ev 1 

Eo = 185.6 MeV 

2.098 9.96 t .05 9.969 .005 .018 .002 62.02 
2.794 13.36 f .  05 13.363 .005 .025 .003 61.65 

1.398 7.29 f .06 7.309 .006 .014 .003 62.88 
2.098 11.10 t .05 11.059 .006 .021 .003 59.57 
2.794 14.85 t.05 14.857 .006 .028 .003 61-77 

0.698 5.18 *.04 5.135 .009 .010 .004 57.02 

2.794 22.00 t .05  22.003 .010 ,047 e 006 61.58 

Eo = 159.75 MeV 

Eo = 99.9 MeV 

1.271 10.44 t .04 10.496 . 009 .021 .005 64.18 
2.098 16.07 k-05 16.112 .009 .032 .006 62.82 

Average Value = 61.50 
p = 1.100 g/cm2 
Z/A = 0.52776 
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TABLE 5 

STOPPING POWER VALUES AND RANGES I N  LUCITE 

2 
Lucite (C H 0 ) 

5 8 2  
I = 6 2 . 9 e ~  Z/A = 0.5399 p = 1.1892 g/cm 

SHIELDING RANGE 

4.0 
6.0 
8.0 

10.0 
14.0 
1880 
2200 
26.0 
30.0 
34.0 
38.0 
42.0 
46.0 
50.0 
60.0 
70.0 
80r0 
90 .0  

100.0 
120.0 
140 .0  
160.0 

2 0 0 0 0  
250 0 
300.0 
350 0 0 
4 0 0 0 0  
450 0 
500.0 
550.0 
600.0 
650.0 
700.0 
750 e 0 
8 0 0 8 0  

900eO 
950.0 

1000.0 
1200670 
1400.0 
160000 
1800.0 

180.0 

850.0 

200080 

E N E R G Y  STOPPING 
POWER 

MEV MEV"CM2/GM 

2.0 160.03665 
94  . a4854 
68.a3682 
54076396 
45077099  
34.84438 

24,10331 
21.03379 
18.72150 
16. 91 327 
15 e 458 23 
14.26068 
13.25689 
12.40269 
10 0 73442 
9.51471 
8.58247 
7.84591 
7.24876 
6.33871 
5.67723 
50 17444 
4.77930 
4.46063 
3.88175 
3.49300 
3.21500 
3.00721 
2084674 

2a  . 391 69  

RANGE 

G/CM2 

e0200 
e 0368 
0 0620 
0 0948' 
e 1349 

2362 
03641 
05176 
-6957 
.8977 

1.1228 
1.3705 
1.64023 
1.9313' 
2 e 2435 
3.1129 
4.1047 
592132 
6.4334 
7.7608 

10.7205 
14.0618 
17.75781 
21.7845 
26,1203 
38.1872 
51.8027 
66 0 7508 
82.8526 
99 a 9584 

2.71967 117.9416. 
2.61701 13606945  
2.53275 156,1247 
2046268 176.1526 
2.40377 196.7094' 
2035378  217.7353 
2.31104 239,1780 
2.27425 260.9917 
2.24241 28301360 
2.21472 305,5755 
2.19053 328.2787 
2.11986 421.2145 
2807690 51ho6087' 
2'005062 613.5717 
2003497 711.5112 
2.02638 81000240 

DELTA 
RANGE 
G/CW 

. o o o o  
00169 
a 0252 

0328 
0 4 0  1 

01012 
1279 

e 1535 
01781 
02020 
e2251 
e 2477 

2697 
02912 
03122 
e 8695 
oY918 

1.1085 
1.2202 
1 3274 
2.9597 
3.3413 
3.6960 
4.0267 
4.3358 

12.0669 
13.6155 
14.9481 
16.1018 
17.1058 

18.7529 
19.4302 
20 e 0279 
20 a 5569 
21 00259 
21.4427 
21 e8136 
2 2 0 1 4 4 3  
22 0 4395 
2207032  
92.9358 
95.3942 
96.9629 
97.9395 

i7 .9a32 

RANGE 

CM 

. o i 6 a  
00310 . 0522 

0798 
01135 
0 1986 
03062 
04353 
05851 . 7549 
09442 

1 1525 
1 e3792 
1.6242 
1 0 8866 
2.6177 
3.4517 
4 . 3838 
5.4099 
6.5261 
9.0149 

11 8246 
14.9326 
18.3186 
21 e9647 
32.1117 
43.5610 
5601309  
69.6709 
84.0552 
99.1773 

] 14.9466 
131.2855 
148.1270 
165.4133 
183.0940 
201.1252 
219.4683 
238 e 0895 
256 e 9589 
276.0500 
354,1999 
4 3 4 e 4 1 '7 1 
5 15.9533 
598.31 08 

98.5128 681.1504 

ENERGY 
LOST 

PER CM 

4.000 
60000 
8 . 0 0 0  

~10.000 
1-4.000 
18.000 

122.000 
26.000 
300000 
34.000 

42.000 
46.000 
5 0 . 0 0 0  
52.069 
36 0 639 
30.619 
26.833 
24.131 
20.434 
17,972 
168195 
14.844 
13.780 
11.893 
10.654 
9.780 
9.132 
8.634 
8.241 
7.924 
7 e 665 
7.451 
7.271 
7.117 

38.000 

6.987 
6.875 
6.777 
6.693 
6.620 
6.406 
6.276 
6.193 
6,146 
6.120 
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TABU 6 

STOPPING POWER VALUES AND RANGES I N  NYLON 

I = 57.6 eV Z/A = 0.5486 p = 1.1399g/cm 2 Nylon (C12 H22 O2 N2) 

SHIELDING W G E  
E N E R G Y  STOPPING 

POWER 
MEV MEV*CM2/GM 

2.0 166009961  
4 0 0  
6.0 
8 0 0  
IO00 
14.0 
18.0 

' 2280  
,2h O 
-30 0 0 
3400  
38.0 
42.0 
46.0 
5 0 0 0  
60.0 
70.0 
8 O e O  
9 0 0 0  

l O O e 0  
120.0 
1 4 0 0 0  
160.0 
180.0 
200.0 
250 e 0 
300.0 
35000  
400.0 
4 5 0 0 0  
500eO 
550.0 
6 0 0 0 0  
6 5 0 0 0  
700eO 
750 e 0 
800.0 
85050 

950 e 0 
1000.0 
120060 
1400.0 
1600.0 
1800*0  
2000.0 

9 0 0 ~ 0  

98e12151 
7 ;  Q I1 168 
56.52280 
47.21148 
35 0 9 1072 
29.24410 
24.81669 
21 a64931 
1902'6429 
1 7 0  3998 1 
15,89992 
14  c 66576 
13063149 
12075152 
11 e 03336 
9.77757 
8081800 
8006000 
7 0 44558 
6.50940 
5.82909 
5.31207 
4,90581 
4.57821 
3.983 19 
3.58366 
3,29797 
3008444  
2.91954 

R A N G E  

G/CM2 

e 0 2 0 0  
e0362 
0 0606 
,0924 
e1313 
e 22941 
m 35361 
e5027 
56757' 
88720 

1 0  0908 
1e3315' 
1 e5937' 
1.8769, 
2.1805 
3.0263' 
3.9913 
5.0701 
6025781 
7,5500 

1 0 0 4 3 1 8  
13.68581 
17 0 2857: 
21.2084* 

37,1910' 
5004610  
65,0320 
80.7297 
9704081  

25,4326' 

2.78895 114.94381 
2.68345 13302316' 
2.59684 152.1816 
2052481  17167159 
2.46424 191e76761 
2941285 21202782  
2.36889 233.1966 
2.33105 254,4781 
2029829  276.0834 
2.26979 297,9779 
2024490  320,1307' 
2.17209 410.8242 
2.12775 503.9318 
2.10055 598,5838 
2.08428 694.2010 
2 ~ 0 7 5 2 6  790,3886'  

DELTA 
RANGE 
G/CM2 

e o 0 0 0  
00163 
0 0243 
e0318 
e0389 
e 0982 
0 1242 
01491 

1730 
o 1963 
e2188 
02408 
e 2622 
02831 
e3036 
o 8458 
e9650 

1 e0788 
1 * 1877 
1 e 2922 
2.8818 
3.2539 
3.6000 
3.9227 
4.2243 

11 e7584 
13.2699 
14.5710 
15.6977 
16,6784 
17.5357 
18.2878 
18.9499 
19 e 5344 
2000517 

2069184 
21.2815 
21.6053 
21.8945 
22.1529 
9 0  e 6934 
93.1076 
94,6520 
95.6172 

2085105 

R A N G E  

CM 

e0175 
e0318 

0532 
00811 
* 1152 
e2013 
03103 
04410 
a 5928 
07650 
e9569 

1 * 1682 
1 e 3982 
1 6466 
1.9129 
2 e 6549 

' 3 i 5 0 1 4  
4.4478 
594898 
6.6234 
9.1515 

12.0061 
150 1643 
18.6055 
22.3113 
32 e 6266 
44.2679 
57.  OS06 
70.8218 
85.4533 

100.8368 

1330 5043 
150 0 641 3 
168. 2320 
186.2253 
204.5764 
22302460 
2420 19'37 
261.4071 
280 e841 1 
360 04037 
442 e 0842 
52501196  
609,0017 

11608802  

96.1876 693,3842 

E N E R G Y  
LOST 

P E R  CM 

4 . 0 0 0  
h e 0 0 0  
8.000 

100000 
1 4 e 0 0 0  
180000 
22.000 
26.000 
19 -381  
15.712 
13.586 
126106 
10.988 
10.104 
8.507 
7.421 
6.626 
6.015 
5.530 
4.805 
4.286 
3.896 
3.592 

2.908 
2.613 
2.404 
2.247 
2. 126 
2.031 
1.953 
1.891 
1 e837 
1.793 
1.757 
1 0 7 2 4  
10697 
1.672 

1 e634 
l e 5 8 3  
1.552 
1.531 
1.521 
1 0 5 1 0  

3.348 

1 0651 
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TABU 7 

STOPPING POWER VALUES AND RANGES I N  POLYETHYUNE 

I = 46.6 eV Z/A = 0.57137 p = 0.9458 g/cm2 Polyethelene (C H2) 

SHIELDING RANGE 
F V E R G Y  S T O P P I N G  

PIIWFR 
ME V z ~ C  M Z / G  '4 f l  E V 

76.7 '3439 

5r: . 8 ? 2 " ?  
38.5?3386,3 
31 .3R773  
2 6 . 6 1 2 5 5  

w- . 92 49  7 

2 3 . 2 ^ C  13 
? 2 . 6 3 2 8 3  
i a . 6 7 7 2 3  
17 00 1 4 7 9  
15 .6Q866  
1 4 . 5 7 7 8 2  
13.63316 
11 .79938  
1c .4427,3 

9 . 4 1 4 3 5  
8 .6?234  
7 . 9 4 4 3 5  
6.9422'5 
6.21431? 
5 .hh143 
5.7-3 7rcb  
4.137689 
4 . 2 4 1 0 5  
3 . 8 1 4 2 4  
3,50910 
3 . 7 8 1 " 4  
3 . 1 9 4 0 2  
2 . Q 6 5 4 3  
2 .85273  
2 e 7 h F 1 9  
7 . 6 3  3 2  1 
2 , 6 1 8 4 7  
2 .5635?  
2 . 5 1 6 4 8  
2 . 4 7 5 9 8  
2.44eclcI 
2 . 4 1 9 3 7  
2 . 3 2 3 h r )  
2 .1q552  
2 . 2 5 7 7 3  
2 , 2 7 8 2 4  
2 e 2 1 " 4 ?  
2.i"?n?5 

R A N G E  

G / C M Z  

P. C 2 Q C  
0 e c.3 50 
s . c f i 7 5  
r? .  CG69 
17 . 1231: 
0 . 2 1 4 3  
0 . 3390 
0 , 4 6 8 9  
9.63C3 
0 . 8 1 3 5  
1 .  Cil7TS'l 
1 e 2 4 2 3  
1 4 8 7 9  
1 .7526 
2 . r365  
2 .8278 .  
3 . 7 3 1 2 .  
4 s  7 4 1 5  
5 , 8 5 4 1  
7.065 1 
9 .7666 

12 .8182  

19 .8756  
23 .8417  
3 4 . 8 8 2 8  
' t 7 . 3 4 ? 3  
S loG4C6 
7 5 . 7 3 5 9  
91 .4767  

l " 7 . 9 6 7 2  ' 

16 .1956  

1 2 5 . 1 6 8 2  
162 .9957  
161.375C 
180 .2443  
1 9 9 . 5 4 8  1 
2 1 9 , 2 3 8 4  
229.273C 
2 5 9.6 14 7 
2 S r  . 2 3 W  
3 i l . C Q 2 7  
3 9 6 . 5 2 1 7  
474 .2551  
5b3.47r171 
6 5  3 .  6 L p  1 
744.32'31 

D F L T A  
RANGE 
G I C Y 2  

C' . ri 
GeOl.50 
0 . 0 2 2 5  
t" . c295  
C.6361 
O e r 9 1 3  
0 .1156  
Ce13f39 
3 . 1 6 1 4  
0 . 1 5 3 2  
0 .2043  
C . 2 2 5 0  
0 . 2 4 5 1  
0 .7647  
0 . 2 8 3 9  
C.7913 
0 . 9 0 3 3  
1.3 103 
1.1127 
1.21C9 
2.7C15 
3 .3517 
3 .3773  
3.6811 
3 .9651  

l loC '410  
1 2 . 4 6 5 5  
1 3 . 6 9 2 3  
14 .7553  

1 6 . 4 90 4 

17 .8270 
1 8 , 3 7 9 8  
18 .8593 
1 9 . 3 0 3 8  
19 . f29C 3 
ZG (3346 
2rro 3 4 1 8  

1 5 e f i 8 f 9  

17 .2011  

2C.6163 
2!1 . a6 19 
85 .4291  
8 7 .  7 3 3 6  
8'1. 2 1  58 
Q p .  1 4 9 6  

R A l L G E  

C M  

c.0211 
c . 0 3 7 0  
0 . 06Q8 
CoG92C '  
c .  13Cl 
0 . 2 2 6 7  
3.3489 
0 . 4 9 5 8  
no6665  
C * *  8 6 p 2  
1 . e762  
1 3 1 4 0  
1 5 7 3 1  
1.8530 
2 * 1 5 3 ?  
2 0 9899 
3 . 945Q 
5.CF31 
60 1895 
7 . 4 6 9 3  

1 n . 3 2 6 1  
13 .5526  
17 .1233 
2 1 . 0 1 5 3  
25 .2075  
36 .8810  
50  $696 
6 4 . 5 3 7 3  
8!' . 1378  
9 6 . 7 1 6 9  

114 .1520  
132  e 3 3 8 4  
151 a 1 8 6 5  
17'2o6192 

2 1 r! . 97'1: 
2 3  1 . 7 9 7 3  
2 5 2 , 9 7 9 5  
2 7 4 .  4 8 6 3  
296 .2834  

i w . 5 6 9 4  

318.34;3 3 
4r)8 , 663  1 
50 1 0 4 2 2  1 
3 9 5 . 7 4 3 3  
6 9 1  0061 8 

t N C 9 G Y  
L '_)ST 

P E 2  C M  

4.0Cb 
b.')f,C 

lO.CC?S 
1 4 .  3c. 0 
18.!")9G 
2 2 . ?OO 
7 h. 000 
30. o(3c 
3 4 s  05c. 
33.250 
2 5 . 3 7 2  
2 1 . 8 6 4  
19. 533  
15 .852  
1 3 . 5 8 6  
12.0c17 
10 .828  

9.9G8 
8.557 
7 .657  
60 8 9 8  
5 . 3 4 9  
5 .911  
5.122 
4 . 5 9 9  
4 .225  
30 9 4 8  
3 .734  
3 .565  
3 . 4 2 8  
3.316 
3 .224  
30 146 
3. 2YC 
3.022 
2 .Y14  
2 . 9 3 1  
2 . 8 9 5  
2 . 3 h 2  
2 . 7 7 1  
2 .714  
2 .677  
2.656 
2.646 

a. o w  



TABU3 8 

STOPPING POWEX VALUES AND RANGES I N  TISSUE EQUIVALENT P L A S T I C  

I = 61.5 e V  Z/A = 0.52776 p = 1.100 g/cm 2 Plastic HP1 ON) 

SHIELDING RANGE 
E N E R G Y  S T O P P I N G  HbNGE DELTA R A N G E  E N E R G Y  

POWER R A N G E  LOST 
MEV MEV*$CM2/GM G/CM2 G/Cf42 CM PER CM 

2.0 159.57516 .0200, 
4.0 94.49740 e 0369 
6.0 68.55762 00621 

10.0 45,56787 e 1354 
1 4 0 0  34.68241 02371 

8.0 54.52949 e0951’ 

18.0 28.25573 e 3656 
‘22.0 23.98539 05199 
26,o 20.92919 e6989 
:3000 18.62717 09019  
34.0 16.82713 191281 
38.0 15837877 1.3771 

46.0 13.18773 1.94081 
50.0 12833759 2.25461 
6 0 0 0  10.67736 3.1287 
70.0 9,46362 401258 \ 

8 0 0 0  8.53601 5.2403 
9080 7 0 8 0 3 1 3  6.4672 

100.0 7.20901 7.8019 
1 2 0 0 0  6.30360 10.7780+ 
140sO 5.64554 14.1379’ 

4280 i 4 . i a 6 8 0  1.6482 

160.0 5.14536 17.as48 
180.0 4075230  2109043 ’  
200.0 4.43531 26.2648 
250.0 3.85950 38,4010 
300.0 3.47283 52.0953 
350.0 3019632  67.1304 
4 0 0 . 0  2098965 83.3266 
4 5 0 0 0  2.83004 100.5332 
5 0 0 . 0  2.70364 118.62281 
55080 2.60154 137s4869 
6 0 0 0 0  2.51773 157,0329 
650.0 2044803 177a1H05 
700.0 2.38942 197.86061 
750.0 2.33970 219.0129’ 
800.0 2029718 240c58481 
850.0 * 2026058 262.5302 
90060 2.22890 28408087 
9 5 0 0 0  2.20134 307,3843 

1OOOeO 2.17728 33002255‘  
120000 2 ~ 1 0 6 9 5  423,7292 
1400.0 2.06416 519.7101 
160000  2.03798 61762729 
l A O O e O  2002237 71Se8213 
200000 2.01378 814,9493 

.oooo 
00169 
e 0253 
e 0330 
e 0403 
01017 

1542 
01790 
02030 
82263 
02490 
02711  
e2927 
03138 
e 874  1 
e 997 1 

1.1145 
1 D 2269 
1. 3347 
2.9761 
3.3599 
3.7168 
4.0496 
4.3605 

12.1362 
13.6943 
15.0352 
16.1962 
17.2066 
10. 0896 
1808642  
19 e 5459 
20.1476 
20 0 680 1 
21 0 1523 
2105719  
2 1 . 9454 
220 2784 
22.5757 
22.8412 
93.5036 
95.981 0 
97.5627 
98.5484 
9 9 0  1280 

. 1285 

00182.  
0336 

a 0565 
e 0865 

1231 
02156 
s 3324 
04727 
e 6354 
08199 

1 0256 
1.2519 
1. e4984 
1. a 7644 
2.  0497 
2.8443 
3.75oa 
4.7640 
5.8793 
7.0927 
9.7902 

12.8527 
16.2316 
19.9131 
23.8772 
34.9100 
47 . 3594 
61.0277 
7S.7515 
91 e 3938 

107 e8389 
124.9882 
142.7572 
161.0732 
17908733  

21 8 o 7 135 
238 e 6639 
258.9 170 
279 04403 
30002051 
38Se2084 
47’2.4638 
561 rn 1572 
650 e 7467 
740 e 8630 

199.1027 

‘+eo00 
5.000 

98.000 
10.000 
14.000 
l a ~ o o o  
22.000 
26.000 
30.000 
34.000 
138.000 
42.000 
46.000 
39.055 
27.668 
220861  
19.852 
170722  
16. 112 
13.810 
12.224 
11.059 
10.162 
9,450 
8.177 
7,336 
6,740 
6 e 296 
5.954 
5.686 
5.469 
5 0 2 9 0  
5.143 
5.018 
49913 
4.823 
48746 
4.680 
4.621 
4.570 
4.422 
4.333 
4,276 
4 245 
4.229 
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CHAPTER 8 

TABLES OF STOPPING POWERS FOR ELEMENTS, lEXTURES, AND COMPOUNDS 

by George W. Crawford 

Proton Stopping Power Values _ .  . f o r  Elements Z=l.5 
(MeV cm2/g) 

Energy 
(MeV 1 
2.0 
4.0 
6.0 
8.0 
10.0 
14.0 
18.0 
22.0 
26.0 
30.0 
34.0 
38.0 
42.0 
46.0 
50. o 
60.0 
70.0 
80.0 
go. 0 
100.0 
120.0 
140.0 
160. o 
180.0 
200.0 
250. o 
300. o 
350.0 
400.0 
450.0 
500. o 
550.0 
600. o 
650. o 
700 o 
750.0 
80.0. o 
850. o 
goo. 0 
950.0 
1000.0 
1200.0 
1400.0 
1600. o 
1800. o 
2000.0 

H 
1=13.53 

401.88989 

163.86041 
128.68013 
106.58253 

64.77953 

229.54524 

80.15462 

54.66457 
47.47867 
42.09741 
37 90936 
34.55287 
31.79982 

27.54640 

20.98195 
18.87633 

29.49911 

23.74702 

17.21774 
15.87643 
13.83854 

11.24299 
12.36221 

io. 36520 
9 * 65849 
8.37734 
7 51879 
6.90553 
6.44736 
6 09350 
5.81312 
5 ’ 58643 
5.40012 
5.24494 
5.11421 
5 00305 
4 9 90776 
4.82550 

4.69174 
4 63709 
4.47556 

4.31076 

4.75408 

4.37481 

4.27019 
4.24527 

He 
1~37 99 

167 69778 
97.49554 
70.27145 
55 53735 
46.21529 
34.98526 
28.40390 
24.05148 
20.94701 

16.79472 

14.13140 
13.12566 
12.27075 

18.61470 

15.33282 

i o .  60373 
9 38725 
8.45888 
7 72630 
7 * 13295 
6.22980 
5 57421 
5.07641 
4.68550 
4.37046 
3 79861 
3.41491 
3.14064 
2 93567 
2.77739 
2.65201 
2.55070 
2.46750 
2 39827 
2.34003 
2 29057 
2.24824 
2.21176 
2.18015 
2.15263 
2.12856 
2 05791 
2.01454 
1.98761 
1.97117 
1.96171 

Li 
1=43.35 

140.68589 
82.20788 
59 38127 
46 99099 
39.13808 
29.66303 
24.10185 

17.79263 
15.81729 

13 03594 
12.01721 

20.42041 

14.27515 

11.16414 
10.43884 
9.02403 
7 9 99115 
7.20262 
6.58018 
6 07596 
5 30823 
4.75076 
4 32736 
3 99482 
3 72677 
3.24013 
2.91353 
2.68006 
2.50558 
2 37083 
2.26410 
2 17787 
2.10706 

1.99860 
1.95653 

1.88951 
1.86265 
1.83926 
I. 81882 
1.75888 
1.72216 

1.68568 
1 67783 

2.04815 

1.92052 

1.69946 

Be 
1=52.63 

137.30641 
81.04784 
58 77296 
46.61385 
38.88251 
29.52757 
24.02266 
20.37228 
17 76347 
15.80053 
14.26690 
13.03375 
12.01945 
11.16971 
10.44694 
9.03626 
8.00568 
7.21847 
6.59679 
6.09300 
5 32557 
4.76805 
4.34444 
4.01164 
3.74332 

2.92890 
2.69501 
2.52020 
2.38520 
2.27828 
2.19191 
2.12100 
2.06201 
2.01241 
1.97031 
1.93430 
1 90329 
1.87644 
1.85308 
1.83267 
1.77292 
1.73646 
1.71404 
1.70056 
1.69302 

3.25604 

B 
1=60.89 

138.72147 

59.47741 
47.26903 
39.48205 
30 03457 
24.46204 
20.76121 
18.11348 
16.11962 
14.56080 
13.30672 
12.27475 
11.40986 
10.67395 
9 - 23695 
8.18652 
7 38379 
6.74962 
6.23554 
5.45216 
4.88283 

4.11007 
3 9 83585 
3 9 33775 
3 00327 
2.76409 
2.58532 
2.44726 
2.33793 
2.24961 
2.17712 
2.11682 
2.06613 
2.02312 
1.98633 
1.95467 
1 92727 
1.90343 
1.88261 
1.82176 
1.78473 
1.76202 

81.71642 

4.45011 

1.7488 5 
1.74109 
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Proton Stopping Power Values for Elements z=6-10. 
(MeV cm*/g) 

Energy C 
(MeV) . I=72.ll 

200 143614277 
4.0 
6 6 0  
8.0 
10.0 
1 4 e O  
1800 
22.0 
2690 
30e0 
3400 
38.0 
42.0 
46.0 
50.0 
60.0 
70.0 
8000 
90.0 
100.0 
120.0 
14080 
16050 
18050 
200.0 
250 o 0 
300.0 
350 e 0 
400e0 
450.0 
50000 
550.0 
600.0 
65000 
7 0 0 * 0  
750 o 0 
B O O e O  
850.0 

950 e 0 
100000 
1 2 O O e O  
140080 
l6OOBO 
180000 
2 0 0 0 ~ 0  

900 . 0 

85.28596 
628 03787 
49.42652 
41.35149 
31 e52241 
25870802 
21083944 
19.06805 
16,97897 
15 34442 
14902855 
1219451 2 
12eO3669 
1 1  e 26341 
9,75256 
8064738 
7080233 
7.13444 
6859282 
5576710 
5 e  16671 

4. 351 38 
4006194 
3853604 
3.18279 
2.93014 
2.74130 
2.59546 
2.47997 
2.38669 
2031014 
20 24648 
28 19297 
28 14759 
28 10879 
2.07540 
2.04652 
2002141 
1 e 99949 
1993552 
1 e89674 
1.87313 
1.85918 
le85164 

4.71022 

N 
1=86.59 

136027698 
81079220 
59.68443 
47568836 
39.97231 
30.54433 
248 948 13 
21.21690 

16.5 1957 
14893740 
13s-66273 
12.61 258 

1a.53986 

11873156 
10 8 981 27 
9051435 
8.44045 
7 e61 881 
6096908 
6.44197 
5.63796 
5.05303 
4060811 
4.25825 

3~462q2 
3.11819 
2.87159 
2.68724 
2e54488 
2.43216 
2.34112 
2,26643 
2.20433 
2.15215 
2.10790 
2.07009 
2.03757 
2000945 
1 9850 1 
1 0 96370 
1.90160 
1 a8641 1 
1.84144 
1.82819 

3*97598 

1.82120 

0 
I=100.10 

130 I) 93244 
79.00391 
58.05151 
46,29055 
38086715 
29.76352 
24.34326 
20 e72215 
18.12056 
16.15519 
14,61478 
13e37293 
12 e 34925 
11.49003 
10 e 7580 1 
9.32598 
8 e 27690 
7047381 
6.83847 
6032284 
Se53602 
4096333 
4,52756, 
4.18480 
3.90819 
3,40529 
3.06727 
2.82545 
2064466 . 
2.50505 
2.39451 
2030524 
2.23201 
2.17115 
2.12001 
2 r 07666 
2.03963 
2.00779 
1.98027 
1 e 95638 
1 o 93554 

' 1.87492 
1883845 
1.81652 
1 e80383 
1 e 79727 

F 
1=117.48 

118~58397 
71.97639 
53.06494 
42.53592 
35 e 65546 
27,37160 
22 042 149 
19.10701 
16 e 721 96 
14691803 
130 50283 
12. 361 06 
11.41927 
10862836 
9 e 95422 
8,63453 
7 e 66699 
6 e 92586 
6.33925 
5.84296 
5. 13582 
4.60628 
4.20318 
3.88602 
3-63000 
30 16438 
2.85132 
2.62731 
2.45983 
2833049 
2822810 
2.14542 
2.07760 
2802125 
1.97392 
1093381 
1 e89956 
1.87013 

1.82263 
1.80339 
1074753 
1072407 
1.69407 
1 e 68264 
1.67687 

1 a 4 4 7 0  

N e  
1=138.95 

116,32197 
725165OO 
53 39846 
42.90816 
36.12159' 
27871988 
22874579'. 
19.4O67-7' 
16,99979 * 

150 17687 
13 e 74526 
120 58928 
1 1  063508 
10.83327 
10,14948 
8.80992 
7 o 82695 
7.07348 
6.47676 
5.99206 
5.25165 
4.71213 
4.30125 
3.97785 
3.71672 
3 e 24 164 
2092211 
2.69343 
2 0 52244 
2 39039 
2.28585 
2.20 146 
2.13225 
2.0747'6 
2.02649 
1 e98559 
1.95068 
1.92070 
1.89481 
1 e87235 
1 0 85279 
1 e 79609 
1 0 76228 
1 o 74223 
1 e73092 
1072538 



Proton Stopping Power Valuss f o r  Elements Z=ll-l5. 
(MeV cmc/g) 

Energy N a  
(MeV) I=l49.40 

2.0 l l ' . h 8 7 5 h  
58.36736 
5 " .  64441 
4 r : .  75CnC 
34.33452 
26.42519 
2 1.65034 
180 492 3 4  
16, ?q 7 C b  
14.47463 

1 2  .r 1349 
13011327 

11, lr '533 
l C . 3 4 1 9 h  
9.69r-377 
8.41457 
7.41767 
6,7592 h 
6a19C16 
5 . 7 2 7 7 5  
5.f2125 
4.5fI626.3 
4.1141'1 
3 . 8 3 5 2 C  
3.555831 
3.102?4 
2.79678 
2.57829 
2.41491 
2 . 2 8 8 7 4  
2.18astj  
2.15824 
2.04212 
1.95721 
1 e S 4  1 17 
1.9G 2!? 5 
1.R6872 
loq491P 
1.81539 
1.793Q6 
1.77531 
1.72128 
1.69913 
1 0 6 7 G 1 3 
1.65947 
1 , 6 5 4 3 4  

Mg 
1=157.00 

11 3 . 3 3 4 6 3  
.bH 8?263 
51.61926 
41 * 54681 
3 5 . 0 2 2 4 7  
36 * ? 8 0  1 5  
2 2 . 1 2 3 1 6  
18.897?8 
16.5677; 
1 ' + * 8 f ? l ? R  
1 3 t '+ 1 2 1 9 
12 028974 
11  036257 
1 P 583f32 

9.91787 
8 0 6 1392 
7.65631 
6.92181 
6 0 33986 
5.86693 
5 t l r t417  
4.61724 
4*2158C 
3.89973 
306444h 
3.17389 
2 .86735 
2 .64362  
2 4763 2 

2.24486 
2.34713 

2 0 16232 
2 o w 4 6 1  
2.C3878 
1.99119 
1s951Z1 
1.91711 
1.8P787 
1 .8h254 
1 . 8 4 0 6 2  
1 .9 2 1 5 4  
1.76632 
1.73353 
L o  71415 
1 7 q 3 3 5  
1 . 6s 8 2 '1 

Al 
1=163.00 

l"9.95879 
66.73718 
49.91C9d 
4t'. 19C?77 
3 3 . R 9 'I 4 2  
2 6 * 1 it 50 2 
21.46535 
18.31rf33 
16,cf5a55 
14 e 3 4 9 8 2  
13.Q13588 
11 oQ1979  
1 lop2167 
1G.26673 

9.62242 
8 359c;G 
7,43094 
6,71892 
6 15466 
5 oh96C4 

1 4.995f6 
4.48391 
4. P9443 
3 . 78775 
3 . 54034 
3.08919 
2.78584 
2 56863 
2 e 4 Q h 2 3  
2 28389 
2.1i3162 
2 12 14q 
2."3579 
1,98122 
1.93542 
1 * 8 3 6 5 3  
1.96353 
1,83512 
1.81?60 
1.79934 
1. 7 7 Q 8 4  
1.71731 
1 . 6 8 5 5 4  
'1 .66683 
1.65 6 6 3  
1.65151 

Si 
1=171. io 

1 1 2 o 3 2 4 1 9  
. 68 .339 '78  

~ C ' O  5 8 ? 3 2  
41 *C94Q4 
34.674?C, 
76 .7493 1 
21.9Q124 
18.79124 
16.46245 
14.71 544 
13 0 34F63 
1 3  2 2  571 
11 33968 
10 5 3 6 5 6  
9. a7663 
8,58213 
7*63081? 
6.90375 
6,32798 
5.85165 
5.13246 
406P791 
4.29816 
3 . 8 9 3 3 4  
3 . 6 3 7 ~ 4  
3.17612 
2 ,  $6461 
Z -641 59 
2.47482 
2.346PZ 
2 * 244C.7 
2 e 1 6 1 7 8  
2.CQ431 
2,03828 
1.99126 
1 9 5 14 't 
1 *92 7/t6 
i . 8a832  
1.85314 
I * 84 1-37 
1 s32235 
1.76747 
1.734'?5 
1 .71555  
le7r '57S 
1 m 7Pn33 

8-3 

P 
1=182.00 

IS 7 . 2 7 6 9 4  
55 ,58733  
48.519C9 
'3o.r4r-34 
33.72 57't 
2 5 - 6 4  864 
21 .  l " 1 7 5  
1 9 . r74 16 7 
15.82957 
14.1 37C.3 
1 2 . 5 2 0 2 7  

10.87365 
11.75473 

fQo13221 
9.4Y913 
8.25681 
7 . 3 4 3 3 9  
6.64 2 1  9 
6 0 C 8 62 2 
5.63415 
4.96244 
4.43845 
4.05403 
3.75121 
3.5f?657 
3.065117 
2,76139 
2.54675 
2.38624 
2 o 7 6 2 2 8  
2.16416 
2.C5496 
2.02324 
1 . 9 h h 1 2  
1.92183 
1 .58257 
1.8499? 
1.3Z186 
1 7 9  706 
1.77h70 
1.75846 
1.7'.?577 
1 67461 
1.65637 
1.64h33 
1.64171 



8-4 

Proton Stopping Power Valuss f o r  Elements Z=16-20. 

Energy S 
(MeV) 1=192.30 

2*C 1 3 8 . 7 3 7 1 7  
S h  (3? 1 5 17 
4 9 . 4 3 5 ? 1  
39.7Qrt.45 
313.56076 
2 6 , 1 1 6 4 7  
2 1  0 5cri73 
1 8 - 3 9  127  
1 6 , 1 4 2 9 1  
1 4 4 7 5 2 8 
13.P 7076 
1 1 . 9 Q 5 5 5  
lla'lC1868 
It e 34371  

9 . 6 9 5 8 8  
R.433?2 
7 e 5C 1 8 3  
6 . 7 8 6 8 3  
6 , 2 1 9 7 4  
5 .75851 
5 .(?f;3'32 
4 , 5 3 8 1 3  
4 s  1456  I 
3 , 8 3 6 4 5  
3 , 5 8 6 6 G  
3.13155 
3 . 8 2 5 4 1  

2 . 4 4 2 1 2  
2 , 3 1 5 4 6  
2 . 7 1 5 2 1  
2 ,  1343<3 
2 e 9 6 7 9 7  
2,01290 
1.9666') 
1 , 92757  
1 * 8 9 4  2 1 
1.86558 
I .  t34Q88 
1 e 8 1 M 9  
l.R^f$d 
1 . 7 4 7 1  7 
1 . 7 1 5 4 5  
1 .h9614 
1 .h ' l63?  

2 * 6 " 6 1 2  

(MeV cm'/g) 
c 1  

1=205.30 

1?? .47215  
6 3 , 2 5 1  3 1  
4 6 o 3 4 2 6 13 
3 7  91 5 7 3  
3 1 0 8 2  455 
2 4  0 7/+4 5 4  
7 9 s  3 8 5 8 5  
1 7 . 4 4 7 3 6  
1 5 , 3 2 1 9 2  
1 3 a 7 P h 3 9  
12 .a 4 3 3 3 2  
11 e 7 9 4 7 5  
l r ' a  5 4 5 3 7  

9.,43!.3?? 
9 . 2 1 3 8 4  
8 .?-I1854 
7 , 2 3 5 1 5  
6 0 L"J65L 
5.01811 
5 a 4 8 f! 1 1 
4 0 8 ~ 9 9 6  
4 . 3 2 0 7 5  
3 e 9 4 7 6 9  
3 . 6 5 7 7 4  
3 , 4 1 6 1 9  
2 , 9 d 3 5 7  
2 e 6 9 2 2 9  
2 , 4 8 3 7 n  
2 3 2  77? 
2 .2n722  
2 .11185  
2 .?3483 
1 . 9 7 1 8 1  
1 .91944  

1.83H31 
1 8' i  h W  

1 . 7 5 5 3 2  
1 .73560  
1.717'?3 
1.6669'7 

j 1 .63694  
I 1 , 6 ? Q 4 8  

1 * 6'7993 

1 e 8 7 5 4 9  

1.77338 

Ar 
1=221.00 

9 4 . 0  1 1 6 3  
5 8 41- 6 4 6 
4 3 - 3 ? 3 C 4  
'34.83956 
? 9 . 4 5 3 2 2  

1 8  e 8 5 8 4  1 
2 2  a 7 5  169 

1 6 . 1 5 8 9 4  
14.  1971  2 
1 2 . 7 ' 5 5 1  
11 * 5 3 0 0 9  
1 0 . 5 7 8 1 3  

9 , 7 8 2 8 6  
9,17137 
8,556'?0 
7 . 4 4 5 0 6  
6 , 6 2 6 9 5  
5,9981 7 
5 , 4 9 9 1 5  
5 . c 9 3 3 7  
4.47 155 
4 e 0 1 7 6  3 

3 1) 3 9 C b  2 
7 .1782Q 
2 .77636  
2.52 5 8 4  
3.31 2 0 9  
2 .14717  
? * 0 5 5 ? 5  
1 o 9 5 6 6 7  
1 e 89519 
1 ~ 8 3 6 h 3  
1 e7X7r37 
1 .74717  
1 , 7 1 2 6 4  

3 , 6 7 1 4 7  

1 , 6 8 3 2 1  
l e  65796 
1 * 6362rs 
1 e41 7 3 5  
1 * 6.'t?9 Y 
1 .55378  
1 , 5 % 6 ? 4  
1 * 5'*99Y 
1 5'1132 
1 .a43754 

K 
I=242.70 

9 8 , 2 5 3 3 4  
5 1 . 4 3 9 2 7  
45 ,hqCZO 
3 6 , 9 5 1 6 5  
31.13353 
2 4 , r 9 4 q 7  
1 9 . 9 5 7 4 4  
1 7 , 1 p 5 2 1  

13 . 4 6 4 8 3  
12  , 2 7 4 7 3  
1 1 . 2 1 9 3 2  
1C. 3 8 7 1  3 

9 , 6 7 8 8 3  
9 , C 3 1 2 2  
7 . 9 7 6 1 7  
7 , 0 4 3 2 2  
6 . 3 7 4 2 8  
5 . 8 4 5 5 5  
5 .41512 ,  
4 , 7 5 617 6 
4 , 2 7 4 5 6  
3 , 9 0 7 1 4  
3 , 6 1 7 5 0  
3.38335' 
2 , 9 5 6 7 1  
2 , 6 0 9 3 3 '  
1 . 4 5 3 4 7  
2 . 3 q 9 4 9  
2 ,19058 
2 ,99646  
2,r12052 
1 .95828  
1 . 95 66 2 

1 . 8 3 5 6 5 :  
1 . 7 ? 5 4 1 ,  

1 5 . 0 3 a ~ i  

1 e 8 6 3 3 C l  

1 ,76863 
1 e 7 4 5 5 4  
1 , 7 3 5 5 6  
1 e 7 r  $21 
1 . 6 5 8 2 6  
1 e 6 2 9 p ' 3  
1 , 6 1 2 1 5  
1 .h?316 
1.59936 

Ca 
1=248.80 

l "G.15466 
h2 .72C57 
45 .71  4 1  7 
37  , h 7 6 5 4  
31 .829HQ 
3 4 . 6 2  1 5 7  
2 c  , 2 0 6 3 0  
17.47n337 
1 5 , 3 6 2 [ ? 3  
1 3 . 7 5 7 5 5  
12.4C)2V5 
11.46640 
1 C  , 61 73G 
9 , 9 ( > 1 7 2  
9 , 2 3 3 3 2  
8 , 0 8 3 7 7  

6.51925 
5.97906 
5 e 5 3 9 2 6  
4 . 8 6 5 7 r )  
4 , 3 7 1 5 3  
3.Qq792 
3.7cJ.73 
3.45235 
3 * f 2 h T Q  
2 , 7 3 2 1 3  
? . 5 2 1 5 5  
2 . 3 6 4 1 6  
2 e 2 4 2 5 4  
2 .14627  
2 . p.5 S h ?  
2 . f 9 4 3 5  
1.95712 
1.9 f -793 
1 . 8 f c 3 4  
1.838L.7 
1 , P l l D l  
1 . 7 9 7 4 1  
1 , 7663.7 
1 .74925  
1 e60R22 
1 e 6'>8'5 
1 . 6 5 1 1 7  
1 * 647%- 5 
1 .53922  

7 , 1 3 3 4 6  



Proton Stopping Power V a l u e s  f o r  Elements Z=2l-25. 
(MeV cm2/g) 

sc T i  
1=255.50 1=262.30 

97.98-543 
5 8 * 3?699 
4 3 . 5 1 1 9 9  
3 5 . r 3 6 2 7  
29  . 6 5 0 1  0 
7 2  093652  
1 8 , 9 0 7 7 6  
16 .261n8 
14 .3?147  
1 2 . 0 3 9 8 9  
1 1 , 6 3 3 3 5  
If! . 6 7 9 6 9  
q.83979 
9 a22428  
8 065522  
7 , 5 3 2 2 1  
6 .7092d  
6.617613 
5 . 5 7 3 2 2  
5 , 1 6 3 6 9  
4 e 5 3  6 4  1 
4 e P 7 7 9 6  
3 .72804  
3 .45213  
30229r5  
2.87249 
2 .54858  
2 . 3 5 2 3 5  
2 . 27 55.5 
2.179220 
2 e P 2 2 4 8  
1.93CP8 
1 o 5 7 0 7 6  
1 . 8 2 1 5 3  
1 e 7s3034 
1 .74531  
1 . 7 1 5 5 5  
1 . 6 0 P 0 4  
1 .hh9n5 
1 .h/ t943 
1. f > 3 2 5 1  
7.585qn 
1 . 5 5 7 2 1  
1 .54127  
1 .53222  
l e 5 2 9 3 1  

Qtr .667?5 
56.9681 5 

3 4 . 3 3 8 7 1  
29."1f165 
7 7 . 4 4 7 7 9  
18.5C'f5.? 
15.84??9 
1309r3511 
1 2 -  5 2 8 5  1 
1 1  . 3 7 9 4 3  
10 .44780  

9 067625  
9 .C? 534 
8 .46985  
7 . 3 7 1 6 9  
6 56  7 3 4  
5 .94831  
5 .45652  
5 .  P5 5 9 9  
4 . 4 4 2 3 9 

. 3 .99384  
' 3 . 6 5 1 4 4  

3 , 3 5 1 4 3  
3alb31C 

, 2,75516 
2 0497G-3 
2 . 3 3 4 3 2  
2 . 1 6 1 2 2  
3 G5fl24 
1 e 962413 

4 2  5h  362  

1,89153 
1 . 8 3 3 4 5  
1 , 7 8 5 2 6  
1 e 7 4 4 R 4  
1 e 7 1 P O h  
1 . 6Q153  
1,65656 
1, h35(_'5 
1 0 6 1 6 4 4  
1 .h?f l78 
'1.55 3t32 
1 . 5 Z 6 6 q  
1.51 1 1 2  
1 . 5"291 
1 e 4 9 9 5 3  

V 
1=269.00 

SRe4O622 
5 5 0 6 3 9 P 7  
4 2 , 6 1 5 2 3  
3 '3 .59468 
2 8 . 3 8 4 5 1  
2 1  .c)S972 
18.1?397 
15 .52957  
1 3 ,  633PO 
1 2 , 2 5 2 9 8  
11.131163 
10.22fiG6 

9 0 4 6 6 7 4  
8 .83137 
8.28790 
7 . 2 1 9 2 5  
6.4279h 
5.82278 
5 0 3 4 1  9 0  
4 0 9 5 P 1 9  
4.34c699 
3 . 9 1 1 1 7  
3 , 5 7 6 1 5  
3 a  31 193 
3.CQR26 
2 s 7 n 8 7 7  
2 , 4 4 6 3 1  
2 . ? 5 8 2 6  
2.11759 
2 en13894 
2 . 9 2 2 9 5  
1 8 5 3 5 7  
1 0 7 9 6 7 3  
1 .74955 

, 1.709.39 
' 1 . 6 7 6 5 4  

1 0 6 4 3 3 3  
1 s 62 360 
l o h n 2 5 5  
1.5i3434 
I . 5 6 S 5 3  
1.5231'3 
1 s 4 9 6 5 Q  
1 . 4 8 1 4 1  
1 .473+3 
1 . 4 7 f  1 5  

Cr 
1=275.7O 

83 .65421  
5 h e 5 1  7 2 f :  
42 o35 '086 
3 4 . 1 3 4 3 5  
2 8 e P 8 5 1 2  
2 2 . 3 4 8 7 1  
18 .42  564 

1 3 . 8 7 6 7 4  
1 2 . 4 6 3 8 5  
11.32354 

9 . 6 3 3 0 9  
8 3 8 7 2 4  
8 ,43497  
7 . 3 4 e 5 5  
6 .54356  
5 .97823  
5 .43918  
5oO4"75 
4.43015 
3 .98364  
3.64273 
3 e 3 7 3 7 8  
3.15633 
2 , 7 5 9 8 2  
2.4'3262 

1 5 , 7 8 5 7 4  

10 3991rE3 

2 . 3 P 1 1 6  
2 . 1 5 7 9 3  

1.95976 
1 , 8 R G 1 3  
1 . 8 3 1 7 5  
1 .78322  
1 .742% 
1 . 7 0 0 r) 3 
1 . 6 7 9 8 8  
1 . h 5 5 3 2  
1 . 6 3 3 5 3  
1 e h 1 5 c 6  
1.53895 
1 5 5 2 7 8  
1 .52581  
1.51C44 
1 .5?237  
1 .43Q11 

2 . r 4 7 3 i  

8-5 

Mn 
1=283.1O 

87. C.Q33%6 
5 5 , 3 1 5 6 4  
4 1  e 44r93 '3 
3 3 , 5 7 5 3 5  
2 8  . 3 3217 
7 1 e 97 4 5 3 
1 8  .n77C 1 
15 .45  R P G  
13,61617 
1 2  19366  
11 0 1 fl 54" 
l F ,  1 0 9 7 9  
9.44952 
0 . 8 1 6 9 2  
8 . 2 7 5 7 3  
7.211?15 
6 . 4 2 5 8 2  
5.81857 
5.33913 
4 . 9 4 8 4 7  
4 .34965  
3.91 107 
3 .57719 
3 , 3 1 3 3 5  
3 . ry199q4 
2 .71085  
2 . 4 4 5 6 2  
2 . 2 6rP 71,) 
2.12c12 
2.F1154 
1 . 9 2 5 6 1  
1. 8 5 6 7 2  
1.70947 
1 .75733  
1.71231 
1 , 6 7 9 3 9  
1 e 6 5 0 9 2  
1 . 6 2 4 5 3  
l . h f i 5 5 1  
1 .5%733  
1.571 '56 
1 . 5 3 6 7 6  
1.4QQP7 
1.4'3497 
1.476Q6 
1 .47383 



8-6 

Proton Stopping Power Values f o r  Elements 2=26-30. 
(MeV crn2/g) 

Energy Fe co N i  cu Zn 
(MeV) I=290.90 1=298.70 1=306.30 1=314.00 1=323.40 

9 8 . 7486  1 
55.157??  
42 OC9662 
34 . 0 8  8 5 h  
2 a 0  n l 7 3 5  
22.30383 
1 8 . 3 9 10 1 
15.75940 
13 .R5558 
1 2 . 41' 9 1 1 
11 .2h962 
l i ? .  37535 
9. h13 1 2  
5,97039 
8 ,42?6f  
7.33859 
6 , 5 4 C 3 7  
5 , 9 3 2 6 3  
5.43527 
5 .038P2 
4 . 4 2 9 2 1  
3 . Q P  748 

3.37471 
3.15755 
2.76158 
2.49466 

2.16C27 
2 . C 4 Q  74 
1 ,96227 
1.89171 
1 .87387 
1 . 78 590 
1.74563 
1.71167 
1,6"269 
1.65717 
1 , 6 3 6 4 9  
1 .61831  
1.61'1Q5 
1 . 5559il 
1,57932? 
1.5138% 
1 .51507  
1 .57277 

3.64313 

2 0 3 c ' 3 3 8  

86.57579 
54.88736 
41 o 17737 
33.35962 
2'3 * 2 2  362 
2 1 . 8 4 9 0 3  

1 5 e 4 4 C 7 5  
I P .e 1 9 ~  

13.57657 

11. C442n 
10 1 4 3 5 1 ~  

1 2  a 169116 

3.41692 
8.73816 
8 .25Q20  
7,19139 
b .ti 1 o r 3  
5.813849 

- 5.32787 
4 e 93832 
4 , 3 4 2 4 0  
3.9*6LO 
3 57273 
3.3?959 
3oC;969L 
2+7?8885 
2.44726 

2.11Cltil 
2 e t 1 1 1 7 j  
1 . 9 2 5 4 3 1  
1.85h71 i  
1.79958: 
1 , 7 5 2 5 6  

1 .6?982 '  
1 . 6 5 1 't 3 
1,62719 
1 e612616 
1. 5t3ei'5 
1.57'233 
1 .5?734  
1.5i7133 
1 .(+Q61+ 
1.47842 
1 , 4 7 5 4 1  

2.25978 

1 .71315!  

Q 9 , 3 2 9 Z l  . 
5 6.73 '3 3 9 
4 2 . 5 3 8 3 1  
34 .53  h l  s 
29.233P4 
22.6:?553 
18.6???Q 
16.0923C5 
14.Ph916 
12.6"2?3 
1 1  . 44621 
1C.51C17 
9.75557 
9 , l ')4c/3 
8 .54833  
7.45 252,  
6.64357 
6 . C 2 C 8 5  
5.52576 
5 .12021 
4 . ' i "53  
4 . fi5??47 
3 * 7r' 5c '3 
3,43255 
3.212?6 
2.8C991 
2.53878 
2 . 3 4 4 4 5  
7 .19905  
2 .C3675 
1.93787 
1.926171 
1 . 86743 
1.8187" 

1,7433r) 
1.71359 
l 0 6 R P h 3  
1.6hb98 
1 .648?2  
1.63194 
1.58526 
1.55815 
1 e 5437 7 
1 5 3 4 3 3  
1.53177 

1.77784 

3 4 . 7 3 1 4 5  
51.01806 
4Q. 51 2 56 
32 e R5?4? 
27.834'12 
2 1  a55317 
17.78416 
15  e 2 4 2  1 7  
13.4C363 
12. r,-'664 
10.9'''611 
1 G  . N 4 8  3 
9 . 27705 
8 .67233 
8.14272 
7.19022 
6.33044 
5.73754 
5.26628 
4 .87937 
4 0 2 9 1 8 h 
3.8613'3 
3 * 53742 
3.27281 
3 . f 6 2 7 6  
2.67962 
2.42127 
2.236?9 
2.f-9753 
1.93?5? 
1 .?C582 
1.8'375:3 
1 ,78152  
1. 735c9  
1.59616 
1.66325 
1 .63523 
1.61122 
1 59055 
1 .57268 
1 . 5 5 7 1 s  
1 .51275 

1 .47337 
1.4h4R5 
1 .462 ' "  

10496c)6 

- 
r , / te7S3R5 
53,75574 
4n * 43816 
3 2  .Y~0''13 
27.8'177 
21.55133 
17.78151 
15 . 2418 5 
13.47477 
12.r'-137? 
1C.9!*87? 
1?,01798 

9.7sr5-7 
8.65939 
8 ,14312  
7 .1q154 
6033288 
5.74059 
5 .7  6 9 5" 
4 , 8 8 5 6 3  
4.29541 
3 ,865p4 
3.53612 
3.27651 
3.C6643 
2,64319 
2 . 42475 
2 .?3949 
2 , 1 ' ~ 8 6 '  
1.9n373 
1 . 9 > 9 0 6  
1. 8't07ri 
1.7947F 
1.73825 
1 .hY911 
1.6663'3 
1 .63837 
1 .61436  
1 . 5 3 3 6 9  
1.575S3 
1.5h533 
1 e 51 Tq4 
1 . 4 9 7 2  I 
1 .47568 
1.4fA2-3 
1.46544 



Proton Stopping Power Values f o r  Elements Z=31-35. 
(MeV cm2/g) 

G a  G e  A s  Se 
I=329 - 40 1 ~ 3 3 7 -  50 I=348.OO 1=357*70 

6 1  a 1 1  9q3 
51 .81271  
3'9.98933 
3 1 . 6 4 3 2 2  
2 4 o E 2 7 3 8  
?P .SC8?9 
1 7 .  I 7 0 ( t 6  
14.71  8 8 5  
1 2 . 9 4 5 P 9  
1 1  . 5 3 7 3 8  
1 3 . 5 3 5 4 2  

9 . 6 7 5 4 1  
3 . 9 6 7 4  7 
8 e 35371? 
7.85135 
6 . 8 5 7 6 5  
6 . 1 1 5 7 9  
5.5Le415 
5 . 0 8 9 5 4  
4 ,719C7 
4.14479 
3.73388 
3.41635 
3.16571, 
2 .96287  
2 e 5 9 2 8 ?  
2 . 3 4 3 2 3  
2 .15432 
2 . r 3 W + 4  
1.927i -3 
1 .84520 
1 , 7 1 9 1 8  
1.7251P 
1 .hr j03.? 
l o h 4 2 6 4  
1 .h lF i35  
1 . 5 8 3 7 9  
1 . 56'-h 1 
I .  5 4 C h 5  
1 . 5 2 3 4 3 .  
1. 5Sr345 
1 . 4 5 5 h L  
1 . 4 W 8 1  
1 e 4 7 h f l l  
1 &1%h 
1.41 7qn2 

7Q .73239 
5 1  .CCl)hSS 
3Re/+13r72 
3leIA?9l 
36 .45131  
7r. !53?17 
16 . 9 4 5 2  1 
14 . 5271 8 
1 2  . 7 7 7 0 4  

l r? .4?n37 
9.55179 
9.8494 5 
5.25763 
7 , 7 5 1 8 1  
6 .76927 
6.p'3?76 
5 .4739Y 
5 e n 2 5 5 9  
4 . 6 6 n 0 5  
4.n978' )  
3 .637"3  
3 .37459  
3.12723 
2 .97733  
2 .56174  
2 - 3 1  5 3 5  
2 . 1 3 8 7 1  

1 1 o 447C)h 

? . f ' - 6 5 3  
1 .Qn444  
1 . 8 7 3 6 4  
1 .75946  
1.71n507 
1.66278 
1 ,62365 
1.59239 
1.55558 
1 5 4  27') 
I .5 2 3C 1 
1 5'?599 
le4312/+ 
1.4Gt397 
1 . 4 2 4 5 5  
I e41^79  
1 . 4 ' 3 7 3  
1 . 4 - 1 2 1  

723.71(?92 
5 C  e 4W91 
38.07?57 
3 G a  9 3 9 3 3  
2 h e 2 4 1 8 1  
2 C .  3 3 6 9 9  
1 6 8 2  948 
14.431?51 
1 2  e 69429 

* 11 - 3  7 4 2 4  
1 c 0 3 3 4 2 8 

9.491P.2 
8 ,79449  
8.2(?692 
7 . 7 0 4 5 9  
5.71689 
6 . C O C 6 3  
5 e 4 4 1 r' 3 
4.49585 
4 . 6 3 2 8 4  

3 . 6 6 7 2 8  

3 . I ID30 
2 0 9 1 1 3 9  
2 . 5 4 8 4 2  
2 . 3 9 3 5 6  
2.12PC? 
1,9?6h? 
1.89515 
1 .81484  
1 0 7 5 C f h  
1 .69705 
1 A 5 2 %  
1.61613 
1. st3433 
1 e 5 5 8 3 3  
1 . 5 3 5 6 5  
1 .51617  
1.4992" 
1 . 4 3 4 5 5  
1.442143 
1 . 4 1 4 4 1  
1 .4q473  
1 .397Qf l  
1. 3'25/+1 

4 . 0 7 ~ 9  

3 0  3 5 b n 4  

76.1 1977 
48 .96353  
3 6  * 9 4 6 8 4  
30 e r 3 3 6 3  
25.44nctC 
19 e 8  1964  
16 .36426  
14.G3385 
1 2  e 3465  1 
11 .C6377 
1': OPT286 

9.23406 
8.556( '7  
7 .99487  
7.49650 
6.53619 
5 . 8 3 8 3 3  
5 .79423  
4 , 8 6 1 5 2  
4 e 5 C 8 6 8  
3.95734 
3.56973 
3.26778 
? e G 2 R C R  
2 e 8 3 4 6 2  
2 . 4 9 1 5 4  
2 2 4 3 3 3  
2 .07252  
1 . 9 4 4 7 0  
1 e 54597  
1 e 7 6 7 8 3  
1 7048' 
1 .65313  
1.61C36 
1 57448  
1.%415'  
1.51 H34 
1 0 4 9 h Z / +  
1 .41722  
1 .chn79, 
1 . 4 4 6 5 5  
1 0 a p 5 8 1  
1 * 2.4239 
1 a ?b41 2 
1 , 3 4 2 4 7  
1.36'211 

Br 
I=369.54 

76 .46345  
4" 31  349  
37.751 ' 8  
30  3 ? P 9 6  
7 5  . 71 879 
2? -01 672  
! h . 5 3 7 ' 9  
14 .185r lQ  
12 .44146  
1 1 e f 4 5 9 8  
1 C. 16492 

9 , 3 3 7 7 4  
8.6528'1 
8 .P7573  
7 e 5 8 2 3  1 
6.61187 
5.9C463 
5.35531 
4 . 9 1 8 1 3  
4 .56166  
4 .01455  
3 .61257 
3.3P655 
3.n6cj-G 
2 . 8 6 9 4 3  
2 ,5124 '3  
2.27143 
2.r981-3 
1 .959/,4 
1 eBS957 
1 . 7 9 r 5 4  
1 . 7 2 6 7 9  
1 , 6 7 4 5 8  
1.611?5 
1 .5 '44QO 
1 . 5 6 4 3 3  
1 . 5 3 8 2 7  
1 e 51 5 2 9  
1 . 4 3 6 5 7  
1 . 4 2 P c h  
1 e 4 / ) 5 t i 7  
1 . 6 7 4 5 4  
I . 4 Q ' ? Y 3  
1,34757 
1 . 3 ~ 3 C 9 2  
1 .37861  



8 -8 

Proton Stopping Power Values f o r  Elements Z=36-40. 
(MeV cm*/g) 

Kr 
1=383. 

7 3 . 5 Q 1 7 7  
4 7 .8 1 1 S 1 
3 6 , 1 6 6 8 1  
2 Q . 4 4 1 5 4  
25.r 119Q 
1 9 . 4 7 2 3  7 
l h . 0 9 8 1 4  
1 3 . 8 1 2 1 2  
1 3 . 1 5 5 5 9  
10 .P9552 

9 . 9'7 2 1 3 
9 o C q 7 2 6  
8 043885 
7 . 8 6 9 1 5  
7 . 3 8 8 3 3  
6 . 4 4 4 7 5  
5 . 7 4 7 5 2  
5 . 2 1 4 5 2  
4 . 7 9 4 1  

3 .91432  
3 , 5 7 4 1  8 
3 .Z2486  
2.c3.y953 
2 . 7 9 8 9 9  
2 . 4 5 1 1 3  
2 0 2 1  6 3 5  
2.1?4953 
1 .922?3  
1. s247r3 
1 .74708 
1 6f355h 

4.447p:3  

1 . 6 3 4 6 8  
1 5 9 2 4 8  
1 0 5 5 7 1 3  
1 . 5 2 7 2 6  
1.5" 1 4 4  
1.4J3Cr'd 
1 . 4 6 1 3 7  
1.4457" 
1 .431  1 9  
1 . 3 > 1 1 8  

1.355 3 1  
1 . ?'t 8'31 
1 . 7 4 6 7 4  

1.3'1815 

Rb 
I= 388. 

7 4 . 0 3 6 0 4  
47 030639 
36.33280 
2 9  . 56 100 
2 5 . 1 1 8 5 2  
19.56035 
16.1 7 7 6 0  
15.89115 
1 2 o L l 6 3 2  
10.93076 

9 .95267  
9 . 1 4 3 8 5  
U.it7412 
7 , 9 0 9 7 3  

6 .47786 '  
7 , 4 2 7 1 0  

5 . 7 7 7 7 0  
5.24576 
4 e 5 1 8 5 0  
4 . 4 6 9 9 2  
3 , 9 3 4 8 0  
3 . 5 4 2 8 1  
3.2420 1 
3.0055t3 
2 . 8 1 4 1 3  
2 . 4 6 4 6 0  
2 .22869  
2 . O 5 9 5 O  
1 . 9 3 2 8 7  
1 8 3 5 3 6 '  
1 .75705  
1 .69522  
1 6' t408 
1 . 6 9 1 6 8  
1.5h6lb 
1 . 5 3 h l 4  
1.51Cb,3 
L.48873 
1 . 4 b 9 3  3 
1o4536'1 
1 .43'16% 
1.3'~'143 
1 0 3 7 6 3 2  
1 . 3 6 3 4 5  
1 3 5 7 0 5  
1 . 3 5 4 7 0  

Sr 
1~393.  

73 . 7 5 7 5 4  
4 7 . 8 4 5 9 5  
36.22901 
29*51('00 
2 5 . 0 8 0 1 8  
1 9 . 5 3 5 5 4  
1 6 . 1 6 4 2 1  
13.87003. 
1 2 . 2 0 7 8 2  
10 . '14304 

9 . 9 4 5 7 8  
3 . 1 3 7 h 8  
8.46858 
7 0 9 0 4  13 
7 , 4 2 2 4 9  
6 . 4 7 4 1 2  
5 .77455  
5 . 2 3 6 6 1  
4 . 8 1 5 0 9  
4 s 4 6 6 9 d  
3 . 9 3 2 5 4  
3 .54097  
3 .241  5 4 ,  
3 . 0 0 4 L T  
2 o 8 1 3 3 2  
2 , 4 6 3 8 3  
2 . 2 1 8 1 2  
2.05907 
l e y 3 2 5 4  
1,834831 
1 . 7 5 7 4 b  
1.6958d 
1 . 6 4 3 9 3  
1 . 6 0 1 6 2  
1 .>6612 
1.5361.3 
1 , 5 1 0 6 2  
1 i 4 8 8 7 7  
1 . 4099c2 
1 . 4  5 3 7 7 
1.4.5472 
1.3055-> 
1 03765.3 
1 . 3 6 3 r o  
1 . 3 5  7 3 4  
1 3 5 5 2 3  

Y 
I= 400. 

7 4  1 2 2 d 0  
4 d . 1 5 3 7 ~ 3  
3 6 . 4 8 4 3 7  
29 .72736  
2 5 . 2 7 0 6 0  
1 9 . 6 8 9 7 3  
16 .236 ' l5  
13 .9868/+ 
12.31133 
1 1  0 0 3 6 3 9  
10.030QT 

9 . 2 1 6 2 6  
8 . 5 4 1 5 7  
7 A 7 2 9 7  
7 048685  
6 . 5 3 0 5 2  
5.82513 
5 .28206  
4o8SG52 
4 .50560  
3 . 9 6 6 9 6  
3 . 5 7 2 1 9  
3.2 7 0 3 2  
3 . ci 3 LO 3 
2.832321 
2 . 4 8 6 1 1  
2 . 2 4 8 4 2  
2 0 6 7 7 9 4  
1 .45034 
1 .85177  
1 .77370 
1 710t35 
1 . 6 5 9 3 2  
1 .61666  
1 . 58383'3 
1 . 5 5 0 5 6  
1 . 5 2 4 8 3  
1 . 5 0 2 d 1  
L .483dd 
1 4 6 7 5 2  
1.45330 
1 o412YL  
1 . 3 8 9  7J 
1 . 3 1 6 8 9  
1 . 3 7 O L t 3  
1.3663.3 

Z r  
I= 407. 

7 3 .  6 6 2 4  f! 
4 7 . 9 8 1 7 5  
3 6 * 3 9 1 c > C I  
29 . 6797 9 
2 s . 2133.; 1 
1 3 . 6 7  PL, 6 
1 6 . 2 3 6 6 4  
1 3 . 39 I. 3 S 
1 2 . 3 2 3 2 1  
1 1  a 9 5 1 4  I 
1 0 . 0 4 7 0 7  

9 . 2 3 2 7 6  

7 . 9 P 7 4 2  
7.53r?2n 
6 . 5 4 1 1 3  
5 .33376  
5 . 2 8 8 9 3  
4 . 0 5 5 9 5  
4 . 5 0 2 9 3  
3.95lP3 
3 .56590  
3 . 2 6 3 4  1 
3.02479 
2 .83157  
2 . 4 7 9 3 1  
2 . 24 17Q 
2.0715(> 
1 9 4 4 2 2  
1 . 8 4 5 Q n  
1 . 7 6 9 1 2  
1 .70541  
1.65407 
1.61157 
1 . 5 7 5 3 9  
1 . 5 4 5 7 7  
1.52r17 
1 . 4 9 8 3 6  
1 . ft 7 (4 it 3 
1.45317 
1 .4431 3 
1.4n3'47 
1 . 3 3 5 Q Q  
1.371:? c) 

I .  3 h 7 " q  
1 . 3 h  s 1 4 

8 . 5 5 6 9 3  



8-9 

Energy 
(MeV 1 

2 .o 
4 00 
6.0 
(3.0 

10 00 
14 .O 
18 00 
22.0 
26 .0  
30.0 
34.0 
38.0 
4 2 - 0  
46.0 
5 0 e 0  
6000 
70 e 0  
8 0 * 0  
90 00 

100.0 
1 2 0  00 
140.0 
160.d 
lSO.0 
200.0 
2 5 0  00 
300 . 0 
3 5 0 .  ;3 
400.0 
4 5 0 - 0  
500 SO 
550 .0  
600 e 0 
0 5 0 . c  
71io 00 
750 .0  
800.0 
850 .0  
9 0 0  00 
9 5 0  . 0 

1000 . cl 
1 2 0 0  00 
1 4 0 0 . 0  
1600.0  
18r3d.0 
2009.0 

Proton Stopping Power Values f o r  Elements Z=41-45. 
(MeV cm2/g) 

Nb 
I=415. 

7 3  . 5 3 2  13 
47 .92371  
3 6 , 3 5 5 9 3  
2 9 . h 4 4 6 1  
2 5  0 21269 
19 6 5 7 2 7  
1 6 . 2 7 6 3 7  
1 3 . 9 7 9 1 1  
12 .30639  

10.02905 
1 1  ,03327 

9 . 2 1 5 1 1  
3 . 5 4 1 0 5  
7 0 9 7 2 9 1  
7 . 4 8 7 0 8  
6 . 5 3 1 5 1  
5.82658 
5.283131 
4 . 8 5 2 3 9  
4 .5C601 
3 .96801  
3 . 5 7 3 6 7  
3 , 2 7 2 0 3  
3 . 0 3 3 8 0  
2 . 8 4 0 1 5  
2 0 4 8 8 2 7  
2 . 2 5 0 6 9  
2 .08027  
1 .cif>27O 
1 .85415 
1 .77617 
1 .71327  
1.66 176 
1.619135 
1.58327 
1 . 55395 
1 .52734  
1 5 0 5 3 4  
1 .48642  
1.47'208 
1 4 5 5 9 4  
1 , 4 1 5 5 9  
1 .3Y245 
1 , 3 7 5 6 3  
1 , 3 7 3 3 4  
1 , 3 7 1 3 2  

Mo 
I=422. 

7 2 . 4 2 4 0 1  
4 7 , 2 7 9 1 9  
3 5 . 8 9 0 4 3  
29 .27605  
2 4 . 9 3 5 5 3  
1 9 , 4 2 4 1 8  
1 6 . 0 8 7 5 1  
1 3 . 8 2 1 3 4  
12 .16825  
1 0 e Y 1 0 1 2  

3 .91760  
9.11305 
8 . 4 4 6 7 3  
7 0 8 8 5 1 1  
7 , 4 0 4 8 6  
6 4 6 0 0 8  
5 .7631 7 
5 .22056  
4 . 7 9 9 9 8  
4 ,452 '30  
3 , 9 2 4 8 7  
3 . 5 3 5 0 8  
3 - 2 3 6 8 7  
3 .00136 
2 , 8 0 9 8 6  
2 .46197 
2 e227O6 
2 .05854  
1 .93239  
1 - 8 3 4 9 4  
1- 7 5  7 8 2  
1 . 6 9 5 6 3  
1 s 6446Y 
1.49246 
1 .56709 
1 - 5 3 7 2 1  
1 .51179 
1 .49304  
1 .47133  
1 , 4 5 5 1 9  
1 0 4 4 1 2 1  
1 .40134  
1 0 3 7 8 5 0  
1 .36537  
1 .35969  
10.39773 

Tc 
I=430. 

7 2 , 3 9 0 5 9  
4 7 . 3 4 3 7 7  
35 .96532 
2 9 0 3 4 9 2 7  

I 

124 .97478  
19 .4852d 
16 .14169  

12.2 1 4 9 4  
1 3 . 8 7 2 0 5  

10 .95277  
9 , 9 5 6 9 5  
9 1497 1 
8 4 8  1 0 2  
7 , 9 1 7 4 1  
7 . 4 3 5 3 6  

, 6 , 4 8 7 1 9  
5 o 7 8  7 6 4  
5 , 2 4 8 9 9  
4 . 6 2 0 7 9  
4 . 4 7 1 7 9  
3 .94165 
3 .55048  
3 . 2 5 1 1 3  
3 , 0 1 4 7 9  
2 . 8 2 3 3 4  
2 .47330  
2 . 2 3 7 4 8  
2 .06833  
1 .94165  
1 .84381  
1 . 7 6 6 3 9  
1 .70394  
l e 6 5 2 8 1  
1 o61C41 
1 .5749d 
l e 5 4 4 9 1  
1 .51939  
1 .49756 
1 4 7 8 7 9  
1 . 4 6 2 5 9  
1 . 4 4 8 5 7  
1 .4085d 
1 .C3$569 
1 .37305 
1 , 3 5 6 8 9  
1.354'11 

Ru 
I=438. 

70 . 94 986  

j 35.331/+7 
b 2 8 . 8 4 2 8 8  

24 .55006  

.j 4 6 0 4 7 8 9 3  

1 9 . 1 6 0 2 3  
1 5 0 8 7 5 8 1  
13  6 4 5 6 3  
12 .01883  
10  0 7 7 7 6 4  

9 , 7 9 8 3 3  
9 .00430  
803465.3 
7 . 7 9 2 0 7  
7 .31786  
6 . 3 8 5 0 2 '  
5 0 6'1676 
5 .16681  
4.74 547 
4 040206  
3 . 8 7 9 7 9  
3 . 4 9 5 0 2  
3 .20@60 
2 . 9 6 8 0 3  

t 2.77466 
j 2 , 4 3 5 2 2  
' 2 . 2 0 3 1 d ,  

2 . 0 3 6 7 9  
1 , 9 1 2 0 3  
1 8 1  5 8 0  

' 1 . 7 3 9 6 1  

1.627853 

1.55119 

1.678168 

1 5 8 6 1 3  

1 5 2 1 6 8  
1 .49658  
1 .47510  
1.45664 
1 o4407d 
I .4?691 
1 .3d753 
1 , 3 6 5 1 1  
1 .35271  
1 .34668  
1 .34484 

Rh 
I=445. 

- 

7 0 . 7 4 4 a i  
i 4 6 . 4 2 4 9 7  
/ 3 5 . 3 1 4 / t 5  
j 28 .E4023  
j 24.55423 

1 9 * 1 7 0 0 1  
1508'374.3 
13 .65778  
1 2 0 0 3 2 9 5  

I 1 0 , 7 9 0 9 8  

I 9 .01637  

1 7 . 8 0 3 1 0  

1 6 . 3 9 4 5 6  

j 9 . 8 L l C 3  

8 .35808  

f 7 . 3 2 8 4 5  

' 5 .70559  
5 , 1 7 5 0 5  
4 . 7 5 3 2 4  
4 , 4 3 9 4 2  
3.88585 
3,530 15 
3.2'3604 

1 2 .97319  
2 , 7 8 4 6 4  
2 .43977  
2.20 7 4 6  
2 004078  
1 , 9 1 5 9 9  
1 8 1 9 5 9  
1 .74330  
1 , 6 8 1 7 7  
1 6 3 1  39 
1.58963 
1 55465  
1.52510 
1.439417 
1 .47847  
1 e 4 b O O O  
1 . 4 4 4 C ~  

1 .3Y091 
1 . 3 6 8 4 4  
1,356'37 
1 e 3 5 0 0 7  

1 e 4 3 0 2 4  

1 .34827  



8-10 

Energy 
(MeV ) 

2.0 
4.0 
6.0 
8 00 
10 00 
1 4 - 0  
18.0 
2 2 - 0  
26.0 
30 00 
3 4 . 0  
3840 
42.0 
46.0 
50.0 
60.0 
7 0 - 0  
60 .0  
50.0 

100.0 
12c 00 
140 0 0 
L6OoO 
180.9 
20000 
250.0 
300 00 
350 .o 
400 0 0 
450 00 
500.0 
550 00 
600.0 
650.0 
700.0 
7 5 0 - 0  
800.0 
850.r) 
900 * 0 
950,I) 

, 1 0 0 0  .o 

14Q0.0 
lbOOe0 
1800.0 
2000.0 

1 2 0 0 ~ 0  

Proton Stopping Power V a l u  5 s f o r  Elements Z=46-50. 
( M ~ V  cm /d 

Pd 
I=454. 

69.39070 

34.72867 
28.37372 
24 * 16385 
18.872 15 
1 5.6442 5 
13 ,45101 
11 e 85446 
10.63153 

9.56664 
8.88418 

7.68926 
7,22179 
6,30196 

5.10O62 
4.68506 

45,62152 

8 ,23588 

5 ,62326 

4,34632 
3082677 
3.45061 
3 , 1 6 0 3 2  
2,93096 
2,74520 
2,40541 
2.17653 
2.01230 

1.79436 

1.55857 

1 88935  

1 ,7192O 

1 e 6 0 8 9 4  
1 0 56778 
1.53332 
1 .Ej9422 
1.47546 
1.45829 
1.4400Y 
1.42433 

l8577Ot3 
1 34997 
1 e 3 3782 
1.33196 

1 e41079 

1 e33022 

A€? 
1=461. 

69,43909 
45  073032 
34.813441 
280470d1 
24,25266 
18.94772 
15.71023 
13 0 59980 
l L 9 O 8 2 3  
10.68163 

5 ,71273 
8 ,92699 
8.2 7586 
7 e72690 
7.25730 
6.33329 
5.65151 
50 12042 
4.70390 
4.36863 
3.84663 
3.46821 
3.17663 
2 094622 
2 0 7 5 ? 5 9  
2,41823 
2.18825 
2.02325 
l e 8 9 9 7 1  
1 0 8342 8 
1.72875 
1 66784 
1.61797 
1.576b2 
1 54200 
1.5127b 
1 e48790 
1 ,46663 
1.44835 
1 ,43257 
1.41892 
1 e 38000 
1.35789 
1 ,34572 
l o  33987 
1.33816 

Cd 
I=470. 

67.48833 
44.53510 
33095055 
27  0 76082 
23.65495 
18.49793 
15.33289 
13- ld76Y 
11.62591 
10.43098 

3.48546 
8 ,71861 
8.08309 
7 ,54723 
7 ,08873 
6.18671 
5. 52 1D2. 
5,00834 
4.60068 
4.26837 
3.75859 
3.33859 
3.10391 
2 -87893  
2 069669 
2 0 36384 
2. 13871 
1.97757 
1 85692 
1.75371 
1.68994 
1 sh304b 
1.58175 

1.5075b 
1.47901 
1.45473 

1.41612 

1 e 54138 

1 4 3 3 9 7  

1 - 4 0 0 7 3  
1 e3d74l  
1.3494‘3 
1 - 3 2 7 8 8  
1 e 31 6 0 4  
1,31037 
1 c 33874 

In 
1=476. 

67  , GR92t( 
44.327b4 
33.00896 
27.65279 
23.56731 
1 8 o 4 2 3 Y 7  
15 ,28221. 
13.14558 
11 58976 
10.40081 
9 0 45 828 
8 ,69387 
8.0603~3 
7.52618 
7.06918 
6.16981 
5.50606 
4.9’3490 
4.513845 
4.25711 
3.74881 
3 . 3 7 6 6 3  
3 0.3 5 6 5  
2.87138 
2.68971 
2.35788 
2.133‘13 
1.97274 
1 . 85245 
1 *7>9!32 
1 60597 
1 62666 
1.57810 
1 . 53785 
1 s f0414  
1.47568 
1 e45147 
1.43077 
l a41298  
1.39764 
1.38436 
1.3465 ii 
1.3253i1 
1.31329 
1.3’7766 
1 e 33607 

Sn 
I=483. 

05.78435 
4 3 . 5 5 5 7 7  
3 3 e 2 2 5 8 C  
27  e 18553 
L 3 0 1 7 4 (3 L 
18 e 12262 
15.O352 I 
1 2  8 9 3  5 3 2  
11 040540 
10 023738 
9.31035 
8 ,55827 
7,435130 
7 .+a933 
6.55963 
6.07452 
5 . 4 2 1 2 ~  
4,91816 
4.518041 
4.191% 
3,64163 
3.32527 
3 e 0 4 8 3 3  
2.82762 
2 . 6 4 8 8 2  
2 . 322LO 
2.13123 
1.943C9 
1.82469 
1.73321 
1,66082 
1 0 bo243 
1 . 55464 
1.51501 

1.45382 
1.43CCl 

i . 4a iwt 

1 e4C964 
1,39213 
1.377C3 
1.35397 
1.32681 
1 ,30567 
1 e 2941 1 
1 0 2 S F b l  
1.287013 



8 -11 

Energy 
(MeV ) 

2.0 
4.0 
6.0 
8.0 

10.0  
14 . 0 
18.0 
22.0 
26.0 
30 00 
34.0 
38.0 
42.0 
4 6 . 0  
5 0 .  C 
60.0 
70 *O 
t3r3.0 
9 0 . 0  

100.0 
120.0  
140 .@ 
l b 0  -0 
18U*O 
200 00 
250.0 
300.0 
350.0  
400.0  
4 5 0 ,  0 
TO0 .o 
5 5 0 , O  
6 0 0  00 
650.0  
700.0 
7 5 0  e 0  
800 .0  
8 5 0 . 0  
900 .0  
952.0 

1003.0  
1 2 0 0  . 3 
1 4 O O . C  
1600sO 
1 8 0 0  .I) 
2 0 3 0  .o 

Proton Stopping Power Values fo r  Elements Z=51-55. 
(MeV cm2/g) 

Sb 
I=492. 

6 4  Y 8 6 L 7  
4 3 . 0 3 5 9 5  
32 .86835 
2 6 . 9 0 4 2 7  
2 2 . 9 4 1 2 5  
1 7 . 4 4 6 b l  
1 4 .  a 9 2 7 1  
12.8 1 4 5 2  
1 1  0 3 0 0 5 9  
10 . 1 4 4 3 4  

9 . 2 2 7 6 1  
8 . 4 8 2 6 %  
7 . 8 6 5 2 6  
7 . 3 4 4 5 3  
4 .83899  
6 . 0 2 2 0 2  
5 . 3 7 4 7 0  
4 , 8 7 6 1 4  
4 , 4 7 9 6 6  
4.156413 
3 , 6 6 0 5 7  
3 . 2 9 7 4 8  
3 .022h4  
2 , 8 0 3 9 3  

2 .30304  
2 . 0 8 4 0 1  
1 .92728  

1 .71926  
1 . 6 4 7 5 1  
1 .  5 8 9 4 5  
1 .54227  
1 5030 1 
1 .47(!13 

2 0 b 2 6 7 ft. 

1 .80993  

1 .44237 
1 .41876  
1 . 3 9 8 5 8  
I .  38 1 2 4  
1 . 3 6 6 2 8  
1 .35334  
1.31655 
1 . 2 9 5 h 3  

1 . 2 7 8 8 0  
1 . 2 7 7 3 2  

1 .28421  

Te 
1=501. 

6 2 . 6 3 2 3 2  
41 e 6 1 0 9 5  
3 1 , 8 6 4 4 4  
2 5  A 4 4 8 0  
2% e 2 1 4 8 7  
1 7 . 3 3 4 9 6  
1 4 , 4 3 0 1 6  
1 2 1 4 1  8 5 8  
1 0 0 9 5 2 9 3  

9 .83334  

8 . 2 2 4 8 0  
8 .94663  

7 . 6 2 6 5 2  
7 . 1 2 1 9 2  
6 . 6 9 0 1 1  
5 , 8 4 0 1 5  
5 .21269  
4 . 7 2 9 3 5  
4 . 3 4 5 0 2  
4 , 0 3 1 6 8  
3 0 5 5 0 9 2  
3 e 1 9 8 8 6  
2 .93204  
2 0 7 2 0 0 3  
2 .54824  
2 .23443  

1 .87099 
1 .75631 
1 .66840 

2 092205  

1 . 5 9 8 8 3  
1 0 5 4 2 7 2  
1 e ' t 9 6 7 9  
1 .45872  
1 . 4 2 6 8 5  
1 a 3 9 9 9 4  
1 .37706 
1 .35749 
1 .34069  
1 .32619  
1 0 31 3cJb 
1 e- 2 78172 
1 .25777  
1 m24t174 
1 . 2 4 1 5 3  
l o 2 4 0 1 4  

I 
1=511, 

13 rn 5 7 5 6 5  
4 2 . 3 3 7 4 9  
3 2  o38916 
2 6 , 5 3 7 2 9  
22 .64275  
17 . 7 2  77% 
1 4 , 7 1 8 9 1  
12.6(>978 
11 .17621  
1 0 ~ 0 3 5 0 1  

9 . 1 3 2 2 2  
8 . 3 4 5 3 2  
7 7 8 5 6 8  
7 , 2 7 0 9 5  
6 0 8 3 0 4 5  
5 .96320  
5 0 3 2 2 9 3  
4 . 8 2 9 6 7  
4 . 4 3 7 4 1  
4 , 1 1 7 5 7  
3 .62686  
3 a26748  
L .Y9268 
2 . 7 7 3 3 3  
2 e 60306 
2 .28271  
2 C65tjY 
1 .Q1@77 
1 . 7 9 4 6 1  
1 7 0 4 d  7 
1 . 6 3 3 8 4  
1 . 5 7 6 5 7  
1 5 2 9 6 9  
1.49002 
1 o f t5829  
1 . 4 3 0 8 2  
1 .40747  
1.33751 
1 .37036  
1 , 3 5 5 5  7 

1 e 33 6 4 4  
1 3 4 2 7 8  

1.285r-32 
1 a27441  
2 0 2 0 9 3 4  
1.20797 

Xe 
I=523. 

61.9Zt i5b  
4 1 . 3 5 1 7 2  
31 .6b763  
2 5 , 9 6 1 3 2  

17 .35852  

1 2 . 4 1 2 8 3  
10 .95148  

2 2 ,  1 5 9 9 4  

1 4  e 4 1  7 0 4  

9 0 8 3 4 6 3  
8 . 9 5 0 9 2  
8 023092 
7.61J32 1 
7 . 1 2 8 9 8  
6 .69746  
5.8+777 
5 . 2 2 0 3 2  
4.73692 
4 . 3 5 2 4 4  
4 . 0 3 8 9 4  
3 .55792  
3 . 2 0 5 6 0  
2 . 9 3 6 2 0  
2 .72581 
2 . 5 5 3 9 6  
2.239'31 
2 .02776 
1 .87522 
1 .76134  
1 .67335  

1 . 5 4 7 5 6  

1 , 4 6 3 5 0  
1 .4316Q 
1 , 4 0 4 6 8  
1 , 3 8 1 7 9  
1.36223 
1.34543 
1 .33f lY4  
1 . 31 8 4 1  
1 .28283  
1 .26266  
1.2517.2 
1 ..?4hbl' 

1 .4 (337 l l  

1 .50159  

1 a 5 3 1  

cs 
1~527 4 

6 2 . 1 0 8 2 5  
4 1 . 5 0 5 4 3  
3 1 , 7 9 5 2 4  
2 6  . 0 7C5 3 
2 2 . 2 5 5 5 0  
1 7 , 4 3 6 2 5  
1 4 . 4 d 3 0 1  
12,47!?50 
1 1 . 0 0 2 9 5 ,  
9.~38128 
ii .9 3 G Y 
8.2 '1141 
7 . 6 7 0 8 1  

6.731259 
5 .87680  
5 , 2 4 6 3 1  
4 . 7 6 0 5 1  
4 .374  16.  
4 , 0 5 9 1 5  
3 .57578  
3 2 2 1 7 3  
2 .95102  
2 .73933  
2 .56668  
2 .25116  
2 .03802  
1 .80474  
1 .77032 
1 , 6 8 1 9 1  
1 . h l 1 9 5  
1 . 5 5 5 5 4  
1 , 5 0 9 3 5  

7 1 6 4 1 6  

1.47108 
1.+3904:  
1 . 4 1 1 9 9  
1 .38990 
1 .36934 
1 . 3 5 2 4 6  
1 . 3 3 7 9 1  
1 . 3 2 5 3 2  
1 .26959  
1 .26934  
1 .25837  
1 , 2 5 3 2 5  
1 .2519h  
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Energy 
(MeV ) 

2.0 
4.0 
6 .0  
8.0 

10,O 
14.0 
18.0 
22.0  
26 .0  
33 ,O 

38.0 
34.0  

42.0 
46,O 
50 00 
60 00 
70 * O  
80 .0  
90.0 

100  - 0  
120.0 
1 4 0 - 9  
1 b O . O  
180.0 
200.0 
250.0 
300.0 
350.9 
400.9 
450 0 0 
500.0 
550 .0  
bif0 00 
6 5 0  .O 
700.0 
7 5 O . C  
9 0 0 e 0 
850.0  
390 .o 
950 .O 

1c)oo.o 
i 2 G O  .CJ 
1400 .O 
15OOeG 
1800.0 
2000 . 0 

Proton Stopping Power Values for Elements z=56-60. 
(MeV cm2/g) 

Ba 
I=532. 

60.92549 
40 .76033 
31 -23778  

22.87436 
17 .14098 
14 ,23965  

10.81991) 
9 . 7 1 74 5 

2 5eGl96O 

12.26713 

8 o84580 
8 ,13593  
7 0 54523 
7 -04705  
6.62067 
5 e 7 8 1 0 3 
5.16093 
4 ,68315 
4.30324 
3.99330 
3 ,51786  
3,16Y63 
2.90334 
2 0 69396 
2.52508 
2.21480 
2,00518 
1 0 8 5442 
1 * 7 4 1 5 3  
1.654'35 
1 e 58514 

1.48524 
1.44 760 
1.41609 
1.38949 
1 3 6 6 8 8  
1.144756 
1.33096 

1.30426 

1 53066 

1.31665 

1.26915 
1 02492b  
1.23849 
1 * 23348 
1.23224 

La 
1=538. 

61.01828 
4 0 ~ 8 7 1 7 s  
31 033754 
25 ,73810  
21 .9537/+ 
1 L 2 0 7 C S  
14.29 659 

10 ,86513 
9.75869 

12 ,31243 

a , ~ m ~ o  
8.17127 

8 7 .57893 
7.07872 
6.6S054 
5 0 80733  
5 ,18457  
4.70473 
4.32304 
4.0118.3 
3.53429 
3.18452 
2.917q5 
2 e 70 5 8 3  
2 53687 
2 -  22 52 7 
2 ,01474  
1.86331 
1.75030 
1.66299 
1 * 59389 
1.53816 
lo43255  
1 ,45475 
1.42310 
1 e39639 
i . 37363 
1.35428 
1.33702 
1 ,32325  
1 3108'3 
102755E 
L -25562 
1.24483 
1.23982 
1.23860 

Ce 
I=545. 

61.20715 
41.05614 
31,49604 

I 22.07592 
17 30740 
14,38239 
12.38781 
10 093267 
9.82006 
8.93941 
8.22358 

7.12520 
6.69437 

5,21922 
4,73629 
4.35214 
4.03893 
3.55830 
3.20626 
2.93705 
2.72445 
2.55416 

2.02869 
1.87664 
1,76255 . 

1 e67467 
1.60513 
1.54905 
1.50314 
1.46510 
1.43326, 
1.40638' 
1.38353 
1.36401 
1 e34724 
1 33279 
1.32030 

1 e26478 
1 e25395 
1 24893 
1.24773 

, 25.a4599 

7.62860 

5.84592 

2.2405a 

1.28484 

Pr 
I=550. 

61.95500 
41.61002 
31,93596 
26.21435 
22.39435 
1 7.5 6 1 I) 7 
14.59535 
12.57257 
11 .G3662 

9.96797 
9.07453 
8.34827 
7 . 74 53 2 
7 , 2 3 4 3 5  
6.79708 
5.93586 
5.29969 
4.80943 
4.41945 
4.10145 
3.61351 
3.25609 
2.98275 
2 . 76690 
2.59214 
L . 2 7 5 4 6  
2.06037 
1.93602 
1.79010 
1.79097 
1.63037 
1.57345 
1.52685 
1.48823 
1.45591 
1.42862 
1 * 40544 
1.313562 
1 .35860 
1 .35334 
1 .34126 
1.305L8 
1 e 2d435 
1.273Yd 

1.26771 
i..msi 

Nd 
I=557- 

G L . J l 6 5 6  
41.90985 
32.18266 
26.42427 
22 e 57831 
17.7C~976 
14.72130 

11.19464 
10 .05673 

9.15586 
8.42353 
7 .81544 
7.39074 
6 .85961 
5.99075 
5 * 3489C 
4-  85422 
4.~t.6073 
4.13984 
3.64744 
3 . 28677 
3.CILC94 
2.793 10 
2.b1574 
2.29701 
2.G799? 
1 ,92422  
1 ,80732 

1 ,64698  
1.59864 
1.54162 
1 . 55266 
1.47004 
1.44252 
1 .41913 
1 .39913 
1.33197 
1.36717 
1 .35439 
1 .31 i ) l l  
1 e 29 762 
1.28650 

1.28C31 

12.63252 

1.71731 

1.28149 
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Proton Stopping Power Valuss for Elements 2=77-81. 

P t  
1=807. 

(MeV cmz/g> 

47 3573 

2 h  . G W 2 5  
? 2 . 1 5 6 9 4  
19 .963@9 
1 5 . 0 9 7 5 5  
12 .h?'t33 
l n  .32 1 7 2  

9 .67126 
0.71070 
7 ,?40h3 
7 . 3 2 3 3 5  
6 * 8 I\ 5 44 
6 .36664 
5*99r ) r \3  
5 * 24 5413 
4 e 693PC3 
4 . 2 6  5 11 
3 . 9 2 3 7 h  
3.6449 3 
3.21646 
2 ,97199  
2 . 6 h  1 3 2 
2.47i793 
2.32663 
7 ,  n349i7 
1 a 84455 
1.73Pqd 
1 e 6 3 6 9 5  
1 . 5 2 8 2 2  
1 . 4 h  59  3 
1 , 4 1 5 7 4  
1.37452 
1 * 3'i05 9 
1 e3121 9 
1 . 1 5 8 7 7  
1 a26797 
1 .2 5"hh 
1 . L 3 5 8 2  
l .i?2?C,? 
1.21237 
l o  1 11 5 
1 e l h 4 C b  
1 - 1 7 5 2 5  
1 .15164 
1 . 1  T i 4  

3 4 ~ 'J b 2 3 

Au 
1=816. 

T1 
1=833. 
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Proton Stopping Power Values for Elements  z=82-86 
(MeV cm2/g) 

Energy Pb 
(MeV) I=840. 

.. 
46,3 ' - j413 
33  e 1 7 1 8 9  
7 4 0 ?'t 5 6 4  
21 e 5 5 1 1 4  
18  .eJ5qa/+ 
1 4 , 7 $3 2 3 6 
1 2 , 3 6 9 4 3  
10 *7CIb55 

3 0 4 0 4 2 9  
8 * 5 / + 4 4 6  
7 , 7 9 7 2 3  
7 e 1 d 76/+  

6 , 2 5 0 2 9  
5.P8135 
541517Lj 
4 , 6 1 0 2 3  
4 , 1 9 1 3 5  
3 .  P5637 
3.5'4275 
3 a 162c15 
Z 0 & 5 3 2 8  
7 , 6 1 6 8 3  
2,4?<?89 
2 4 2 7 8 4 2  
2 e O D  162 
1 81 4 6 2  
1 , h S  1146 
1 * 5 8 0 0 5  
1 5131365 
1 . 4 4 2 5 0  
1 * 3 9 3 2  3 
1 d 5 2 Q 3  
1 .31943  
1 ,29158  
1 .?6U 11 
1 e 3 4 8 2 5  
1 .23172  
1 , 2 1 6 6 7  

hohSn!?4 

B i  
r=848. 

4 6 , 2  $7761 
33.155c311 
26 c4 5 8  1 
21.65063 
1 8 .6 6 3 0  2 
1.4 7 9  5.30 
1 2 e 3 d 2 R 4 
1c\,7194ct 
9 , 4 9 5 5 6  
8 . 5 5 6 1 3  
7 * 853833 
7 , 1 9 8 2 3  
6 . 6 9 0  17 

5 , 8 9 3 6 7  
5.16Q26 
4,6180C3 
4 . 1 9 8 6 9  
3 , 8 6 3 4 0  
3 .58936  
3 . 1 c j t X p 2  
2 . 8 5 8 7 6  
2,62191 
2.43466 
2 , 2 8 2 9 3  
?.0q565 
1 . 8 1 8 3 4  
1.6'33c16 
LeT'Y421 
1. .5057t3 
1.4+554 
1 . 3 9 6 1 9  
1 , 3 5 5 8 4  
1.32228 
1 , 2 9 4 3  3 
1 , 27OW 
1 .?5?35 
1.213'34 
1,2193.3  
1 .736r37 
1 * 1'3GQ8 
1 16579 
1.14911 
1 . 1 4 2 5 7  
1e1371' t  

b e 2 5 0 9 9  

Po 
1=856. 

4 !5 e 3 2 4 6 rs 
23 .24231  
2 6 . 1 3 4 5 5  
218 7 3 ~ 8 1  
18,73C,72 
1 4 , 8 5  839 
13 .43718  
10,76791 

9 , 5 4 0 4  7 
8 W 6 3  7 
7.845513 
7 2 3 2 9 . 7  
6 e 7 2 2 7 7  
6 , 2 9 0 7 5  
5 . 9 1 9 8 3  
5.18619 
4 , 6 4 1 5 7  
4 . z z n . w  
3,817354 
3,60818 
3 , 1 8 4 7 7  
2 , 8 7 3 9 8  
2 , 6 3 5 9 5  
2 . 4 4 7 7 5  
2 . 2 9 5 2 5  
2 , 0 1 6 5 5  
1 8 2 8 3 ?  
1 . 6 9 3 2 4  
1 * 59242 
1 , 5 1 5 1 1  
1 .45356  
1 , 4 0 3 Y 7  
1 .36342 
1.32969 
1.3Jrt l o 6  
1 , 2 7 8 n 5  
1 D 2 5 8 0 2  
1 * 24n04  
1 .22631  
1 . 2 1 3 7 4  
1 .28)2'3 1 
1 .17249 
1 1 5 5 7 3  
1 14 71'3 
1 e 1 4  373 

A t  
1=865. 

4 6 . 5 4 3 7 0  
3 3  e 47 180 
26 .33415  
2 1 0 9 L 4 7 Q  
1 8 e R 9 1 4 3 
1 4 , 9864  3 
1 2  e 5 4  735 
10 ,86491  

9 0 6 2 7 4 9  
8 e 6 7 5 5  h 
7 , 9 2 8 4 2  
7 . 3 0 0 5 b  
1.78596 
6 . 3 5 0 1 6  
5 . 9 7 5 9 3  
5 .73581  
4 .48628  
4026113 
3.92'150 
3 , 6 4 3 5 6  
3 . 2 1 6 1 7  
2 * 9 3 2 4 3  
2 e b h 2 1 4  
2 . 4 7 2 1 3  
2 0 3 1 8 1 7  
2 .  @ 3 6 8 2  
1 e 8 4 6 7  3 
1 a71036 
1 .hri83.0 
1 e53046 
1 e 4 6 8 3 3  
1o4I .826  
1 , 3 1 7 3 3  
1 e34345 
1 .31499  
1 * 7 3  116 
1.2739Lt 
1.25370 
1 , 7 3 8 9 4  

_ _ A m -  
1,21533 
1 . 1 8 4 6 5  

1 , 1 5 9 1 7  
1 . 1 5 5 7 0  

1*1677 ' ,  

Rn. 
1=876. 

44.2 2$?t35 

25.09c1.3 
ZOaHY8q6 
i 8  * 0 122 '5 
1 4 , 2 9 4 1 2  
11 e 9 7 9 3 5  
1 D e 3 6 6 ( ? 2  

9,18711 

7 . 5 5 7 6 3  
6 . 9 6 8 4 3  
6 . 4 7 7 5 9  
6 0 0h.l 8 9  
5 , 7 0 4 9 4  
4 . 9 9 9 7 3  
4 . 4 7 4 4 4  
4 , 0 6 8 7 3  
3 e 7 4 4  77  
3 0 4 7 94 n 
3.0715? 
2 e 772170 
2 , 5/+2 59 

31 e 8ih" l r l  

a - 2 7 9 ~ ~  

2-3522~'7 
2 0 2 1 4 2 3  
1 e 945 5 7 
1 e 76 4r7 7 

1 , 5 3 6 4 2  
1 e 6 3 3 8 h 

1 e 4 6 2 ( ? 4  
1 e 4 0 2 7 3  
1 0 3 5 4 9 4  

1 . 2 8 3 5 2  
1 , 3 1 5 8 b  

1 , 2 5 6 3 5  
1 .2335? 
1.21431 
l e 1 9 7 8 6  
1 . 1 8 3 7 7  
1.171h7 
1 . 1 6 1 2 4  
I t 131Yd 
1.1 1 5 9 1  
1 a 1 0 7 7 2  
1 , 1 ' l 4 4 3  
1 1 '7448  
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Proton Stopping Power Values for Four P l a s t i c s  

Energy Lucite 
(MeV) 1=62.9 e V  

2.0 160.03665 
4.0 
6.0 
8.0 

10.0 
1 4 0 0  
18.0 
22.0 
26.0 
30.0 
3 4 0 0  
38.0 
42.0 
46.0 
50.0 
60.0 
70.0 
80.0 

100.0 
120.0 

160.0 
180.0  
200.0 
250 0 
300.0 
350 0 
400.0 
450.0 
500.0 
550 0 
600.0 
650 0 
700.0 
750  0 0 
800.0 
850 e 0 
900.0 
950.0 

1000.0 
1200.0 
1400.0 
1600.0 
1800.0 
2000.0 

90.0 

140.0 

94 .  84854 
68.83682 

34.84438 

54.763% 
45.77099 

28.39169 
24.  10331 
21.03379 
18.72150 
16.9 1327 
15.45823 
14.26068 
13.25609 
12.40269 
10  073442 
9.51471 
8.58247 
7 e 8459 1 
7.24876 
6.33871 
5.67723 
S o  17444 
4.77930 
4.46063 
3.88175 
3.49300 
3.21500 
3.00721 
2.84674 
2 0 7 1 967 
2.61701 
2.53275 
2.46268 
2.40377 
2.  35378 
2.31104 
2.27425 
2.24241 
2 2 1 4 7 2 
2.  19053 
2.11986 
2.07690 
2.05062 
2.03497 
2.02638 

(MeV cmc/g) 

Nylon 
1=57.6 e V  

166.09961 
98.12151 
71.1 1168 
56.52280 
47.21148 
35 .  91 072  
29.  244 10  
24.81669 
21 064931 
19 * 26429 
17 39981 
15.89992 
14.66576 
13.631 49  
12075152 
1 1  03336 

9.77757 

' 8  0 6 0  0 0 
7 . 44558 
6.50940 
5.82909 
5.31207 
4.90581 
4,57821 
3.98319 
3.58366 
3.29797 
3.08444 
2.91954 
2.70895 
2.68345 
2 59604 
2.52481 
2.46424 
2.41285 
2.368139 
2.33105 
2.29829 
2.26979 
2.  24490 
2.1.7209 
2 0  12775 
2.10055 

2.07526 

8.ai800 

2.084213 

Polyethelene 
1=46.6 e V  

181.1162/t 

76.79439 
60 . 9 2  40;7 

38.5R863 
31.38773 
2 6  -61  2 5 8  
23.2"?13 

18.62 7 2  3 

15.64866 

13 . 6 3 3 3 6  

196.27518 

5 c . 8 2 z r 2  

23.63283 

1 7  e01 473 

14.57782 

11.78938 
1C e44278 
0.41435 
5.69234 
7 094435 
6.94225 
6 . 2 1 4 3 8  
5.66143 
5e227P6 
4.87bM9 

3.81424 
3.5C1910 

4.24105 

3.28 1 n4 
3.1(74?2 
2 . 9 6 5 4 3  
2.135273 
2.76019 
7.69321 
2 61 847 
2 - 5 6 3 5 2  
2 . 5 1 6 4 8  
2.47548 
2 .4l+Cc)!7 
2 . 4 1 0 3 7  
2 . 3 3 3 6 3  
2.1"552 
2 .25773  
2.2.?824 
2 . 21947 
2.2'?n35 

( ~ 2 7 ~ 2 1 0 ~  1 
1=61.5 e V  

159.575 16 
94 . 4974 0 
68.55762 
54.52949 
45,56787 
34 68241 
28.25573 
23.98539 
20.32919 
18 627 17 
16.8271 3 

14.18680 
13.18773 
12. 33759 
10.67736 
9.46362 
8053601  
7.80313 
7 0 2 0 9 0 1  
6.30360 
5 64554 
5 0  14536 
4.75230 
4.43531 
3.85950 
3.47283 
3. 19632 
2.98965 
2.83004 
2.70364 
2.60154 
2.51773 

2.38942 
2033970 
2.2971 8 - 2.26058 
2.22890 
2.20134 
2.17728 
2.10695 
2.06416 
2.03798 
2.02237 
2.  0 1378 

15.37a7-i 

2.44a03 


