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Br ya n ,  S t e v e n  R.  t-' .A. J u n e  2 ,  1951 P h y s i c s

B e t h e - I i l o c h  S t o p p i n g  l o w e r  P a r a m e t e r s  E x t r a c t e d  From Re c e n t  A c c u r a t e  
Measureiaeut  s

D i r e c t o r ;  Leona rd  E.  P o r t e r

B e t h e - B i o c h  t h e o r y  a l l o w s  t h e  c a l c u l a t i o n  o f  s t o p p i n g  power  1 e r  a 
g i v e n  p r o j e c t i l e - t a r g e t  m a t e r i a l  c o m b i n a t i o n ,  p r o v i d e d  t h e  v a l u e s  o f  t he  
v a r i o u s  p a r a m e t e r s  o f  t h e  t h e o r y  a r e  kn o w n . S e v e r a l  o f  t h e  n e e d e d  
p a r a i u e t e r s  c a n n o t  be e a s i l y  u e t e r m i n e d  t h r o u g h  a n a l y t i c  c a l c u l a t i o n s .  
An a l t e r n a t i v e  me thod  f o r  t h e  d e t e r m i n a t i o n  o f  t t i e s e  p a r a m e t e r s  i s  a f i t  
o f  t h e o r y  to  a c c u r a t e ,  e x p e r i m e n t a l l y  d e r i v e d  s t o p p i n g  power d a t a .

Computer  code  i n i t i a t e d  by E i c h s e l  was m o a i f i e d  t o  a l l o w  o p t i m i z a t i o n  
o f  p a r a m e t e r s  i n  t h e  B e t h e - B l o c h  f o r m u l a .  E x p e r i m e n t a l  d a t a  by A n d e r s e n  
c t  a l . p r o v i d e d  t h e  s t a n d a r d  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  n e e d e u  
p a r a m e t e r s .  Tne mean e x c i t a t i o n  e n e r g y ,  I , and t h e  z ^ - e f f e c t  p a r a m e t e r ,  
b ,  were  d e t e r m i n e d  f o r  t h r e e  k i n d s  o f  p r o j e c t i l e s  ( p r o t o n s ,  a l p n a  
p a r t i c l e s ,  and l i t h i u m  n u c l e i )  on e a c h  o f  r o u r  t a r g e t  m a t e r i a l s  ( A l ,  C u , 
A g , and Au) .  Two s e t s  o f  s h e l l  c o r r e c t i o n  p a r a m e t e r s  were  a l s o  exami ned  
and compared i n  t h e  p r e s e n t  s t u c y .

One o f  t h e  two s e t s  o f  s h e l l  c o r r e c t i o n  p a r a m e t e r s  r e s u l t a d  i n  v a l u e s  
o f  I t h a t  were e s s e n t i a l l y  i n d e p e n d e n t  o f  p r o j e c t i l e  t y p e ,  and v a l u e s  o f  
b t h a t  were e s s e n t i a l l y  i n d e p e n d e n t  o f  b o t h  p r o j e c t i l e  t y p e  and  t a r g e t  
m a t e r i a l .

i i
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The a b i 2 i i , y  t o  p - e d i c t  a c c o r . ' . t c l y  t u o  awounl  o f  e n e i g y  d e p o s i t e d  by 

a Lh a r ^ e a  p a r t i c l e  l u  i t s  p a s s a g e  t h r o u g h  Tua t t e r  i s  a g o a l  whcco 

actain,Miin:  would p i o v e  u s e f u l  i n  oiauy a r e u s  o f  p h y s i c s .

The r e  a r e  s e v e r a l  f a c t o r s  t h a i  a f f e c t  t h e  r a t e  a t  v tJ .cn a r.oviag,  

c h a r g e d  p a r t i c l e  s u f f e r s  e n e r g y  l o s s  t o  au a b s o r b i n g  ?iediu;;i.  I n  a g i v e n  

c a s e ,  t h i s  r a t e  depones  upon t t .e t y ;  e o f  p r o j e c t i l e , i t s  k i n e t i c  e n e r g y ,  

and v a r i o u s  p r o p e r t i e s  o f  r u e  ah s o r b  in, ,  . . ncJor ; ,

I t  i s  c o n v e n i e n t  l;c s e p a r a t e  th.e s u b j e c t  a t  hand i n t o  t h r e e  

p r o j e c t i l e  e n e r g y  r e g i o n s ,  e a c h  o f  v;i ;ich can  be t r e a t e d  by a s e p a r a t e  

t h e o r y .  S t i l l  a n o t h e r  t h e o r y  _n: .uer  i i  t h e  p r o j e c t i l e  m s s  i a  v e r y  r .ucu 

l e t s  t h a n  t h a t  o r  a p r o  t o n , e . g . ,  t h a t  o r  an e l e c t r o n .  The f o l l t n / i n g  ' 

d i s c u a e i a r .  a e t u n e t  " i j c t s i v e ’' p r o j e c t i l e s  , n h e r e  r i a a s i v e  p r o j e c t i l e s  a r e  

t h o s e  w i t h  a z.oso e q u a l  t o  o r  g r e a t e r  Lhao t h a t  o f  a u .uou.

I f  t n e  iuc iUer . î  p a r t i c l e  h a s  a n i n c c i c  e n e r g y  l e e s  t h a n  

a p p r o x i m a t e l y  0 . 5  lleV/auiU i t  i s  c a l l e d  a low e n e r g y  p r o j e c t i l e . I n  t h i s  

l o o  e n e r g y  r e g i o n  t h e  i n c i d e n t  p a r t i c l e  i n t e r a c t s  r i u . a m y  w i t h  e n t i r e  

a coats o f  t h e  t s f g o t  n a i c - r r a l .  .A. cot iol  i c a t  lag, f a c t o r  Chat  i s  iurpor t r . n t  

i n  t l i i s  e n e r g y  range,  i s  t h e  c a p t u r e  and l o s s  o f  e l e c t r o n s  by t h e  

p r o j e c t i l e ,  c u r i n g  i t s  p a s s a g e  t h r o u g h  t h e  n vv i c r i aL .  T u t s  p r o c e s s  l e a v e s  

t h e  p r o j e c t i l e  f u l l y  i o n i z e d  a l o n g  o n l y  a p o r t i o n  oi; i t s  p a t h .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P a r t i c l e s  t h a t  a r e  s i g n i f i c a n t l y  r e l a t i v i s t i c  l i e  i n  t h e  h i ^ h  

e n e r g y  r e g i o n .  T h i s  r e g i o n  b e g i n s  ■ appro>: i«aa to iy  where  t h e  p r o j e c t i l e  

h a s  a k i n e t i c  e n e r g y  e q u a l  t o  i t s  r e s t  mass  e n e r g y  aiiu s p a n s  a l l  g r e a t e r  

e n e r g i e s .  The p r o j e c t i l e  i n  t h i s  c a s e  i s  s t oppée .  pv i ; .<ar i l y  by 

c o l l i s i o n s  w i t h  t h e  n u c l e i  o f  t h e  t a r g e t  a t o m s .  However  i n t e r a c t i o n s  o f  

t h e  p r o j e c t i l e  w i t h  t h e  a t o m i c  e l e c t r o n s  a r e  a l s o  i m p o r t a n t , a s  a r e  

r a d i a t i v e  l o s s e s  ( b r e m s s t r a h l u n g ) .

T h i s  t h e s i s  d e a l s  w i t h  t h e  s t o p p i n g  o f  r . a a s i v e  p r o j e c t i l e s  h a v i n g  

k i n e t i c  e n e r g i e s  i n t e r m e d i a t e  t o  t h e  h i g h  and low e n e r g y  r e g i o n s .  T a i s  

e n e r g y  r a n g e  i s  c a l l e d  t h e  t a e d i u m- e n e r g y  r a n g e .

.The dominant  mechanism f o r  t he  l o s s  of  K i n e t i c  e n e r g y  by a  m a ss i ve  

mediuia-energy char ged  p a r t i c l e  i n  c iav e r . s i n g  m a t t e r  i s  i n t e r a c t i o n s  w i t h  

t he  e l e c t r o n s  in  t he  absorbing m a t e r i a l .  d e t h e - B l o c h  theory  (1 )  a l l o w s  

c a l c u l a t i o n  o f  t he  s t o p p i n g  power ,  S ( t o  be d e f i n e d  l a t e r ) ,  o f  a 

r a a t e r i a l  p r o v i d e d  t h a t  t h e  v a l u e s  of  t he  p a r a m e t e r s  of  t l .e t h e o r y  a r e  

knovai .

The p a t h  t h a t  a m a s s i v e  mea iu i . i - ene rgy  p r o j e c t i l e  \ . ' i l l  f o l l o w  i n  

t r a v e r s i n g  t h e  t a r c . e r  m a t e r i a l  w i l l  d e v i a t e  l i t t l e  f rom a s t r a i g h u  l i n e  

i f  t h e  a b s o r b e r  i s  s u f f i c i e n t l y  th. in so t h a t  t h e  p r o j e c t i l e  d oe s  n o t  

l o s e  a l a r g e  f r a c t i o n  o f  i t s  i n i t . i , .  1 e n e r g y  i n  t r a v e r s i n g  t h e  m a t e r i a l . 

T h i s  f e a t u r e  p r e v a i l s  b e c a u s e  t h e  omai i  nor .entum t r a n s f e r s  a s s o c i a t e e  

w i t h  c o l l i s i o n s  o f  t h e  p r o j e c t i l e  w i t h  a t o m i c  e l e c t r o n s  d e f l e c t ,  t h e  

p r o j e c t i l e s '  p a t h s  i n  random d i r e c t i o n s .  The n e t  e f f e c t  o i  many s u c h

*
Numbers i n  p a r e n t h e s e s  r e f e r  t o  numboreu r e f e r e n c e s  i n  t he

b i b l  io ; , r ap l iy .
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c o l l i s i o n s  does  noL,  i n  g e n e r a l ,  r e s u l t  i n  a l a r g e  d e f l e c t i o n  o f  t n e  

p r o j e c t i l e  i n  any one d i r e c t i o n .

Tne p a r t i a l  i o n i z a t i o n  of  t h e  p r o j e c t i l e ,  i m p o r t a n t  i n  t h e  low 

e n e r g y  r e g i o n ,  can  a l s o  be  i m p o r t a n t  i n  t h e  medium e n e r g y  r e g i o n  i f  t h e  

t o t a l  charge o f  t h e  p r o j e c t i l e  i s  s u f f i c i e n t l y  g r e a t .  T h i s  e f f e c t  c an

be a p p r e c i a b l e  even  f o r  p r o j e c t i l e s  o i t h  r c i a t i v e l y  s m a l l  c h a r g e s ,  b u t

in  t h e s e  c a s e s  o n l y  o v e r  the l ower  p o r t i o n  of  t h e  m c d i u m - e n e r g y  r e g i o n .

The m u l t i p l i c i t y  o f  p a r a m e t e r  s hr  ov'(-.ht a b o u t  by t h e  many e x t e n s i o n s  

( 2 , 3 , 4 )  t o  t h e  o r d i n a l  ueLUC-J. l o c h  t i i e o r y  maheo t h e i r  d e t e r m i n a t i o n  

d i f f i c u l t  a t  b e s t .  S i n c e  t h e o r e t i c a l  u e t e r m i n â t  i o n  i s  n o t  f e a s i b l e ,  t h e  

a l t e r n a t i v e  i s  a f i t  of  t h e o r y  t o  a c c u r a t e  i n r p e r i m e a t a  1 r e s u l t s .  

Unf 01 t a a ^ t e l y  , t h e r e  h a s  bec-n r d e a r t h  o r  on pé r i me  nr. a 1 d a t a  a c c u r a t e  

enough! t o  a l l o i ;  c o n s i s t e n t  d é t e r m i n â t  i on  o f  t h e  u e c t s  s a r y  p a r a m e t e r s .

The measuromer . t s  u t i l i ^ c m  h e r e  a r e  thc.’So o u ta i n oc i  by A n d e r s e n  e t  

a l . ( 5 ) .  By emu J oy i ng  ca l o r  .u;.e,tr i s  t e c h n i q u e s  t h e  A n d e r s e n  g r o u p  v a s  

a b l e  t o  c l a i m  an a c c u r a c y  o f  0.5% i n  s t o p p i n g  p o w e r , p l a c i n g  t h e s e  a c t a  

among the  mos t  a c c u r a t e  a v a i l a b l e .  Ti' .ese l a c a s u r e m c n t s  were  done f o r  

t n v e e  h i n t s  o f  p r o j e c t i l e "  ( p r o t o n s , a l p h a  p a r t i c l e s ,  a n a  i i t h i u i : ;  

n u c l e i )  on e a c h  o f  f o u r  t a r g e t  n a t e r i a . l s :  A l ,  C u , A g , and Au.

Tne a n a l y s i s  of  t h e s e  d a t a  va s  done t he  a i d  o f  a ccnuputei'

program b ased  on a code d e ve l ope d  by b i c h s è i  ( 6 ) ,  Guepord and P o r t e r

( ? ) .  Th i s  FOPThr'-.U program v.as l u r t h . c r  m o d i f i e d  to a l l o w  t he

d o t  c r . lira., L ion of  a maximum o f  f o u r  p a r a m e t e r s  s i m u l t a n e o u s l y ,  'i,;e 

bim.ultnncou.s d é t e r m i n â t  ion of  t h e s e  pa rat: u I e r r  ■•ay found to  be i ; . ipoi t . :ut
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i n  some c a s e s  due t o  t h e i r  i n t e r d e p e n d e n c e .
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CHAPTER I I  

THEORY

The sr.oppi.ng p ower ,  S,  o f  a m a t e r i a l  i s  d e f i n e d  by

S = - 1  dl'  .
P dX

Here p i s  t h e  d e n s i t y  o f  t h e  t a r g e t  n a r e r i a  1 i n  g / c i : ? ,  and  dE/dX i s  t h e  

a v e r a g e  r a t e  o f  e n e r g y  l o s s  o f  t h e  p r o j e c t i l e  p e r  u n i t  p a t h  l e n g t n .  

T y p i c a l  u n i t s  f o r  s t o p p i n g  power  a r e  HeV-cui / g .  S i n c e  a m a s s i v e  

p r o j e c t i l e  l o s e s  o n l y  a  s m a l l  f r a c t i o n  o f  i t s  t o t a l  k i n e t i c  e n e r g y  

d u r i n g  e a c h  i n t e r a c t i o n  w i t h  an a t o m i c  e l e c t r o n ,  t h e  s t o p p i n g  poi:-er can  

be  consicierc-d t o  be a c o n t i n u o u s  f u n c t i o n  o f  p r o j e c t i l e  p a t h  l e n g t h  i n  

t h e  a b s o r b e r .  An i n t e r a c t i o n  o f  t h e  p r o j e c t i l e  w i t h  an a t o m i c  n u c l e u s  

c ou l d  p r o d uc e  a l a r g e  e n e r g y  l o s s ,  bu t  t  lie se  i n t e r a c t i o n s  a r e  so r a r e  a s  

t o  be coiLiplately n e g l i g i b l e  i n  t h e  me d i u i u - ene r gy  r a n g e .

The f i r s t  t h e o r e t i c a l  t r e a t m e n t  o f  s t o p p i n g  power  was done by i . i e l s  

Bohr (Ü) .  Bcuir u s e d  an i m p a c t  p a r a m e t e r  t o  c h a r a c t e r i z e  t h e  t r a n s f e r  o f  

e n e r g y  f rom t h e  i n c i d e n t  p a r t i c l e  t o  t h e  e l e c t r o n s  o f  t h e  t a r g e t

i - m t e r i a i .  T n i s  t h e o r y  p r o v e d  u n s a t  i s i a  c t o r y  b e c a u s e  i t  had l i m i t e d  

a c c u r a c y ,  and o n l y  a p p l i e d  o v e r  a l i m i t e d  r a n g e  o f  p r o j e c t i l e  e n e r g i e s .

A n o t n e r  m a j o r  o u j e c t i o n  t o  t h e  Bohr  t h e o r y  i s  t h a t  t h e  impacc  

parar . idtex i s  n o t  an o b s e r v a b l e  C j u a n t i t y .  A l s o ,  B o h r ' s  t h e o r y  r e q u i r e d  

t h a t  u p p e r  and lo\?er  l i m i t s  oe i mposed  on t h e  i m p a c t  p a r a m e t e r  in  o r d e r  

t h a t  t h e  miniwuni and viiaxinuu e n e r g y  t r a n s f e r  t o  an e l e c t r o n  be 

c o n s t r a i n e d .
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B o h r ' s  s t o p p i n g  power  t h e o r y  was l a t e r  r e p l a c e d  by t h a t  o f  Be t he  

and Bl oc h  who u s e d  a f i r s t  o r d e r  q uan t um m e c h a n i c a l  a p p r o a c h  

c h a r a c t e r i s e d  by momentum t r a n s f e r .  A t r e a t m e n t  o f  t h e  d e r i v a t i o n  o f  

t h e  B e t h e - B l o c h  f o n a u l a  can  be found  i n  Fano ( 1 ) .  The o r i g i n a l  f o rm o f  

t h e  B e t h e - B l o c h  f o r m u l a  h a s  been m o d i f i e d  i n  r e c e n t  y e a r s  t o  i n c l u d e  

t e r m s  t o  c o r r e c t  f o r  r e c e n t l y  d i s c o v e r e d  e f f e c t s  t o  be d i s c u s s e d  l a t e r .  

The c u r r e n t  f o rm o f  t h e  B e t h e - B l o c h  f o r m u l a  i s  g i v e n  by

S -  4ïïe,^h ,

where t h e  q u a n t i t y

/iTTe^ho = .307CS
inC''? -

f o r  S g i v e n  in  iic-V-cm^/^i. The symbol s  i n  t h e  s t o p p i n g  power  f  o r r . u l a  

r e p r e s e n t  t he  f o l l o w i n g  q u a n t i t i e s ;  

e = e l e c t r o n i c  c h a r g e  

No =Avogadro ' s number  

mc2 = r e 5 t  t , a s s  o f  e l e c t r o n

3  = v / c - v e l o c i t y  o f  p r o j e c t i l e / v e l o c i t y  o f  l i g h t  

z = c h a r ge  on p r o j e c t i l e  i n  u n i t s  o f  e 

Z - a t o i a i c  nu.aocr o f  t a r g e t  m a t e r i s  1 

A ==atci..ic w e i g h t  o f  t a r g e t  m a t e r i a l  

L - s t o p p i n g  number  p e r  t a r g e t  e l e c t r o n

The s t o p p i n g  numboi  p e r  t a r g e t  e l e c t r o n  c o n s i s t s  o f  t h r e e  t e i n . s  

t h a t  c o n t a i n  ^ 11 o f  t l ie u n d e t e r m i n e d  p a r a m e t e r s  o f  t h e  t h e o r y  and  so 

b e a r s  c l o s e r  exai' iin,; t  i o n  .

L " Lq + zL^ + Lg
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The f i r s t  term, , and  t h e  l a s t  t e r m ,  , come f rom t h e  o r i g i n a l

B e t h e - B l o c h  t h e o r e t i c a l  t r e a t m e n t .  The c e n t r a l  t e r m  was a d d ed  a s  a

c o r r e c t i o n  t o  t h e  s t o p p i n g  number  a f t e r  e x p e r i i i . e n t a l  e v i d e n c e  ( 9 )  showed 

that  slow n e g a t i v e  l i ype rons  l o s e  e n e r g y  a t  a s l o w e r  r a t e  t h a n  do 

p o s i t i v e  p a r t i c l e s  o f  t h e  same v e l o c i t y .  This phenoi,tenon i s  c a l l e d  t h e  

" Ba r ka s  e f f e c t "  ( 4 )  and t h e  c o r r e c c i o n  f o r  t h i s  e f f e c t  was o b t a i n e d  i n  

t h e o r e t i c a l  t r e a t ï i i o n t  by A s h l e y ,  R i t c h i e ,  and B r a n d t  ( 2 , 3 ) .  The fo rm o f

h  n

zL j - x F ( b / X ^ / ' )

where  F(b /X^^^)  i s  a f u n c t i o n  d e r i v e d  end t a b u l a t e d  i n  R e t s .  2 , 3 ,  and  b 

i s  a f r e e  p r r a m t t e i  o f  t h e  t h e o r y ,  h e n c e f o r t h  r e f e r r e d  t o  a s  t h e  

pro jec  t i l  e - z  paraT.eter. The symbol. X r e) :a :eser , t s  40.2E/MZ where  E i s

t h e  p r o j e c t i l e  cner, . ,y i n  i.'dV anu II i s  t l i e  p r o j e c t i l e  mass  i n  amu.

Tue f a c t o r  l ^  i n  t h e  e x p r e s s i o n  f o r  L i s  t l ie Bloch p r o j c c t i l e -  

c o r r e c t i o n  t e rm,  and i s  c o n s i d e r e d  t o  be p a r t  o f  t he  b a s i c  t h e o r y  

a l t h o u g h  i t  was re  i n t r o d u c e d  only  r e c e n t l y .  With t he  a d d i t i o n  o f  t h i s  

Bloch term t he  Dethe f o r mu la  w i l l  r e d u c e ,  in  the  l i m i t  o f  h 1̂ .11 

pro j.'Cv. l i e  v e l o c i t i e s ,  t o  t he  r e s u l t  o b t a i n e d  i n  t he  s e m i - c l a s s  ic a t  

t r e a t u . en t  .nC Ruhr .  Ï lie form of  t he  Bloch t e rm i s

L2 ( y ) = T i ( l ) - I l e ( ' K l  + i y ) )

where y - z a / g  w i t h  a  be i ng  t he  f i n e  s t r u c t u r e  c o n s t a n t .  The f u n c t i o n  

i s  cue 1 Ucgiri thmic c e r i v a t i v e  o f  t h e  gamu'a f u n c t i o n .  For  t he  purpose of 

c a l cv . l a t  louc 1 ea s e  t h i s  t e rm i s  a p pr ox i ma te d  t o  w i t h i n  0.4% by the  

f u n c t i o n  (10)

-y^ l l . 202ÜA- y2( i , Q42_ù , pc , (^ ^ , , 2 . , ( ,  ^

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



y

Xt w&s t h i s  f o rm t h a t  v,’a s  u s e d  f o r  t : i e  c a l c u l a t i o n s  i n  t h e  p r e s e n t  

s t u d y .

Lq cnmes f rom t h e  o r i g i n a l  t r e a t i s e . . t  by Be t he  and i s  g i v e n  by

L = f ( B ) - l n ( I ) - T C i / l - 6 / 2 , 
i

where

f  ( P ) “  In  ( 2mc 3 ^ / 1 1  -  p ")  ) -  .

These  symbols  r e p r e s e n t  rhe  falLcv' iu^^ q u a n t i t i e s :

I  nûcan  e x c i t â t  ion  e n e r g y

6  - h i g h  v e l o c i t y  d e n s i t y  e f f e c t  c o r r e c t i o n  

C j - s h c i l  c o r r e c t i o n  f u r  t n e  i ^ ^  s h e l l ,

where  i - 1  r e f e r s  t o  t h e  K- sh c l . l  e l e c t r o n s ,  i--2 r e f e r s  t o  t l i e  L - s h e l l  

e l e c t r o n s ,  s u e .  The h i g h  -energy d e n s i t y  e f f e c t  c o r r e c t i o n  a p p l i e s  o n l y  

i n  t h e  c a s e  of  h i g h  e n e r g y  i n c i d e n t  p a r t i c l e s  and i s  n e g l i g i b l e  i n  t h e  

p r e s e n t  s t u d y .

Charge  s t a t e  c o r r e c t i o n s  a r e  i n c l u c ’ec; i n  some c a s e s  t o  c o r r e c t  f o r  

t h e  p a r t i a l  i o n i a a t i o n  o f  t h e  p r o j e c t i l e .  The s e  c o r r e c t i o n s  bave  t i e  

form

z" = z ( l - - en p ( - -k 3

where  a  i s  t h e  f i n e  s t r u c t u r e  c o n s t a n t ,  an-:i h i s  t h e  a d j u s t a b l e  

p a r a m e t e r  f o r  t h e  c o r r e c t i o n .

The mean e x c i t a t i o n  e n e r g y  i s  t h e  p r i n c i p a l  a u j u s t a h l e  p a r a m e t e r  o f  

B e t h e - B l o c h  t h e o r y ,  and mus t  be d e t e r m  rued  t h r o u g h  i i r s  t o  e x p e r  i.mc-nt a 1 

d a t a .  I t  r e p r e s e n t s  a l o g a r i t h m i c  mean o v e r  a l l  o f  t h e  p o s s i b l e  

e x c i t a t i o n  e n e r g i e s ,  , o f  t h e  t e r c e t  a tom above  the- g r o u n d  s t a t e ,
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w e i g h t e d  a c c o r d i n g  t o  o s c i l l a t o r  s t r e n g t h s  ( 1 ) ,  , o f  bound e l e c t r o n s

and  i s  d e i i n e d  by

l n ( l ) = ^  f i l n ( E i ) .

The o s c i l l a t o r  s t r e n g t h s  a r e  n o t  e a s i l y  o b t a i n e d  f o r  mos t  m a t e r i a l s  so 1 

i s  d e t e r m i n e d  f rom a f i t  o f  t h e o r y  t o  e x p e r i m e n t a l  d a t a .

The o t h e r  p r i n c i p a l  a d j u s t a b l e  p a r a m e t e r s  o f  t h e  o r i g i n a l  t h e o r y  

a r e  t h o s e  found  i n  t h e  C, , t h e  s h e l l  c o r r e c t i o n s .  The s e  c o r r e c t i o n s  a r e  

u s e d  t o  c o r r e c t  f o r  t h e  n u l l  ( o r  p a r t i a l )  p a r t i c i p a t i o n  o f  i n n e r  s h e l l  

e l e c t r o n s  i n  s t o p p i n g  t h e  p r o j e c t i l e .  E x p e r i m e n t a l  e v i d e n c e  iiar. anovm 

t h i s  c o r r e c t i o n  t o  t h e  t h e o r y  t o  be more i m p o r t a n t  t h a n  was o r i g i n a l l y  

t h o u g h t .  U i t h o u t  t h e s e  s h e l l  c o r r e c t i o n s  B e t h e - B l o c h  t h e o r y  r e s t s  on 

t h e  a s s u m p t i o n  t h a t  t h e  s p e e d  o f  t h e  i n c i d e n t  p a r t i c l e  i s  much h i g h e r  

t h a n  t h a t  o f  a t o m i c  e l e c t r o n s  i n  t h e i r  bound s t a t e s .  T n r ough  u s e  o f  t h e  

Be h r  a t o m i c  model  f o r  an o r d e r - o f - m a g n i t u d e  c a l c u l a t i o n ,  t h i s  can  be 

shown t o  be an  e r r o n e o u s  a s s u m p t i o n .  For e x a m p l e ,  t h e  v e l o c i t y  o f  a 

K - s h e l l  e l e c t r o n  i n  Cu (Z=29)  i s ,  a c c o r d i n g  t o  t h e  Bohr  mo d e l ,

V =  Ze^/ t .  = U.bc

where  c r e p r e s e n t s  t h e  v e l o c i t y  o f  l i g h t .  I f  t h e  p r o j e c t i l e  i s  a 10 lleV

p r o t o n ,  t n e n  i t s  v e l o c i t y  i s  g i v e i .  by

E = mv^ /2  V = 0 . 0 2 c  . — >

Thus t h e  v e l o c i t y  o f  a K - s h e l l  e l e c t r o n  i s  a p p r o x i m a t e l y  an o r d e r  o f  

m a g n i t u d e  l a r g e r  t h a n  t h a t  o f  t i ie i n c i d e n t  p r o t o n .  The s h e l l  

c o r r e c t i o n s  become more i m p o r t a n t  a t  low anu h i g h  p r o j e c t i l e  e n e r g i e s .
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Nu me r i c a l  v a l u e s  o f  t h e s e  s h e l l  c o r r e c t i o n s  have  b e e n  c a l c u l a t e d  

t h e o r e t i c a l l y  f o r  K- and  L - s h e l l  e l e c t r o n s  by VJalske ( 1 1 , 1 2 ) .  An 

a p p r o x i m a t i o n  t o  t h e  s h e l l  c o r r e c t i o n  f a c t o r s  f o r  t h e  11-  and  I I - she  1 I s  

have  b e e n  c o n s t r u c t e d  t h r o u g h  t h e  u s e  o f  " h o r i s o n t a l "  and " v e r t i c a l "  

s c a l i n g  f a c t o r s  a p p l i e d  t o  t h e  h ' a l s ke  L - s h e l l  c o r r e c t i o n .  The s h e l l  

c o r r e c t i o n s  a r e  g i v e n  by

1 )

Here  C and C a r e  t h e  K-  and L - s h e l l  c o r r e c t i o n  f a c t o r s  c a l c u l a t e d  by 
K. L

VJalske.  The two m u l t i p l i c a t i v e  s t r e n g t h  t e r m s  and E2  a r e  s e t  t o  1 , 0  

f o r  t h e  p r e s e n t  s t u d y .  I n  t h e  c a s e  o f  Al  t h e  1 1 - s h e l l  c o r r e c t i o n  was 

a p p l i e d  t o  t h e  L - s h e l l  e l e c t r o n s ,  i n  w h i c h  c a s e  Ilpj and were

r e - l a b e l e d  11̂  and  Vg, r e s p e c t i v e l y .
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CHAPTER I I I

METilÛD

The q u a l i t y  o f  f i t  o f  B e t h e - B l o c h  t h e o r y  t o  t h e  e x p e r i m e n t a l  d a t a  

i s  r e p r e s e n t e d  by t h e  r o o t  mean s q u a r e  r e l a t i v e  d e v i a t i o n ,  ce, u e f i n e u  by

' ^ - I ( S e x p ( E p - S c h ( E i ) ) ^ ' t A S ^ , . j , ( E p K ) 2

where  S r e p r e s e n t s  t h e  e x p e r i m e n t  a l l y  d e t e r m i n e d  s t o p p i n g  power

f o r  t h e  i^^^ e n e r g y ,  E^ ,  and  ) i s  t h e  c o r r e s p o n d i n g  t h e o r e t i c a l

s t o p p i n g  po\7e r . H e r e ,  IJ r e p r e s e n t s  t h e  number  o f  d a t a  p o i n t s  f o r  a

p a r t i c u l a r  p r o j e c t i l e - t a r g e t  c o m b i n a t i o n , and ^  p ^ ) i s  t h e  s t a t e d  

u n c e r t a i n t y  i n  t h e  e x p e r i m e n t a l  d a t a .  A miniuuin v a l u e  o f  o* c o r r e s p o n d s  

t o  a combi na t  i on  o f  r e t h e - E l o e i i  p a r a m e t e r s  t h a t  p r o v i d e  t h e  b e s t  o v e r a l l  

f i t  o f  t h e  t h e o r y  t o  t h e  d a t a .

The coi i ipuler  p ro g r am u s ed  i n  t h e s e  f i t s  o f  t h e o r y  t o  u a t a  was 

a u t o ma t e d  i n  o r d e r  t o  p r o v i d e  a means  o f  o b t a i n i n g  a  minimum i n  cr by 

t r y i n g  v a r i o u s  d i f f e r e n t  c o m b i n a t i o n s  o f  n u m e r i c a l  v a l u e s  f o r  t h e  f r e e  

p a r a m e t e r s  o f  t h e  t h e o r y .  These  v a l u e s  c o r r e s p o n u  t o  p o i n t s  i n  i. 

" r e c t a n g u l a r "  g r i d  h a v i n g  a d i m e n s i o n a l i t y  e q u a l  t o  t h e  number  o f  f r e e  

p a r a m e t e r s .  Upon d e t e r m i n a t i o n  o f  t h e  p o i n t  i n  t h i s  g r i d  t h a t  p r o v i d e d  

t h e  S L . a l l e s t  CT, a new f i n e r  g r i d  can  be c o n s t r u c t e c  a r o u n d  t h i s  p o i n t

and  t h e  p r o c e s s  r e p e a t e d  u n t i l  t h e  d e s i r e d  a c c u r a c y  i s  o b t a i n e d .

S e v e r a l  v e r s i o n s  o f  t h i s  p r o g ra m  were  d e v e l o p e d  i n  o r d e r  t o  accoi iuaodate 

o n e ,  two.  t h r e e ,  o r  l o u r  f r e e  p a r a m e t e r s .

A n o t h e r  f e a t u r e  o f  t h e  c om p u t e r  p r o g r am a l l o w s  d e t e r m i n a t i o n  o f  t h e  

a c c u r a c y  t o  w h i c h  t h e  f r e e  p a r a m e t e r s  a r e  d e t e r m i n e d , i . e . ,  t h e  d e g r e e  

t o  wh i ch  t h e  v a l u e s  o f  t h e  p a r a m e t e r s  a r e  a f f e c t e d  by t h e  e r r o r s
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i n h e r e n t  i n  t h e  e x p e r i m e n t a l  d a t a .  I n  o r d e r  t o  a c c o m p l i s h  t h i s

d e t e r m i n a t i o n  o f  a c c u r a c y ,  G a u s s i a n  random p e r t u r b a t i o n s  o f  t h e

e x p e r i m e n t a l  d a t a  a r e  i n t r o d u c e d .  These  p e r t u r b a t i o n s  have  a s t a n d a r d  

d e v i a t i o n  e q u a l  t o  t h e  s t a t e d  a c c u r a c y  o f  t h e  e x p e r i m e n t a l  d a t a .  The

f r e e  p a r a m e t e r s  were  t h e n  a g a i n  d e t e r v r i n e d  u s i n g  t h e  same p r o c e d u r e  

a p p l i e d  t o  t h e  o r i g i n a l  d a t a .  T h i s  p r o c e s s  was t h e n  r e p e a t e d  a minimum 

o f  t e n  t i m e s  f o r  e a c h  s e t  o f  d a t a  t o  a l l o w  a s a mp l e  o f  f r e e  p a r a m e t e r  

v a l u e s  l a r g e  enough  t o  o b t a i n  a m e a n i n g f u l  s t a n d a r d  d e v i a t i o n  f o r  e a c h  

p a r a m e t e r .  The s t a n d a r d  d e v i a t i o n s  t h u s  o b t a i n e d  r e p r e s e n t

u n c e r t a i n t i e s  i n  the. d e t e r m i n a t i o n  o f  t h e  f r e e  p a r a m e t e r s  a r i s i n g  f rom

random u n c e r t a i n t i e s  i n  t h e  e x p e r i m e n t a l  d a t a .

I t  was i n i t i a l l y  hoped  t h a t  t h e  c o m p u t e r  p r o g r a m  c o u l d  b e  f u r t h e r  

e x t e n d e d  i n  o r d e r  t o  d e t e r m i n e  a l l  o f  t h e  e x p e r i m e n t a l l y  d e r i v e d  

p a r a m e t e r s  s i m u l t a n e o u s l y  f o r  a g i v e n  s e t  o f  e x p e r i m e n t a l  d a t a .  Even i f  

t h e  l a r g e  amount  o f  c o m p u t e r  t i m e  i n v o l v e d  were  n o t  t h e  l i m i t i n g  f a c t o r ,  

a n o t h e r  c o n s i d e r a t i o n  would  c u r r e n t l y  l i m i t  t h e  u s e f u l n e s s  o f  s u c h  an 

a p p r o a c h .  T h i s  c o n s i d e r a t i o n  s t e m s  f rom t h e  a c c u r a c y  o f  a v a l i a b l e

e x p e r i m e n t a l  d a t a .  D u r i n g  t h e  c o u r s e  o f  t h e  d e t e r m i n a t i o n  o f  v a l u e s  f o r  

t h e  f r e e  p a r a m e t e r s  o f  t h e  t h e o r y ,  t h e  n e c e s s i t y  f o r  e x t r e m e l y  a c c u r a t e  

me a s u r e m e n t s  became o b v i o u s .  S i n c e  some o f  t h e  a d j u s t a b l e  p a r a m e t e r s  

r e p r e s e n t  s m a l l  c o r r e c t i o n s  t o  t h e  t o t a l  s t o p p i n g  po w e r ,  t h e  c i t e d  

random e x p e r i m e n t a l  e r r o r s  i n  t h e  d a t a  a l l o w e d  a l a r g e  number  o f  

d i f f e r e n t  c o m b i n a t i o n s  o f  t h e  p a r a m e t e r s  t o  y i e l d  c o m p a r a b l e  f i t s  i n  

some c a s e s .
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The f a c t  t h a t  c o m p a r a b l e  f i t s  c a n  be o b t a i n e d  f o r  s e v e r a l  d i f f e r e n t  

c o m b i n a t i o n s  o f  v a l u e s  o f  t h e  f r e e  p a r a m e t e r s  i n  many c a s e s  d o e s  n o t  

a l t o g e t h e r  p r e v e n t  t h e i r  d e t e r m i n a t i o n .  The a s s ume d  d e p e n d e n c e  o r  

i n d e p e n d e n c e  o f  e a c h  o f  t h e  f r e e  p a r a m e t e r s  on t a r g e t  m a t e r i a l ,  

p r o j e c t i l e  e n e r g y  , and p r o j e c t i l e  t y p e  can  a i d  i n  t h e  d e t e r m i n a t i o n  o f  

t h e  c o r r e c t  c o m b i n a t i o n  o f  p a r a m e t e r  v a l u e s .  A n o t h e r  t o o l  i s  t h e  

c o m p a r i s o n  o f  d e t e r m i n e d  v a l u e s  t o  c o r r e s p o n d i n g  v a l u e s  o b t a i n e d  i n  

o t h e r  s t u d i e s .  T h i s  a p p r o a c h  can  p r o v i d e  u s e f u l  c o n s t r a i n t s  on soiuc 

p a r a m e t e r s  o r  can  a t  l e a s t  p r o v i d e  a s t a r t i n g  p o i n t  f o r  a m u l t i p a r a m e t e r  

S e a r c h .  A t h i r d  t o o l  i s  t h e  u s e  o f  s u g g e s t e d  v a l u e s  f o r  some o f  t h e  

p a r a m e t e r s  b a s e d  upon t h e  e m p i r i c a l l y  d i s c o v e r e d  s y s t e m a t i c s  o r  

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

The v a l u e  o f  t h e  mean e x c i t a t i o n  e n e r g y ,  I ,  s h o u l d  be i n d e p e n d e n t  

o f  p r o j e c t i l e  e n e r g y  and  t y p e ,  i . e . ,  a c o n s t a n t  f o r  a g i v e n  t a r g e t  

m a t e r i a l .  The l i m i t e d  a c c u r a c y  o f  a v a l i a b l e  d a t a  a n d / o r  t h e  i n a c c u r a t e  

d e t e r m i n a t i o n  o f  o t h e r  p a r a m e t e r s  o f  t h e  t h e o r y  h a v e  y i e l d e d  many 

d i f f e r e n t  v a l u e s  o f  I  f o r  a . g i v e n  t a r g e t  m a t e r i a l  t h r o u g h  o t h e r  s t u d i e s .  

One mi gh t  e x p e c t  t h e  a c t u a l  v a l u e  o f  I  f o r  a m a t e r i a l  t o  l i e  somewhere 

i n  t h e  r a n g e  o f  d e t e r m i n e d  v a l u e s  p r e v i o u s l y  o b t a i n e d .  C o n s t r a i n t s  t h u s  

imposed  may be u s e f u l  i n  t h e  d e t e r m i n a t i o n  o f  o t h e r  p a r a m e t e r s  o f  t h e  

t h e o r y .

I f  t h e  t h e o r e t i c a l  t r e a t c . e n t  ( 2 , 3 )  o f  t h e  z ^ - e f f e c t  p r o v i d e s  c.u 

a c c u r a t e  p r e d i c t i v e  m o d e l ,  t h e n  s e v e r a l  c o n c l u s i o n s  can  be d rawn a b o u t  

t h e  n u m e r i c a l  v a l u e  o f  t h e  z - ^ - e f f e c t  p a r a m e t e r ,  b .  I n  t h e  f o r iu a l i s u i  o f  

A s h l e y ,  R i t c h i e ,  and B r an d t  i t  i s  i n d i c a t e d  t h a t  b s h o u l d  be e s s e n t i a  1 ly
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c o n s t a n t  f o r  a l l  t a r g e t  m a t e r i a l s .  A p r e v i o u s  s t u d y  ( 1 3 )  h a s  f a i l e d  t o  

show t h i s  t o  be  t h e  c a s e ,  p o s s i b l y  due  t o  t h e  l i m i t e d  a c c u r a c y  o f  t h e  

d a t a  u s e d .

The form o f  b i s  g i v e n  i n  ( 3 )  a s

1/6
b = n y  z

where  X i s  an a d j u s t a b l e  p a r a m e t e r  o f  t he  t h e o r y  and

n -He ( 1 <6 . 0 2  : ~ 1 '

f o r  2  g r e a t e r  t h a n  12  a s  i s  Lue c a a e  i n  t h e  p r e s e n t  s t u d y .  ftp i s  a 

c o n s t a n t  o f  o r d e r  u n i t y .  The p r o d u c t  n Z ^ ^ ^ h a s  s u c h  a weak d é p e n d a n c e  on 

Z t h a t  b i s  e s s e n t i a l l y  i n d e p e n d e n t  o f  Z.  For  t h e  t a r g e t s  u s ed  i n  t h e  

p r e s e n t  s t u d y  t h e  v a l u e s  o f  b a r e :

6,: ]̂ . 94  X f o r  Al ( 2^ 1 3 )  

b=1 . 9 / X  f u r  Co (Z=29)

h - / .02 X f o r  Ag (2=47)  ,

b=2 . 14  X f o r  Au (2=79)

The v a l u e  o f  b s h o u l d  v a r y  no more t h a n  0 . 17  X o v e r  t h e  r a n g e  o f  t a r g e t  

m a t e r i a l s  e x a m i n e d .  T h i s  c o r r e s p o n d s  f o r  a t y p i c a l  v a l u e  o f  b = 1 . 4  f o r  a 

s i n g l e  t a r g e t  e l e m e n t  w i t h  a v a r i a t i o n  in b o f  no more t h a n  2 .0 . 1 2  due  t o  

t h e  t a r g e t  e l e m e n t s  t e s t e d .  T h i s  v a r i a t i o n  i s  . small  enough  t h a t  i t  

p r o b a b l y  c o u l d  n o t  be an  o b s e r v a b l e  e f f e c t  b e c a u s e  o f  t h e  l i m i t e d  

a c c u r a c y  o f  t h e  d a t a  and o t h e r  f a c t o r s  p r e v i o u s l y  n o t e d .

The d a t a  h e r e i n  a n a l y z e d  a r e  u s e f u l  i n  t h a t  t h e y  p r o v i d e  a 

s e l e c t i o n  o f  p r o j e c t i l e s  a s  w e l l  a s  a s e l e c t i o n  o f  t a r g e t  m a t e r i a l s .  

T h i s  f e a t u r e  a l l o w s  t h e  i n v e s t i g a t i o n  o f  p o s s i b l e  a d e p e n d e n c e  o f  b .
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I n i t i a l l y  i t  was s u g g e s t e d  t h a t  t h i s  i n v e s t i g a t i o n  be e x t e n d e d  t o  

i n c l u d e  h i g h e r  z p r o j e c t i l e s  i n  an e f f o r t  b e t t e r  t o  exair. ine t h i s  

d e p e n d e n c e ,  bu t  t i m e  c o n s t r a i n t s  p r o n i b i t e c  t h e  f u r t h e r  s t u d y .

The s c a l i n g  p a r a m e t e r s  K^,  Vj ĵ, u s e d  f o r  t h e  s i i e l l

c o r r e c t i o n s  h a v e  a c o m p l i c a t e d  d e p e n d e n c e  on t h e  p r o j e c t i l e  v e l o c i t y  

t h r o u g h  a d e p e n d e n c e  on t h e  o s c i l l a t o r  s t r e n g t h s .  The s e  o s c i l l a t o r  

s t r e n g t h s  a i s o  d epend  upon  t h e  t a r g e t  m a t e r i a l ,  t h u s  i n d i c a t i n g  a 

s i m i l a r  d e p en de n c e  f o r  t h e  s h e l l  c o r r e c t i o n s .

I n i t i a l l y  a f o u r - p a r a m . e t e r  f i t  was a t t e m p t e d  f o r  b o t h  Al  a n d  Cu

i n v o l v i n g  11̂  and V^,  ( o r ,  i n  t h e  c a s e  o f  A l , 11̂  and b and I ,  I n

n e i t h e r  c a s e  was a c l e a r  minimum i n  o o b s e r v e d .  I n d e e d  i t  was o b s e r v e d

t h a t  i f  t h e  v a l u e s  o f  I  and b were  l e f t  u n c o n s t r a i n e d  i n  t h i s  s e a r c h ,

c o m p ar a b l e  f i t s  f o r  a l a r g e  number  o f  c o m b i n a t i o n s  o f  H and V c o u l d  be
M M

o b t a i n e d .  I t  was c o n c l u d e d  t h a t  t h e  l i m i t e d  a c c u r a c y  o f  t h e  d a t a  d i d  

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

The s n e l l  c o r r e c t i o n  p a r a m e t e r s  were  t n e n  f i x e d  a t  v a l u e s  o b t a i n e d  

i n  p r e v i o u s  s t u d i e s  and  a  s e a r c h  o f  I  and  b f o r  a minimum i n  o was 

i n s t i t u t e d .  These  s h e l l  c o r r e c t i o n  p a r a m e t e r s  w i l l  h e r e i n  be c a l l e d  t h e  

B i c h s e l - I l i i l e r  p a r a m e t e r s .  A l t e r n a t e  v a l u e s  f o r  t h e s e  s h e l l  c o r r e c t i o n  

p a r a m e t e r s  b a s e d  upon a s u g g e s t i o n  by B i c h s e l  ( 10 )  were a l s o  t r i e d .  

T h i s  a l t e r n a t e  s e t  o f  s h e l l  c o r r e c t i o n  p a r a m e t e r s  w i l l  be h e r e i n  

r e f e r r e d  t o  a s  t h e  B i c h s e l  p a r a m e t e r s .
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CHAPTER IV 

RESULTS

The f i r s t  a n a l y s i s  u s e s  t h e  B i c i i s e l  - N i i l e r  s h e l l  c o r r e c t i o n s .  

T h i s  s e t  o f  p a r a m e t e r s  were  h e l d  f i x e d  f o r  e a c h  p r o j e c t i l e - t a r g e t  

c o m b i n a t i o n  w h i l e  a t w o - d i u e u s i o u a l  s e a r c h  was done f o r  a b e s t  f i t  t o  

t h e  e x p e r i m e n t a l  d a t a ,  w i t h  I  and b u s e d  a s  t h e  f r e e  p a r a m e t e r s  o f  t h e  

s e a r c h .  The B i c h s e 1 - H i i l e r  s h e l l  c o r r e c t i o n s  a r e  g i v e n  i n  t a b u l a r  foDu 

b e l o w .

BICHSEL-NIILER PARALETERS

TARGET iiL Vl % % % %

Al 1 . 4 0 . 7 —

Cu 1 . 0 1 . 0 5 . 0 1 . 0 ---

Ag 1 . 0 1 . 0 3 . 0 0 . 4 2 . 5 1 . 0

.Au 1 . 0 1 . 0 2 . 3 1 . 6 9 . 8 2 . 7

t h e  e s s e o f  L i p r o j e c c i l S 3 Ù c h a r g e s t a t e c o r r e c t !

k = 0 . 9 5  , was u s e d  i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  T h i s  v a l u e  f o r  i; i s

g i v e n  i n  r e f .  (14 )  a s  a recommended v a l u e  f o r  a l l  t a r g e t s  e xa mi ne d  

h e r e .

The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  g i v e n  i n  t a b l e  1 .  I n  mos t  c a s e s  a 

good f i t  was o b t a i n e d  a s  i s  i n d i c a t e d  by t l ie s m a l l  v a l u e s  o f  CA The 

e x c e p t i o n s  t o  t h i s  g e n e r a l i z a t i o n  a r e  t h e  c a s e s  o x  p r o t o n s  and e l p n a  

p a r t i c l e s  on A g , and p r o t o n s  on Au.
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A m a j o r  i m p l i c a t i o n  o f  t h e s e  r e s u l t s  i s  an  a p p a r e n t  s t r o n g  

d e p e n d e n c e  o f  b on p r o j e c t i l e  a ,  w h i c h  can be  s e e n  g r a p h i c a l l y  i n  f i g .  

1 . *  Wi th  t h e  p o s s i b l e  e x c e p t i o n  o f  a l p h a  p a r t i c l e s  on A g , b c an  be s e e n  

t o  be a  c l e a r l y  d e c r e a s i n g  f u n c t i o n  o f  z .

A n o t h e r  f e a t u r e  i s  t h e  i n c o n s t a n c y  o f  I  f o r  d i f f e r i n g  p r o j e c t i l e s

on a g i v e n  t a r g e t .  T h i s  d ep en d e n c e  o f  I  on p r o j e c t i l e  z  i s  shown i n

f i g .  2 f o r  e a c h  t a r g e t  e l e m e n t .  The p r o j e c t i l e  d e p e n d e n c e  o f  I  a p p e a r s

t o  have  a d e p e n d e n c e  on Z a l s o ,  a s  can  be  s e e n  by c o m p ar in g  t h e  p l o t s

f o r  d i f i e r e n t  t a r g e t s  i n  f i g .  2 .

* D o t te d  l i n e s  in  the  f i g u r e s  a re  i n t e n d e d  t o  g u id e  th e  eye on ly  
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Alpha

Li

TABLE 1

ALUMINUM

8 0 9 . 0  1 0 . Ü

8 4 5 . 8  1 1 . 5

2 . 20

1 . 39

0 . 25

0 .05

PROJECTILE I AI b _Ab cr

P r o t o n 1 70 . 2 0 . 8 2 .26 0.21 0.27

Alpha 1 6 6 . 3 1 . 1 1 . 10 0.06 0 . 1 1

Li 1 6 3 . 8 1 . 5 0 . 7 7 0 . 0 4 0 .3 6

COPPER

PROJECTILE I AI b Ab cr

P r o t o n 329 .6 2 . 5 3 . 29 1 .02 0 . 2 2

Alpha 325 . 8 3 . 9 1.49 0.17 0.41

L i 3 3 9 . 2 7 . 4 1 .06 0.07 0 .1 8

SILVER

PROJECTILE I AI b Ab cr

P r o t o n 525.7 1 . 2 5 .22 0 . 2 1 3 . 1 4

Alpha 4 88 .2 0 . 7 5 .52 0 . 47 1 . 60

Li 5 25 . 6 1 . 5 1 . 37 0 . 02 0 . 9 4

GOLD

PROJECTILE I Al b cr

P r o t o n 8 3 9 . 2 .1 . 6 4 . 1 0 0 .05 3 . 4 4

0.73

0 . 4 9

I - b  SEARCH USING LICRSEL-MIILER SHELL CORRECTIONS 
( I  i a  e x p r e s s e d  i n  l i u i s  o t  c V . )
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^ “ A 1 
n-Cu 
* “ Ag 
 ̂“ Au

i r p i  n  1 1 \T\ iTiTT

0.0 0.5 1.0 i.S 2.0 2.5 3.0 Î.5 4.0

I  V S .  p r o j e c t i l e  z  

( I  i s  e x p r e s s e d  i n  u n i t s  o f  eV . )
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The v a l u e s  f o r  b o b t a i n e d  i n  t h e  f o r e g o i n g  a n a l y s i s  v a r i e d  f r o u  a 

raaxiuuiii o f  5 . 5 2 + 0 . 4 7  t o  a uini iuum o f  0.77+^0.04 . T h i s  v a r i a t i o n  i s  

u n a c c e p t a b l e  i f  one s u b s c r i b e s  t o  t h e  s u p p o s i t i o n  t h a t  b s h o u l d  be  a 

c o n s t a n t  f o r  a l l  t a r g e t  Z and  a l l  p r o j e c t i l e  z .

The s e c o n d  a n a l y s i s  o f  t h e  e x p e r i m e n t a l  d a t a  i s  s i m i l a r  t o  t h e  

p r e v i o u s  a n a l y s i s  i n  a l l  r e s p e c t s  e x c e p t  t h a t  w h e n e v e r  b e x c e e d e d  t h e  

l i m i t  b=2 . 0  o r  went  be l ow b= 1 . 0 , i t  was f i x e d  a t  t h e  l i m i t  v i o l a t e d  and  

a o n e - p a r a m e t e r  s e a r c h  was c o n t i n u e d  w i t h  I  a s  t h e  r e m a i n i n g  f r e e  

p a r a m e t e r .  Thus v a l u e s  f o r  I  were  o b t a i n e d  f o r  t h e  c a s e  o f  b c o n f i n e d  

t o  a c l o s e d  i n t e r v a l .  A l t h o u g h  t h i s  a p p r o a c h  m i g h t  seem somewhat  

a r t i f i c i a l ,  i t  was done i n  o r d e r  t o  a s c e r t a i n  w h e t h e r  more c o n s i s t e n t  

v a l u e s  f o r  I  m i g h t  be o b t a i n e d  i f  b were c o n s t r a i n e d  t o  be c l o s e r  t o  a 

s i n g l e  v a l u e .

The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  shown i n  t a b l e  2 .  The v a l u e s  o f  I 

t h u s  o b t a i n e d  s t i l l  e x h i b i t  a d e p e n d e n c e  on p r o j e c t i l e  z and  t a r g e t  Z 

s i m i l a r  t o  t h a t  i n  t h e  p r e v i o u s  a n a l y s i s ,  a s  can  be  seen  by comparing 

t h e  p l o t s  f o r  d i f f e r i n g  t a r g e t  e l e m e n t s  i n  f i g .  3 .  T n e r e  i s  a d i s t i n c t  

d ep e n d e n c e  o f  I  on z s i m i l a r  t o  t h e  p r e v i o u s l y  o b s e r v e d  I - z  d e p e n d e n c e .
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TABLE 2

ALUMINUM

PROJECTILE

P r o t o n

Alpna

PROJECTILE

P r o t o n

AlpliO

Li

PROJECTILE

P r o t o n

Alpha

Li

PROJECTILE

P r o t o n

Alpha

Li

I A I b _A k_ (T

1/1 . 4 0 . 4 2 . 0 0 0 . 0 0 0 . 4 0

i u 6 . 3 1 . 1 1 . 1 0 0 . 06 0 . 1 1

1 3 5 . 9 0 . 9 1 . 0 0 0 . 0 0 1 . 3 8

COPPER

I A I b Ab cr

3 3 8 . 3 1 . 0 2 . 0 0 0 . 0 0 0 . 8 1

3 2 5 . 8 3 . 9 1 . 4 9 0 . 17 0 . 4 1

3 3 9 . 2 7 . 4 1 . 0 6 0 . 07 0 . 1 8

S i l v e r

I A I b Ab a

5 4 ? .  3 0 . 6 2 . 0 0 O'. 00 4 . 0 7

510 . 7 1 . 5 2 . 0 0 0 . 0 0 2 . 07

5 2 5 . 6 1 . 5 1 . 37 0 . 0 2 0 . 9 4

GOLD

I A I b A b (T

8 6 9 . 1 1 . 7 2 . 0 0 0 . 0 0 4 . 1 3

6 1 7 . 1 1 . 4 2 . 0 0 0 . 0 0 0 . 7 6

8 4 5 . 8 1 1 . 5 1 . 3 5 0 . 0 5 0 . 4 9

CGIRSTILM RED 1-b  SEARCH USING BICESEL-EIILER SHELL COR)ŒCTIOES
( I  i s  C'xpieosüd i n  u n i t s  o f  e V . )
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The s a n e  h i i l e r - l i i c h s e l  s h e l l  c o r r e c t i o n s  and  c h a r g e  s t a t e

c o r r e c t i o n s  v/ere a l s o  a p p l i e d  i n  a n o t h e r  s t u d y  ( 1 3 )  t h a t  a n a l y z e d  t h e

same e x p é r i m e n t a  1 d a t a .  I n  t h i s  o t h e r  a n a l y s i s  b was f i x e d  a t  b = 1 . 8  and

a m u l t i p l i c a t i v e  s t r e n g t h  t e r m ,  Ç , was a p p l i e d  t o  t h e  z ? - e f f e c t  

c o r r e c t i o n  t e r m ,  . The s e a r c h  f o r  a b e s t  f i t  was done w i t h  Ç and  I  a s  

t h e  f r e e  p a r a m e t e r s  f o r  t h e  c a s e s  w i t h  Ç u n c o n s t r a i n e d ,  and t h e n  f o r  .Ç 

c o n s t r a i n e d  t o  t h e  c l o s e d  i n t e r v a l  [ 1 , 2 ] .  T h i s  p r o c e d u r e  o f  u s i n g  Ç as  

a f r e e  p a r a m e t e r  and  f i x i n g  b = 1 . 8  f() l lcufS a s u g g e s t i o n  by L i n d h a r d  ( 4 ) ,  

w h e r e i n  he s u g g e s t e d  t h a t  f  be  a c o n s t a n t  w i t h  a v a l u e  somewhat  l e s s

t h a n  t wo .  The r e s u l t s  o f  t h e  s e a r c h  w i t h  I  and  Ç a s  t h e  u n c o n s t r a i n e d

f r e e  p a r a m e t e r s  a r e  shown i n  t a b l e  3 ,  Good f i t s  t o  t h e  d a t a  were  

o b t a i n e d  i n  a l l  c a s e s  w i t h  t h e  e x c e p t i o n  o f  Ag a s  a t a r g e t  m a t e r i a l ,  

where  r e a s o n a b l e  f i t s  were  a c h i e v e d .

Th e r e  i s  a d e f i n i t e  d e p e n d e n c e  o f  F on p r o j e c t i l e  z e x h i b i t e d  i n  

t h i s  c a s e  t h a t  can  be c l e a r l y  s e e n  i n  f i g .  4 .  T h i s  t r e n d  i s  d i s c u s s e d  

f u r t h e r  i n  r e f .  15 .

The d e p e n de n c e  o f  I  on z can  be s e e n  i n  f i g .  5 .  A c o m p a r i s o n  o f

t h i s  p l o t  t o  f i g .  2  i l l u s t r a t e s  t h a t  t h e  c u o i c e  o f  b=1 . 8  and t h e  u s e  o f  

t h e  Ç f a c t o r  h a v e  a n o t i c e a b l e  e f f e c t  on t n e  p r o j e c t i l e  d e p e n d e n c e  o f  I .

»
A d d i t i o n a l  r e s u l t s  f o r  ç  c o n s t r a i n e d  t o  t h e  c l o s e d  i n t e r v a l  [ 1 , 2 ] ,

and Ç f i x e d  a t  = 1 . 4 5  a r e  shown i n  t a b l e s  4 and 5,  r e s p e c t i v e l y .
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ALUMII.'Uii

PROJECTILE

P r o t o u

Al pha

Li

I Al O'

169.2 0 . 9 0 . 5 8 0 . 0 8 0 . 2 2

1 7 0 . 5 1 . 4 1 . 6 7 0 . 0 5 0 . 23

1 80 . 3 2 . 4 2 . 58 0 . 0 8 0 . 0 6

COPPER

PROJECTILE I A l K AS cr

P r o t o n 3 2 7 . 2 2 . 2 0 . 1 4 0 . 2 0 0 . 1 9

Alpha 3 3 0 . 0 5 . 5 1 . 30 0 . 1 2 0 . 4 2

Li 3 8 5 . 1 5 . 6 2 . 5 0 0 . 1 0 0 . 06

SILVER

PROJECTILE I A I AC a

P r o t o n 4 6 2 . 8 1 . 7 - 2 . 2 0 0 . 0 8 1 . 1 5

Alpha 5 7 2 . 8 4 . 9 1 . 9 5 0 . 06 1 . 1 8

Li 4 7 5 . 0 5 . 1 0 . 3 0 0 . 0 8 1 . 5 3

GOLD

PROJECTILE I A I AC c rr

P r o t o n 7 1 2 . 4 2 . 2 - 3 , 0 2 0 . 06 0 . 8 2

Al pha 7 9 3 . 5 7 . 0 0 . 6 2 0.07 0 . 6 9

L i 8 9 8 . 4 3 . 6 1 . 9 0 0 . 0 0 0 . 8 8

I* (SEARCH USING BICESEL-NIILER SHELL CORRECTIONS 
( I  i s  e x p r e s s e d  i n  u n i t s  u l  e V . )
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FIGURE 5
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PROJECTILE

P r o to n

Al pha

Li

TABLE 4

ALU III LUE

AI

1 7 1 . 4  0 . 7

1 7 0 . 5  1 . 4

1 .00

1 . 67

-jA L .
0.00

0 . 0 5

8 9 8 . 4  3 . 6

0 . 6 5

0 . 2 3

L i 1 6 5 . 2 0 . 5 2 . 0 0 0 . 0 0 1 . 3 7

COPPER

PROJECTILE I Al E AC cr

P r o t o n 3 41 . 1 0 . 7 1 . 0 0 0 . 0 0 1 . 1 1

Alpha 3 3 0 . 0 5 . 5 1 . 3 0 0 . 1 2 0 . 4 2

Li 3 5 2 . 1 1 . 5 2 . 0 0 0 . 0 0 0 . 7 6

SILVER

PROJECTILE I A l Ç A5 <T

P r o t o n 555 . 1 0 . 8 1 . 0 0 0 . 0 0 4 . 5 2

Al pha 5 7 2 . 8 4 . 9 1 . 9 5 0 . 0 6 1 . 1 8

Li 4 7 9 . 5 1 . 1 1 . 0 0 0 . 0 0 2 . 1 5

GOLD

PROJECTILE I A l .c. . AÇ cr

P r o t o n 8 7 9 . 9 1 . 7 1 . 0 0 0 . 0 0 4 . 5 5

Al pha 8 2 6 . 4 2 . 2 1 . 0 0 0 . 0 0 0 . 87

1 . 9 0  0 . 0 0  0 . 8 8

CUIJST1L\11;ED search USIRG LICUSEL-RIILER s h e l l  CORRECT I  OHS
( I  i s  e x p r e s s e d  i n  u n i t s  o f  e V . )
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ALUIiTIiUM

PROJECTILE __ I _ Al c _A5_ cr

P r c to n 1 7 6 . 4 0 . 6 1 . 4 5 0 . 0 0 1 . 23

Alpha 1 6 6 . 7 0 . 6 1 . 4 5 0 . 0 0 0 .G2

Li 1 5 1 . 6 0 . 6 1 . 4 5 0 . 0 0 2 . 8 0

COPPER

PROJECTILE

P r o to n

Alpha

PROJECTILE

P ro to n

Alpha

Li

I Al E AC a

3 4 8 . 7 1 . 0 1 . 4 5 0 . 0 0 1 . 6 0

3 3 5 . 3 1 . 4 1 . 4 5 0 . 0 0 1 . 3 8

3 1 9 . 0 1 . 8 1 . 4 5 0 . 0 0 1 . 6 5

SILVER

I Al c AC er

5 69 . 6 1 . 4 1 . 4 5 0 . 0 0 5 . 1 5

5 4 6 . 9 1 . 2 1 . 4 5 0 , 0 0 3 . 3 3

521 . 7 1 . 5 1 . 4 5 0 . 0 0 1 . 51

COLD

I Al c AC cr

9 0 1 . 0 2 . 0 1 .45 0 . 0 0 4 . 9 9

8 7 1 . 6 1 . 9 1 . 4 5 0 . 0 0 1 . 2 9

8 3 2 . 8 2 . 6 1 . 4 5 0 . 0 0 1 . 2 3

PROJECTILE 

P ro to n  

Alpha 

Li

COh'STRAÏRED I - Ç  SEARCH US IRC LICRSEL-IillLER SliELL CORRECÏlOIiS
( I  i s  e x p r e s s e d  in  u n i t s  o f  eV . )
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Yet  a n o t h e r  a n a l y s i s  o f  t h e  same d a t a  was done  u s i n g  t h e  B i c h s e l  

s h e l l  c o r r e c t i o n s  b e l o w .  U n f o r t u n a t e l y ,  no B i c l i s e l  s h e l l  c o r r e c t i o n  

p a r a m e t e r s  c o m p a t i b l e  w i t h  t h e  u t i l i z e d  c om p u t e r  code  were  a v a l i a b l e  f o r

Au a t t h e  t i me  t h i s  r e s e a r c h  was d o n e .

BICIiSEL PARAIIETKRG

TARGET ÜL Mm  I m % %

Al 1 . 0 1 . 0 1 2 . 0  0 . 3 7 5 '-- —

Cu 1 . 0 1 . 0 6 . 1 7  2 . 2 5 ---

Ag 1 . 0 1 . 0 4 . 0  2 . 2 5 1 8 . 5 2 . 25

A g a i n , a c h a r g e  s t a t e c o r r e c t i o n o f  k = 0 . 9 5  i s  a p p l i e d  i n t h e  c a s e  o f Li

p t o j e c t i l e s .
'

The a p p l i c a t i o n  o f  t h e s e  Bi c h s e l  p a r a m e t e r s d i f f e r s s l i g h t l y f rom

t h e a p p l i c a t  i on o f t h e  E i ch s e l - I J i i l e r  p a r  airl e t e r s in  t h a t  no z3

c o r r e c t i o n  i s  a p p l i e d  t o  t h e  s h e l l  c o r r e c t i o n s  a bove  w i t h i n  t h e  c o mpu t e r  

p ro g r am.

A s e a r c h  f o r  a minimum i n  cr was a g a i n  i n s t i t u t e d  w i t h  t h e  s h e l l  

c o r r e c t i o n s  h e l d  c o n s t a n t  t h r o u g h o u t  and  I  and  b u s e d  a s  f r e e  

p a r a m e t e r s .  The m u l t i p l i c a t i v e  s t r e n g t h  f a c t o r  Ç i s  f i x e d  at. 1 . 0  f o r  

t h i s  p o r t i o n  o f  t h e  a n a l y s i s .

The r e s u l t s  o f  t h i s  r e s e a r c h  a r e  g i v e n  i n  t a b l e  6 . Wi th  t h e  

e x c e p t i o n  o f  L i  on A l ,  t h e  v a l u e s  o f  b a l l  l i e  i n  t h e  r a n g e  1 . 24 j ^ . 02  t o

l . AOj^ . Ol .  For  t h e  c a s e  o f  L i  on A l , a t h r e e - p a r a m e t e r  s e a r c h  v/as done 

i n  a d d i t i o n  t o  t h e  t w o - p a r a m e t e r  s e a r c h .  The c h a r g e  s t a t e  p a r a m e t e r  k 

was u s e d  f o r  a f r e e  p a r a m e t e r  i n  a d d i t i o n  t o  I  and b f o r  t h i s  s e a r c h ,  i n  

an  e f f o r t  t o  g i v e  a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  i n c o n s i s t e n t  r e s u l t
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m e n t i o n e d  a b o v e .  The r e s u l t s  o f  t h i s  s e a r c h  a r e  i n c l u d e d  i n  t a b l e  G. 

An a p p r e c i a b l y  improved  f i t  i s  o b t a i n e d  f o r  a v a l u e  o f  k = 1 . 2 4  i n  t h e  

c a s e  o f  L i  on A l .  I t  h a s  b e e n  f o un d  t h a t  t h e r e  i s  a d e p e n d e n c e  o f  t h e  

c h a r g e  s t a t e  p a r a m e t e r  on t a r g e t  Z ,  and t h e  v a l u e  o f  k f o r  Al d e r i v e d  i n  

t h i s  s c a r c e  i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  o f  P o r t e r  ( 1 6 ) .
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ALUiriiRJîi

P a g e  3 2

PROJECTILE I Al b A b O'

P r o t o n 1 6 6 . 5 1 . 0 1 . 37  0 . 0 6 0 . 2 0

Alpha 1 6 5 . 2 0 . 9 1 . 3 6  0 . 0 3 0 . 2 5

Li 162 . 7 2 . 2 0 . 9 3  0 . 0 4 0 . 4 1

*Li 1 6 1 . 2 ----- 1 . 37  ------- 0 . 2 9  ( k = 1 . 2 4 )

COFFER

PROJECTILE I A I b Ab <r

P r o t o n 3 2 9 . 0 1 . 4 1 . 3 0  0 . 0 4 0 . 23 .

Alpha 3 2 9 . 0 2 . 7 1 . 4 0  0 . 01 0 . 4 2

Li 3 2 9 . 0 5 . 9 1 . 2 6  0 . 0 5 0 . 7 6

- SILVER

PROJECTILE I A l b Ab <y

P r o t o n 4 8 3 . 2 2 . 2 1 . 2 4  0 . 0 2 0 . 8 9

Alpha 4 8 0 . 0 1 . 7 1 . 4 0  0 . 01 1 . 07

Li 467 . 1 1 0 . 4 1 . 3 5  0 . 0 4 1 . 51

I - b  SCARCE USING BICIISEL SHELL COrâlECïIOi.S 
( I  i s  e x p r c s s e u  ii; uuii . s  o i  eV.)
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FIGURE 7
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CHAPTER V 

CONCLUSIONS

A n a l y s e s  s i m i l a r  t o  t h e  p r e s e n t  one t h a t  have  b e e n  r e c e n t l y  done 

c an  . p r o v i d e  a b a s i s  f o r  c o m p a r i s o n .  I n  one  s u c h  p a p e r  ( 1 3 ) ,  

e x p é r i m e n t a  i  d a t a  by VJard e t  a l . ( 17 )  and N a k a t a  ( 18 )  were  a n a l y z e d

u s i n g  t h e  E i c h s e l - N i i l e r  s h e l l  c o r r e c t i o n s .  A l ,  A g , and  Au were  among 

t h e  e l e m e n t a l  t a r g e t s ,  b u t  t h e  o n l y  p r o j e c t i l e  t y p e  was a l p h a  p a r t i c l e s .

I n  t h e  s t u d y  by P o r t e r  and  Bryan  ( 1 3 ) ,  a s e a r c h  w i t h  b and I  a s  t h e  

f r e e  p a r a m e t e r s  was d o n e .  However ,  b was c o n s t r a i n e d  t o  l i e  i n  t h e  

i n t e r v a l  [ 0 . 8 , 2 , 0 ]  t h r o u g h o u t  t h e  s t u d y .  The l a c k  o f  a minimum i n  <f 

w i t h  b t h u s  c o n s t r a i n e d  l e d  t h e  r e s e a r c h e r s  t o  t r y  a n o t h e r  a p p r o a c h ,  ou t  

t h e  v a l u e s  o f  h and I  f r om t h e  ab a n u o n e u  l i n e  o f  i n v e s t i g a t i o n  can  be 

compared t o  r e s u l t s  o b t a i n e d  i n  t h e  p r e s e n t  s t u d y .

A minimum i n  cr was a c h i e v e d  f o r  Al  ( 1 3 ) .  The I  and  b v a l u e s  i n  

t h i s  c a s e  were  f o u n d  t o  be I=177eV and b " 1 . 0 .  The s e  v a l u e s  can be 

compared t o  b = l . l + ^ O u  and I - ( 1 6 6 .3j^l .1 )eV ( s e e  t a b l e  27 f rom t h e  p r e s e n t  

s t u d y .  The v a l u e s  f o r  b compare  q u i t e  f a v o r a b l y  i n  t h i s  c a s e  b u t  t h e  

v a l u e s  f o r  1 d i f f e r  by 6%. Even t h i s  m a g n i t u d e  o f  e r r o r  i n  1 may n o t  

p r e c l u d e  c o n s i s t e n c y  b e t wen  t h e  two s t u d i e s  s i n c e  t h e  e r r o r ~ ' t n  t h e  

e x p e r i m e n t a l  d a t a  a n a l y z e d  i n  ( 1 3 )  i s  l e s s  t h a n  4%. T h i s  l a r g e  an 

e x p e r i m e n t a l  e r r o r  may t r a n s l a t e  i n t o  l a r g e  u n c e r t a i n t i e s  i n  t h e  

d é t e r m i n a t i o n  o f  t h e  p a r a m e t e r s .
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A n a l y s i s  o f  Ag by P o r t e r  and Bryan  ( 1 3 )  y i e l d e d  no udniuuni  i n  cr f o r  

t h e  s e a r c h .  The v a l u e s  o f  I  and b o b t a i n e d  a t  t h e  l i m i t  o f  b ' - 2 . 0  c an  be 

compared  w i t h  t h e  r e s u l t s  shown i n  t a b l e  2 .  A v a l u e  f o r  I  o f

( 510 . 7 j ^ l  , 5 )eV f rom t h e  p r e s e n t  s t u d y  compares  v ; i t h  a v a l u e  o f  I=546eV

( 1 3 ) .  The v a l u e  f o r  I  ( 1 3 )  i s  7% above  t h e  v a l u e  d e r i v e d  i n  t h i s  s t u d y ,  

h u t  i n  l i g h t  o f  t h e  p r e v i o u s  o b s e r v a t i o n  a b o v e  c o n c e r n i n g  t h e  

u n c e r t a i n t i e s  i n  t h e  d e t e r m i n a t i o n  o f  p a r a m e t e r s  i n  r e f . 13 ,  and

c o n s i d e r i n g  a comment ( 19 )  t o  t h e  e f f e c t  t h a t  t h e  d a t a  a n a l y z e d  by 

P o r t e r  and  Bryan ( 1 3 )  ha s  l ower  s t o p p i n g  power  v a l u e s  t h a n  o t h e r  s t u d i e s  

would  i n d i c a t e ,  t h i s  r e s u l t  i s  n o t  d i s t u r b i n g .  T h i s  t e n d e n c y  t ow a r d  

lower  S would  y i e l d  I  v a l u e s  t h a t  a r e  h i g h e r  t h a n  e x p e c t e d  ( s i n c e  i h ( l )  

i s  a n e g a t i v e  t e r m  i n  L ) . T h i s  o b s e r v a t i o n ,  c o u p l e d  w i t h  t h e  e r r o r  i n  

t h e  d e t e n a i n a t i o n  o f  t h e  p a r a m e t e r s  due t o  e x p e r i m e n t a l  e r r o r  i n  r e f .  

13 ,  p r e v e n t  t h e  c o n c l u s i o n  t h a t  t h e  p r e s e n t  s t u d y  i s  i n c o n s i s t e n t  w i t h  

t h e  f i n d i n g s  o f  P o r t e r  and Bryan  ( 1 3 )  i n  t h i s  v a l u e  f o r  I .  The f i n d i n g s  

o f  t h e  two s t u d i e s  a r e  c o n s i s t e n t  i n  t h a t  r e f .  13 i n d i c a t e s  t h a t  a 

minimum i n  cr s h o u l d  be e x p e c t e d  f o r  Ag, when b i s  somewhat  g r e a t e r  t h a n  

2 . 0 .  The u n c o n s t r a i n e d  I - b  s e a r c h  i n  t h e  p r e s e n t  s t u d y  f o un d  t h e  

c o r r e s p o n d i n g  minimum t o  l i e  a t  b = ( 5 . 52jg.47eV) ( s e e  t a b l e  1 ) .

The b - v a l u e  o b t a i n e d  f o r  Au by P o r t e r  and Bryan  (13)  i s _ _ h = 1 . 3 .  
%

T h i s  a p p e a r s  t o  be i n c o n s i s t e n t  w i t h  b=2.20+_.25 f o un d  h e r e  ( s e e  t a b l e

1 ) .  The v a l u e  I=871eV a l s o  d o e s  n o t  compare  f a v o r a b l y  w i t h  

T=(809+10. 0eV)  f rom t a b l e  1.
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I n  an  a d d i t i o n a l  s t u d y  ( 20 )  a Ç - I  s e a r c h  was done  w i t h  t h e  same 

d a t a  u s e d  i n  r e f .  1 3 .  T h i s  s e a r c h  s u g g e s t e d  a o e s t  f i t  Ç - v a l u e s  o f  Ç>2 

f o r  A l , Ç<1 f o r  Ag and Ç<1 f o r  Au.  The s e  f i n d i n g s  a r e  c o n s i s t e n t  w i t h  

t h e  p r e s e n t  s t u d y  \ ; i t h  t h e  e x c e p t i o n  o f  Ç=1.95+_.06 o b t a i n e d  n e r e  f o r  A g .

S t i l l  a n o t h e r  s o u r c e  i s  a v a l i a b l e  f o r  c o m p a r i s o n . The e x t e n s i v e  

c o m p i l a t i o n  o f  s t o p p i n g  power  and  r a n g e  t a b l e s  by A n d e r s en  and  Z i e g l e r  

( 2 1 )  g i v e  I  v a l u e s  o f  I=162eV f o r  A l ,  I=322eV f o r  Cu,  I=466eV f o r  Ag,  

and  I=755eV f o r  Au,  w i t h  p r o t o n s  a s  t h e  p r o j e c t i l e s .  B i c h s e l - K i i l e r

s h e l l  c o r r e c t i o n s  y i e l d  I  v a l u e s  t h a t  d i f f e r  f rom t h e s e  v a l u e s  by 5% f o r  

A l ,  2% f o r  Cu,  13% f o r  A g , and 11% f o r  Au ( s e e  t a b l e  1 ) .  B i c h s e l  

p a r a m e t e r s  g i v e  v a l u e s  f o r  I  t h a t  d i f f e r  f rom t h e  A n d e r s e n  and  Z i e g l e r  

v a l u e s  by 3% f o r  A l ,  2% f o r  Cu , and 6% f o r  Ag ( s e e  t a b l e  6 ) .  S i n c e  a l l  

o f  t h e  I  v a l u e s  h e r e  a r e  l a i g e r  t h a n  t h e  c o r r e s p o n d i n g  I  v a l u e s  i n  r e f ,  

18 ,  i t  would  seem t o  i n d i c a t e  s y s t e m a t i c  e r r o r s  i n  t h e  c a s e  o f  t h e  d a t a

u s e d  h e r e  (5 )  o r  i n  t h e  d a t a  u s e d  i n  t h e  c a l c u l a t i o n  o f  I  f r om r e f .  18 .

I t  i s  u n f o r t u n a t e  t h a t  a d d i t i o n a l  c o m p a r i s o n s  t o  o t h e r  s t u d i e s  a r e  

n o t  p o s s i b l e ,  due t o  t h e  r e c e n t  i n c l u s i o n  o f  t h e  z *  t e r m .

The g r e a t  s u c c e s s  o f  t h e  B i c h s e l  s h e l l  c o r r e c t i o n s  i n  e n a b l i n g  a

f i t  t o  t h e  e x p e r i m e n t a l  d a t a  t h a t  i s  n e a r l y  i n d e p e n d e n t  o f  b o t h ’Z~”and a
»

i s  a s t r o n g  a r g u me n t  f o r  t h e  u s e  o f  t h e s e  c o r r e c t i o n s  o v e r  t h e

p r e v i o u s l y  u s e d  B i c h s e l - I J i i l c r  s h e l l  c o r r e c t i o n s  f o r  t h e  c a l c u l a t i o n  o f  

s t o p p i n g  power .  More work n e e d s  t o  be done i n  t h i s  a r e a  t o  e s t a b l i s h  

w h e t h e r  o r  no t  b e t t e r  f i t s  t o  o t h e r  d a t a  a r e  a c h i e v e d  w i t h  t h e  new s h e l l  

c o r r e c t i o n s .
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