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INTRODUCTION 

When a  f a s t  charged p a r t i c l e  passes through matter, 
t h e  p r imary  manner i n  wh ich  energy i s  l o s t  i s  th rough 
i o n i z i n g  c o l l i s i o n s .  I o n i z e d  e l e c t r o n s  a r e  e j e c t e d  from 
t h e  t a r g e t  atom o r  molecu le  and i f  t h e  p r o j e c t i l e  pos- 
sesses bound e l e c t r o n s ,  they  t o o  may be re leased  as 
f r e e  e l e c t r o n s  by t h e  i n t e r a c t i o n .  I n v e s t i g a t i o n  o f  
t h e  energy and ang le  o f  emiss ion o f  i o n i z a t i o n  e l e c -  
t r o n s  p rov ides  d e t a i l e d  i n f o r m a t i o n  on the  i n t e r a c t i o n  
processes. Ana l ys i s  o f  c r o s s  s e c t i o n s  f o r  e l e c t r o n  
emiss ion enables e v a l u a t i o n  o f  t h e  s i g n i f i c a n c e  o f  
screening, p r o j e c t i l e  s t r i p p i n g ,  and continuum-charge- 
t r a n s f e r  as w e l l  as t h e  a p p l i c a b i l i t y  o f  Z2 s c a l i n g  i n  
i o n i z a t i o n  by heavy charged p a r t i c l e s .  E l e c t r o n  spec- 
t r a  a l s o  p rov ide  ev idence o f  atomic s t r u c t u r e  e f f e c t s  
th rough a u t o i o n i z a t i o n  and Auger t r a n s i t i o n s .  

For c o l l i s i o n s  o f  heavy i ons ,  i t  i s  common t o  r e -  
f e r  t o  t h r e e  main c l asses  o f  e x c i t a t i o n  and i o n i z a t i o n  
phenomena: coulomb i o n i z a t i o n ,  wh ich  i s  most impor tan t  
a t  r e l a t i v e l y  h i g h  i n c i d e n t  v e l o c i t i e s ;  charge t r a n s f e r  
processes, which can, when exothermic ,  be impor tan t  
even a t  v e r y  low c o l l i s i o n  energ ies ;  and s h e l l  i n t e r -  
p e n e t r a t i o n  e f f e c t s ,  which a r e  e s p e c i a l l y  impor tan t  a t  
i n t e r m e d i a t e  energ ies .  The h i g h  energy coulomb i o n i z a -  
t i o n  process i s  perhaps t h e  most w e l l  developed i n t e r m s  
of  t h e o r e t i c a l  unders tand ing.  T h e o r e t i c a l  c a l c u l a t i o n s  
based on semic lass i ca l  and p lane wave Born approxima- 
t i o n s  hav,e been r e l a t i v e l y  successfu l  f o r  i n n e r  she1 1  
i o n i z a t i o n  and f o r  o u t e r  s h e l l  i o n i z a t i o n  by f a s t  s t ruc-  
t u r e l e s s  i ons .  There remains t h e  ques t i on  as t o  t h e  
p r o j e c t i l e  energy necessary t o  q u a l i f y  as h i g h  energy 
and t h e  re levance  o f  these approx imat ions  t o  i ons  po- 
sess ing e l e c t r o n i c  s t r u c t u r e .  The d e f i n i t i o n  o f  h i g h  
energy i s  f u r t h e r  compl ica ted by c o m p e t i t i o n  between 
coulomb processes and i o n i z a t i o n  r e s u l t i n g  f rom i n t e r -  
p e n e t r a t i o n  o f  e l e c t r o n i c  s h e l l s .  

For  low energy c o l l i s i o n s ,  where t h e  v e l o c i t y  o f  
t he  c o l l i s i o n  i s  smal l  compared t o  t h e  o r b i t a l  v e l o c i t y  
o f  t h e  p a r t i c i p a t i n g  bound e l e c t r o n s ,  t h e  c o l l i s i o n  may 
be s t u d i e d  as a  d i a t o m i c  molecu le  u s i n g  t h e  Born-Oppen- 
heimer method." I n  t h i s  method, t h e  system i s  t r e a t e d  
u s i n g  the f u l l  Hami l t on ian  w i t h  t h e  i n t e r n u c l e a r  k i n e -  
t i c  energy removed and then t r e a t i n g  t h e  l a t t e r  as a  
p e r t u r b a t i o n .  Th i s  procedure i s  w e l l  s u i t e d  f o r  t h e  
s tudy of  very  low energy c o l l i d i n g  systems; however, as 
t h e  k i n e t i c  energy i s  increased,  i t  i s  necessary t o  con- 
s i d e r  t r a n s l a t i o n a l  f a c t o r s  t o  account  f o r  t h e  t r a n s l a -  
t i o n a l  k i n e t i c  energy o f  t h e  e l e c t r o n s  bound t o  t he  pro- 
j e c t i l e .  I n  a d d i t i o n ,  t h i s  method o f  d e s c r i b i n g  the  
c o l l i s i o n  i n v o l v e s  the  i n t e r a c t i o n  of  p o t e n t i a l  energy 
curves f o r  s p e c i f i c  e l e c t r o n i c  s t a t e s  wh ich  has l i m i t e d  
the a p p l i c a t i o n  t o  i n n e r  s h e l l  e x c i t a t i o n  where the  num- 
ber  o f  i n t e r a c t i n g  l e v e l s  i s  smal l .  Th is  r e p o r t  w i l l  
n o t  a t t emp t  t o  rev iew  the  ex tens i ve  l i t e r a t u r e  regard i rq  
i n n e r  s h e l l  e x c i t a t i o n  i n  heavy i o n  c o l l i s i o n s  s ince  
severa l  excel  l e n t  rev iews have been pub1 ished.  s 5 - ' 0  

I n  t h i s  r e p o r t ,  we w i l l  e x p l o r e  t h e  sys temat ics  o f  
d i f f e r e n t i a l  i o n i z a t i o n  c ross  sec t i ons  f o r  i n c i d e n t  
charged p a r t i c l e s  which possess a tomic  s t r u c t u r e .  A l -  
though l i t t l e  has been pub l i shed  rega rd ing  o u t e r  s h e l l  
i o n i z a t i o n  by s t r u c t u r e d  p r o j e c t i l e s ,  s u f f i c i e n t  da ta  
a r e  becoming a v a i l a b l e  t o  p r o v i d e  some i n z i g h t  i n t o  t h e  
c o l l  i s i o n  process. Cross sec t i ons  d i f f e r e n t i d l  i n  elec- 
t r o n  emiss ion energy and ang le  were r e p o r t e d  by Cacak 
and Jorgensenlz f o r  50 t o  300 keV ~ e + - N e  and Ar+-Ar 

c o l l i s i o n s ,  f o r  30 MeV O+n c o l l i s i o n s  by S t o l t e r f o h t ,  e t  
a1. . I 3  f o r  0.6 t o  1.5 MeV H ~ + - H ~  c o l l i s i o n s  by Wi lson 
and Toburen,14 and we have r e c e n t l y  measured c ross  sec- 
t i o n s  f o r  i n c i d e n t  he l i um and carbon i o n s  i n  t h e  energy 
range 0.3 t o  4 MeV. Th i s  d i s c u s s i o n  w i l l  c o n c e n t r a t e  on 
sys temat ics  o f  emiss ion c ross  s e c t i o n s  f o r  t h e  in terme-  
d i a t e  and h i g h  energy p r o j e c t i l e s  where we can t e s t  t he  
a p p l i c a b i l i t y  o f  h i g h  energy approx imat ions  and i l l u s -  
t r a t e  t h e  d rama t i c  changes i n  emiss ion spec t ra  observed 
as t h e  p r o j e c t i l e  energ ies  decrease. S ince heavy i o n  
i n t e r a c t i o n s  a r e  impor tan t  i n  many research f i e l d s ,  i t  
i s  p a r t i c u l a r l y  u s e f u l  t o  determine where s imp le  methods 
o f  c ross  s e c t i o n  s c a l i n g  may be a p p r o p r i a t e .  

HIGH ENERGY IONS 

Fo r  s u f f i c i e n t l y  f a s t  i n c i d e n t  ions ,  t h e  p r i n c i p l e  
f e a t u r e s  i n  e j e c t e d  e l e c t r o n  spec t ra  can be r e a d i l y  
i d e n t i f i e d  i n  terms o f  r e l a t i v e l y  s imple  mechanisms o f  
i o n i z a t i o n .  These f e a t u r e s  a r e  i l l u s t r a t e d  i n  F ig .  1  
f o r  c o l l i s i o n  systems which v a r y  f rom i o n i z a t i o n  o f  a  
s imple  mo lecu la r  t a r g e t  by f a s t  p ro tons  t o  i o n i z a t i o n  o f  
molecu les  c o n t a i n i n g  i n n e r  e l e c t r o n i c  s h e l l s  by a  m u l t i -  
p l i - c h a r g e d  p r o j e c t i l e  c a r r y i n g  bound e l e c t r o n s .  The 
spec t ra  shown i n  F i g .  1  were ob ta ined  by m u l t i p l y i n g  t h e  
emiss ion c r o s s  s e c t i o n  by t h e  r e s p e c t i v e  e j e c t e d  e l e c -  
t r o n  energy and p l o t t i n g  vs t h e  e l e c t r o n  energy.  One 
can i n t e r p r e t  these cross  sec t i ons  as t h e  p r o b a b i l i t y  
per  u n i t  energy (eV) f o r  t he  t r a n s f e r  o f  energy from the 
p r o j e c t i l e  i n t o  k i n e t i c  energy o f  i o n i z e d  e l e c t r o n s .  
T h i s  p r e s e n t a t i o n  i s  conven ien t  f o r  d i s p l a y  o f  emiss ion 
cross  s e c t i o n s  s i n c e  t h e  dynamic range i s  much sma l l e r  
than t h e  cor respond ing i o n i z a t i o n  c ross  sec t i ons .  The 
spec t ra  shown i n  F i g .  1  i l l u s t r a t e  how i n c r e a s i n g  the  
comp lex i t y  o f  t h e  c o l l i s i o n  system adds new fea tu res  t o  
t h e  emiss ion spec t ra .  The s imp les t  spectrum shown i n  
F ig .  1  i s  f o r  i o n i z a t i o n  of  mo lecu la r  hydrogen by f a s t  
p ro tons .  T h i s  da ta ,  f rom work a t  o u r  l a b o r a t o r y , l 5  can 
be desc r i bed  as c o n t a i n i n g  e s s e n t i a l l y  two bas i c  fea- 
t u r e s :  a  low energy e l e c t r o n  peak r e s u l t i n g  f rom s o f t  
g l a n c i n g  c o l l  i s i o n s  ( l a r g e  impact parameters) ,  and a  
h i g h  energy e l e c t r o n  peak r e s u l t i n g  f rom d i r e c t  b i n a r y  
encounter c o l l i s i o n s  between t h e  i n c i d e n t  p r o t o n  and a  
bound e l e c t r o n  ( sma l l  impact parameters).  

R e l a t i v e l y s i m p l e c o l l i s i o n  systems such as those 
i n v o l v i n g  i n c i d e n t  f a s t  p ro tons  can be t r e a t e d  w i t h  a  
good dea l  o f  success bo th  q u a l i t a t i v e l y  and q u a n t i t a -  
t i v e l y  by h i g h  energy approx imat ions  such as b i n a r y  en- 
coun te r  t heo ry  and t h e  Born a p p r ~ x i m a t i o n , ~  $6' The r e -  
s u l  t s  o f  i o n i z a t i o n  of  mo lecu la r  oxygen by  proton^:^ 
shown i n  F i g .  16 i l l u s t r a t e  t h e  e f f e c t  o f  add ing com- 
p l e x i t y  i n  t h e  t a r g e t  molecu le .  The peak which appears 
a t  about  500 eV i s  t h e  c o n t r i b u t i o n  f rom Auger e l e c t r o n s  
e j e c t e d  as a  consequence of  i n n e r  s h e l l  vacancies pro-  
duced i n  t h e  t a r g e t  atom. Another e f f e c t  o f  a d d i t i o n a l  
e l e c t r o n i c  s t r u c t u r e  i n  the  t a r g e t  atom o r  molecu le  i s  
broadening o f  t he  b i n a r y  encounter and low energy peaks 
i n  t h e  e l e c t r o n  spectrum r e l a t i v e  t o  t h e  cor respond ing 
spectrum f o r  i o n i z a t i o n  of  mo lecu la r  hydrogen. The de- 
s i g n a t i o n  ( T )  f o l l o w i n g  t h e  i d e n t i f i c a t i o n  o f  s p e c t r a l  
f e a t u r e s  i n  F i g .  1  r e f e r s  t o  e l e c t r o n s  o r i g i n a t i n g  from 
the t a r g e t ,  whereas t h e  d e s i g n a t i o n  (P) r e f e r s  t o  e lec -  
t r o n s  a r i s i n g  from the  moving p r o j e c t i l e .  

One of t h e  s i m p l ~ q t .  examples o f  spect ra  which i n -  
c l ude  e l e c t r o n s  o r i g i n a t i n g  f rom t h e  p r o j e c t i l e  i s  shown 
i n  F i g .  1C f o r  i o n i z a t i o n  o f  r l lo lecular hydrogen by H2.14 
The e l e c t r o n  bound t o  t h e  p r o j e c t i l e  e n t e r s  i n t o  t he  
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F i g .  1. Cross s e c t i o n s  t imes e l e c t r o n  energy f o r  e j e c t i o n  o f  e l e c t r o n s  w i t h  an emiss ion ang le  o f  30" i n  c o l l i -  
s i ons  o f  (A)  0.75 MeV H+ + Hz; ( 0 )  1.5 MeV H+ + 02; (C) 1.5 MeV Hz+ + Hz; and ( 0 )  30 MeV 0'5 + 0,. The 
H+ and Hz+ data  a r e  f rom ou r  l a b o r a t o r y ;  H+ + HZ. Ref. 15; H+ + 02, Ref.  16; and Hz+, Ref.  14; and t h e  
oxygen i o n  da ta  a r e  f rom S t o l t e r f o h t ,  e t  a l . ,  Ref.  13. 

c o l l i s i o n  dynamics i n  severa l  ways. Fo r  example, i t  
screens t h e  p r o j e c t i l e  charge i n  c o l l i s i o n s  i n v o l v i n g  
l a r g e  impact parameters reduc ing  t h e  r e l a t i v e  y i e l d  o f  
low-energy e l e c t r o n s  and, most n o t a b l y  i n  F i g .  lC,  t h e  
s t r i p p i n g  o f  t h i s  e l e c t r o n  f rom t h e  Hz+ i o n  c o n t r i b u t e s  
a  very  s t rong  peak t o  t h e  spectrum o f  i o n i z e d  e lec t rons .  
The peak c o n t r i b u t e d  by e l e c t r o n  l o s s  f rom t h e  p r o j e c -  
t i l e  i s  observed a t  an e j e c t e d  e l e c t r o n  energy co r res -  
ponding t o  ve = v i ,  where v  i s  t h e  e j e c t e d  e l e c t r o n  
v e l o c i t y  and v i  i s  t h e  i n c i 2 e n t  i o n  v e l o c i t y .  Th i s  
e l e c t r o n  l o s s  peak i s  a l s o  a  prominent f e a t u r e  o f  t h e  
e l e c t r o n  spectrum r e s u l t i n g  f rom i o n i z a t i o n  o f  molecu- 
l a r  oxygen by f a s t  0+5 i ons .13  The i o n i z e d  e l e c t r o n  
spectrum r e s u l t i n g  f r om 0+5 impact shown i n  F i g .  10 ex- 
h i b i t s  a l l  o f  t he  f e a t u r e s  o f  t h e  s imp le r  c o l l i s i o n  sys- 
tems p l u s  c o n t r i b u t i o n s  f rom Auger t r a n s i t i o n s  wh ich 
o r i g i n a t e  f rom i n n e r  s h e l l  i o n i z a t i o n  o f  t h e  p r o j e c t i l e .  
The energy o f  these Auger e l e c t r o n s  e x h i b i t s  a  kinematic 
(Dopp ler )  s h i f t  t o  n e a r l y  2 keV when observed a t  30" i n  
t h e  l a b o r a t o r y  re fe rence  frame. 

The purpose o f  p resen t i ng  spec t ra  f o r  va r i ous  h i g h  
energy c o l l i s i o n  systems i s  t o  i l l u s t r a t e  t h e  fea tu res  
common t o  each. From these spec t ra ,  one has conf idence 
t h a t  i o n i z a t i o n  mechanisms can be i d e n t i f i e d ,  a t  l e a s t  
i n  a  q u a l i t a t i v e  sense. The n e x t  ques t i on  t o  cons ide r  
i s  t o  what e x t e n t  one can q u a n t i t a t i v e l y  unders tand 
these f e a t u r e s  wh ich have been i d e n t i f i e d .  Fo r  i n c i -  
dent  p ro tons ,  a  g r e a t  deal  o f  exper imenta l  and theore-  
t i c a l  work has been performed and a  h i g h  degree o f  suc- 
cess has been demonstrated i n  q u a n t i t a t i v e  understanding 
o f  t he  c o l l i s i o n  c ross  sections.',' Our knowledge o f  
c ross  sec t i ons  f o r  s t r u c t u r e d  p r o j e c t i l e s  i s  f a r  l e s s  

'advanced. For a  v e r y  s imple  system such as i o n i z a t i o n  
of  mo lecu la r  hydrogen by H ~ +  i ons ,  we found t h a t  we 
cou ld  separa te  components o f  t h e  e l e c t r o n  spec t ra  i n t o  
a  c o n t r i b u t i o n  o f  e l e c t r o n s  which were s t r i p p e d  from 
the  p r o j e c t i l e  and an u n d e r l y i n g  cont inuum s i m i l a r  t o  
t h a t  observed i n  i o n i z a t i o n  o f  mo lecu la r  hydrogen by 
p ro tons .  The data  i n  F ig .  2 i l l u s t r a t e  t h e  s i m i l a r i t y  
of  p r o t o n  and Hz+ spect ra  above and below t h e  H?' e lec -  
t r o n  l o s s  peak. Here we s imp ly  m u l t i p l y  t h e  c ross  sec- 
t i o n s  f o r  equal v e l o c i t y  p ro tons  by a  f a c t o r  of  2 t o  

o b t a i n  t h e  c o n t r i b u t i o n  t o  t h e  H,+ spect ra  f o r  t a r g e t  
i o n i z a t i o n .  The two n u c l e i  o f  t h e  Hz+ i o n  a r e  assumed 
t o  a c t  independent ly  i n  i o n i z a t i o n  o f  t he  t a r g e t  mole- 
cu le .  The e f f e c t  o f  screen ing these  n u c l e i  by t h e  
bound e l e c t r o n  i s  apparent  f o r  e j e c t i o n  o f  low ener y  
e l e c t r o n s  b u t  e x c e l l e n t  agreement occurs  between Hz 9 
and sca led  p r o t o n  spec t ra  f o r  h i g h  energy e j e c t e d  e lec -  
t r o n s .  Us ing  p r o t o n  spec t ra  as a n  es t ima te  f o r  t a r g e t  
i o n i z a t i o n ,  e l e c t r o n  s t r i p p i n g  c o n t r i b u t i o n s  can be de- 
te rmined w i t h  a  reasonab ly  h i g h  degree of  accuracy .  One 
may expect  because t h e  t r a n s l a t i o n  k i n e t i c  energy o f  
t he  H,+ e l e c t r o n  i s  l a r g e  compared t o  i t s  b i n d i n g  ener-  
gy t h a t  t h e  e l e c t r o n  s t r i p p i n g  c ross  sec t i ons  w i l l  be 
s i m i l a r  t o  those ob ta ined  from s c a t t e r i n g  f r e e  e l e c -  
t r o n s .  The i n s e r t  i n  F ig .  2 shows da ta  f rom o u r  mea- 
surements16 where indeed t h e  e l e c t r o n  y i e l d s  were found 
i n  e x c e l l e n t  agreement w i t h  t h e  e l a s t i c  e l e c t r o n  sca t -  
t e r i n g  data  o f  W i l l i a m s .  l 7  I t  shou ld  be no ted  t h a t  s i -  
m i l a r  a n a l y s i s  f o r  e l e c t r o n  l o s s  by H' and He+ i o n s  
w i t h  comparable i o n  energ ies  and e l e c t r o n  emiss ion 
ang les  l e s s  than 10" has n o t  r e s u l t e d  i n  agreement 
w i t h  t h e  e l a s t i c  s c a t t e r i n g  model .lB*l9 

As we cons ide r  s l i g h t l y  l ower  energy p r o j e c t i l e s ,  
t h e  d i f f i c u l t y  o f  de te rm in ing  t h e  t a r g e t  cont inuum back- 
ground becomes an i n c r e a s i n g  problem i n  sepa ra t i ng  p ro -  
j e c t i l e  and t a r g e t  i o n i z a t i o n .  I n  F ig .  3, spec t ra  a r e  
shown f o r  i o n i z a t i o n  o f  a rgon by equal  v e l o c i t y  He', 
He++, and H+ ions .  The e q u i v a l e n t  v e l o c i t y  p r o t o n  data  
have been m u l t i p l i e d  by 4  i n  accord  w i t h  Z2 s c a l i n g  f o r  
comparison t o  t he  he l i um i o n  r e s u l t s .  I n  these spect ra  
f o r  e j e c t i o n  o f  e l e c t r o n s  w i t h  an emiss ion ang le  o f  15". 
i t  i s  apparent  t h a t  t he  spect ra  f o r  bare  charged par -  
t i c l e s  do n o t  p r o v i d e  an adequate gu ide f o r  deterni ina- 
t i o n  o f  t h e  e j e c t e d  e l e c t r o n  cont inuum u n d e r l y i n g  the  
e l e c t r o n  l o s s  peak. The r e l a t i v e  y i e l d  o f  low-energy 
e l e c t r o n s  e j e c t e d  f rom t h e  t a r g e t  i s  c o n s i d e r a b l y  r e -  
duced f o r  He+ ove r  t he  bare  charged p a r t i c l e s  because 
o f  t he  sc reen ing  e f f e c t  o f  t he  p r o j e c t i l e  e l e c t r o n .  
S ince t h e  e j e c t i o n  o f  1,ow-energy e l e c t r o n s  occurs  pre-  
dominate ly  th rough l a r g e  impact parameters,  one can ex- 
p e c t  sc reen ing  t o  become i n c r e a s i n g l y  impor tan t  as t he  
e j e c t e d  e l e c t r o n  energy decreases. The r e l a t i v e  c ross  
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F i g .  2. E l e c t r o n  emiss ion i n  H2+ and H+ c o l l i s i o n s  w i t h  

HZ. The i n s e r t  compares t h e  e l e c t r o n  l o s s  c ross  
s e c t i o n  ob ta ined  by i n t e g r a t i n g  t h e  l o s s  peak 
w i t h  respec t  t o  e j e c t e d  e l e c t r o n  energy w i t h  
measurements o f  e l a s t i c  s c a t t e r i n g  o f  e lec t rons.  
The e l e c t r o n  s c a t t e r i n g  da ta  a r e  f rom Ref. 17. 

INTERMEDIATE ENERGY IONS 

To t h i s  p o i n t ,  we have d iscussed what a r e  no rma l l y  
cons idered h i g h  energy c o l l i s i o n s ;  where i o n  v e l o c i t i e s  
a r e  seve ra l  t imes t h e  v e l o c i t y  o f  t h e  bound e l e c t r o n s  
p a r t i c i p a t i n g  i n  t h e  c o l l i s i o n .  We have seen t h a t  a l -  
though a  q u a n t i t a t i v e  d e s c r i p t i o n  may be d i f i c u l t  t o  
ob ta in ,  bas i c  s p e c t r a l  f e a t u r e s  f o l l o w  as expected from 
e x t r a p o l a t i o n  o f  r e s u l t s  f o r  s imple  c o l l i s i o n  systems 
u s i n g  es t ima tes  based on h i g h  energy a tomic  c o l l i s i o n  
t heo ry .  As we c o n s i d e r  lower energy p r o j e c t i l e s ,  t h e  
s p e c t r a l  f e a t u r e s  change d r a m a t i c a l l y .  The r e s u l t s  
shown i n  F ig .  4 compare t h e  e j e c t e d  e l e c t r o n  spec t ra  
and y i e l d s  f o r  i o n i z a t i o n  o f  mo lecu la r  hydrogen by 1.3 
MeV s i n g l y  charged carbon i ons  and approx imate ly  equal 
v e l o c i t y  pro tons.  Note t h a t  t h e  p r o t o n  da ta  of  Rudd, 
e t  a1 have been m u l t i p l i e d  by 5 i n  o r d e r  t o  compare 
s p e c t r a l  shapes on t h i s  l i n e a r  s c a l e  i n d i c a t i v e  of t h e  

, 

l a r g e  d i f f e r e n c e  i n  t h e  c ross  s e c t i o n s  o f  i o n i z a t i o n  by 
these two i n c i d e n t  ions .  A1 though t h e  i o n  v e l o c i t y  i s  
o n l y  about  a  f a c t o r  o f  5 lower  than t h e  i ons  shown i n  
F i g .  1  and i s  s t i l l  about t w i c e  t h e  v e l o c i t y  o f  t h e  
t a r g e t  e l e c t r o n s ,  t h e r e  i s  e s s e n t i a l l y  no s i m i l a r i t y  
between t h e  spec t ra  f o r  H+ and C+ impact.  Arrow mark 
t h e  p o s i t i o n s  where one m igh t  expect  t o  see f e a t u r e s  i n  
t h e  spec t ra  assoc ia ted  w i t h  i o n i z a t i o n  mechanisms o f t i e  
type d iscussed above f o r  f a s t  charged p a r t i c l e s .  

sec t i ons  f o r  bare  charged p a r t i c l e s  a r e  a l s o  seen t o  be 
d i f f e r e n t  whereas h i g h  energy approx imat ions  would p re -  
d i c t  s i m i l a r  s p e c t r a l  shapes d i f f e r i n g  q u a n t i t a t i v e l y  
by t h e  f a c t o r  Z2. Since spect ra  f o r  bare  charged pa r -  
t i c l e s  do n o t  p r o v i d e  adequate es t ima tes  o f  t h e  shape 
o f  t he  emiss ion spec t ra  f o r  t a r g e t  i o n i z a t i o n ,  t he  bes t  
one can do i s  draw a  reasonable guess o f  t h e  ~ e +  t a r g e t  
I o n i z a t i o n  continuum. Us ing such an es t imate ,  t he  p r o -  
j e c t i l e  s t r i p p i n g  c o n t r i b u t i o n  ob ta ined  d i f f e r s  by an 
o rde r  of  magnitude f rom what would be 'expected f rom 
s c a t t e r i n g  f r e e  e l e c t r o n s .  From t h i s ,  we can conc lude 
t h a t  e i t h e r  ou r  sepa ra t i on  o f  t a r g e t  and p r o j e c t i l e  
i o n i z a t i o n  was i naccu ra te  o r ,  more 1  i k e l y ,  t h e  i n c i d e n t  
i o n  i s  moving t o o  slow f o r  t h i s  approximate h i g h  energy 
es t ima te  t o  be v a l i d .  
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F i g .  3.  Cross sec t i ons  f o r  e j e c t i o n  o f  e l e c t r o n s  f rom 
argon by 0.3 MeVIanlu He+, ~ e + + ,  and H+ i ons .  
The p r o t o n  da ta  have been m u l t i p l i e d  by 4 i n  
accord  w i t h  Z2 s c a l i n g  f o r  comparison t o  t he  
he l i um i o n  r e s u l t s .  
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F i g .  4. Cross s e c t i o n  t imes e j e c t e d  e l e c t r o n  enerqy f o r  
e l e c t r o n  e j e c t i o n  from argon by 1.3 MeV C and 
app rox ima te l y  equal  v e l o c i t y  pro tons.  The p ro -  
t o n  data  a r c  f rom t h e  work o f  Cr.uuks and Rudd, 
Ref.  24. 

A  c l e a r l y  i d e n t i f i a b l e  f e a t u r e  i n  t he  e lec - t ron  
spectrum f o r  c o l l i s i o n s  of  C+ w i t h  mo lecu la r  hydrogen 
shown i n  F i g .  4 i s  t h e  Auger e l e c t r o n  peak assoc ia ted  
w i t h  K -she l l  i o n i z a t i o n  o f  t h e  p r o j e c t i l e .  Because o f  
k inemat ics ,  t h e  Auger peak i n  t h i s  spectrum occurs  a t  
s u f f i c i e n t l y  h i g h  energ ies  t o  be c l e a r l y  separated from 
t h e  cont inuum e l e c t r o n s .  The i n t e n s i t y  of  t h i s  peak, 
when c o r r e c t e d  f o r  k i nema t i c  e f f e c t s , '  p rov ides  a  mea- 
sure  o f  t h e  c r o s s  s e c t i o n  f o r  i o n i z a t i o n  o f  t h e  carbon 
K -she l l .  I f  we assume t h a t  t h e  f l uo rescence  y i e l d  f o r  
K -she l l  i o n i z a t i o n  i s  s i m i l a r  t o  t h a t  f o r  n e u t r a l  ca r -  
bon and t h a t  t h e  c o l l i s i o n  p a r t n e r s  can be in terchanged 
w i t h  regard  t o  which i s  moving, t h e r ~  t h i s  Auger i n t e n -  
s i t y  shou ld  y i e l d  a  K -she l l  i o n i z a t i o n  c ross  s e c t i o n  
comparable t o  i o n i z a t i o n  o f  carbon by approx imate ly  100 
keV p ro tons .  The carbon K - s h e l l  i o n f z a t i o ~ l  c ross  sec- 
t i o n  ob ta ined  f rom o u r  Dopp ler  s h i f t t ? d  A~rger  i n t e n s i t y  
t s  1.8 x  10-LycmZ which i s  i n  e x c e l l e n t  agreement w i t h  
t h e  va lue  d e r i v e d  f rom t h e  p r o t o n  impact x - r a y  data  of  
Langenberg and van EckZ0 which y i e l d s  1.73 x  10-19cm2. 
An i m p l i c a t i o n  o f  t h i s  c l o s e  agreement i s  t h a t  t he  



f luorescence y i e l d  va r ies  l i t t l e  between s i n g l y  Ion ized 
carbon and a  neu t ra l  carbon atom. 

Other features i n  the spectrum o f  e lec t rons  resu l -  
t i n g  from 1.3 MeV carbon i o n i z a t i o n  o f  molecular hydro- 
gen a re  less c l e a r l y  i d e n t i f i e d .  Evidence o f  a  small 
amount o f  c o n t r i b u t i o n  from e lec t rons  s t r ipped  from the 
p r o j e c t i l e  i s  observed as a  shoulder on the  carbon i n -  
duced spectrum a t  the p o s i t i o n  where the e jected e lec-  
t r o n  v e l o c i t y  i s  comparable t o  the i o n  v e l o c i t y .  The 
major contribution t o  the energy loss  spectrum f o r  tn- 
c iden t  carbon ions i s  f o r  e j e c t i o n  o f  e l e c t r o n  energies 
near 150 eV i n  con t ras t  t o  the .p ro ton  induced spectrum 
which shows no i n d i c a t i o n  o f  peaking i n  t h i s  region. 
Although i t  i s  a t  a  lower energy than expected, we a t -  
t r i b u t e  t h i s  peak t o  e lec t rons  e jected from the t a r g e t  
molecule i n  b inary  c o l l i s i o n s  w i t h  the i n c i d e n t  carbon 
ion. The actual  peak energy and I n t e n s i t y  r e s u l t s  from 
a  combination o f  the tn f luence o f  the  e f f e c t t v e  charge 
o f  the carbon i o n  as determined by screening, the bind- 
ing  energy o f  the ta rge t  e lect rons,  and the  c o l l i s i o n  
kinematics. Results o f  the work of S t o l t e r f o h t 7  fo r  
high-energy oxygen ions as w e l l  as our measurements f o r  
hel ium ionsu show t h a t  screening o f  the nuclear charge 
var ies  s t rong ly  w i t h  the amount o f  energy t rans fe r red  
dur ing the c o l l i s i o n .  For e j e c t i o n  o f  low energy e lec-  
trons produced i n  s o f t  c o l l i s i o n s  ( l a r g e  impact param- 
eters) ,  the bound e lec t rons  prov ide an e f f i c i e n t  screen 
of the p r o j e c t i l e  charge. For e j e c t i o n  of h igher  ener- 
gy e lect rons,  smaller impact parameters a re  requi red t o  
t r a n s f e r  s u f f i c i e n t  momentum and screening becomes less  
e f f i c i e n t .  This was i l l u s t r a t e d  t o  some ex ten t  i n  F ig.  
3 where cross sect ions f o r  emission o f  h igh  energy elec- 
t rons by He+ and ~ e + +  a re  equal. Th is  v a r i a b l e  screen- 
i n g  e f f e c t  w i l l  c o n t r i b u t e  t o  the spectrum f o r  energy 
t r a n s f e r  f o r  C+ impact by increasing the probabi 1  i t y  o f  
e lec t ron  e j e c t i o n  f o r  increasing e l e c t r o n  energies. I n  
F ig.  4, the cross sect ion f o r  an e jec ted  e l e c t r o n  ener- 
gy o f  150 eV .by carbon i o n  impact i s  approximately 25 
times la rger  than the corresponding proton impact value. 
I f  we assume Z 2  scal ing,  t h i s  imp l ies  t h a t  the  carbon 
I o n  had an e f f e c t i v e  charge o f  +5 i n  the i n t e r a c t i o n  
which y ie lded  150 eV e lect rons.  Such a  h igh  charge tn-  
d icates a  small impact parameter; one near the rad ius 
of the K-shel l  e lect rons o f  the carbon ions. For e jec -  
ted e lec t ron  energies above 150 eV,the spectrum i n A g . 4  
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decreases due t o  kinematics; the probabi l  i t y  o f  energy 
t rans fe r  decreases dramatical l y  f o r  energies beyond the 
c l a s s i c a l  kinematic l i m i t .  The f a c t  t h a t  the ta rge t  
e lec t rons  a re  bound in f luences the  e jec ted  e l e c t r o n  
spectrum i n  two ways. The bound e lect rons have an i n i -  
t i a l  v e l o c i t y  d i s t r i b u t i o n  which contr ibutes t o  the 
w id th  o f  the "b inary encounter peak" and the f a c t  t h a t  
the e lec t rons  are bound r a t h e r  than f r e e  con t r ibu tes  t o  
the  s h i f t  o f  the peak t o  lower e l e c t r o n  energies than 
ca lcu la ted  f o r  a  f r e e  e lect ron;  the f r e e  e l e c t r o n  ener- 
gy c a l c u l a t i o n  i s  shown by an arrow i n  F ig .  4 

Some i n t e r e s t i n g  c h a r a c t e r i s t i c s  o f  the e l e c t r o n  
emission spectra f o r  i nc iden t  carbon ions can be obser- 
ved by comparing cross sect ions f o r  d i f f e r e n t  charge 
s ta tes  o f  t h e  tnctdent  ion. Data f o r  e j e c t i o n  of e lec -  
t rons a t  50' and 130' are shown i n  F ig .  5  f o r  i on iza -  
t i o n  o f  argon by 3 MeV C+. C+++, and equal v e l o c i t y  
protons (0..25 MeV/amu). The carbon i o n  data have been 
d iv ided  by 36 (nuc lear  charge squared) i n  l i g h t  o f  pre-  
v ious data f o r  hel ium ions and oxygen ions which i n d i -  
c a t e  t h a t  the nuclear charge i s  e f f e c t i v e l y  unscreened 
f o r  e j e c t i o n  o f  h igh  energy e l e ~ t r o n s . ~ , ~ ~  This scaling 
procedure again i s  s~ lccessfu l  f o r  high-energy e lec t rons  
as the scaled cross sect ions f o r  C+. C+++. and ti+ a1 1  
converge. This sca l ing  procedure i s  n o t  expected t o  be 
re levan t  t o  lower energy e jec ted  e lect rons bu t  i t  does 
g i v e  some measure of the degree t o  which the p r o j e c t i l e  
charge i s  screened as the energy t r a n s f e r  decreases, 
i .e . ,  average impact parameter increases. Also, note 
t h a t  the magnitude o f  screening appears t o  be dependent 
on the e l e c t r o n  emission angle. The c r q s  sec t ion  fo r  
emission o f  20 eV e lect rons i s  a  f a c t o r  of 2.3 l a r g e r  
f o r  C+++ than f o r  C+ f o r  an e j e c t i o n  angle of 50' and 
on ly  a  few percent l a r g e r  f o r  an e j e c t i o n  angle o f  130". 
These data i 1 l u s t r a t e  the complicated nature of p ro jec -  
t i l e  screening and the d i f f i c u l t y  o f  sca l ing  cross sec- 
t i o n s  f o r  i n c i d e n t  heavy ions.  

The c o n t r i b u t i o n  t o  the e jected e lec t ron  spectra 
of e lec t rons  Str ipped from the p r o j e c t i l e  i s  most e v i -  
dent i n  F ig.  5  i n  the spectrum fo r  emission a t  130". 
The c o n t r i b u t i o n  i s  l a r g e s t  f o r  C+, as expected, s ince 
i t  c a r r i e s  a  l a r g e r  number o f  bound e lect rons.  I t  i s  
i n t e r e s t i n g  t o  consider the c o l l i s i o n  i n  the r e s t  frame 
o f  the carbon ion  where the i n t e r a c t i o n  mav be viewed 

r i g .  5. Elec t ron  emission cross sect ions f o r  e lec t ron  emission from argon by 3  MeV c + ,  c+++, and equal v e l o c i t y  
H+ impact. The proton data a re  from Ref. 3. 
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as i o n i z a t i o n  o f  a  carbon i o n  by an inc iden t  proton; 
the inc iden t  proton may be screened somewhat since i t  
i s  a c t u a l l y  a  cons t i tuen t  of a  hydrogen molecule. The 
ion ized e lec t ron  spectrum i n  the carbon i o n  r e s t  frame 
should look very s i m i l a r  t o  spectra such as those shown 
i n  Fig. 1  fo r  i o n i z a t i o n  by protons. For example, one 
would expect a  peak fo r  e j e c t i o n  of low-energy e lec-  
t rons ( s o f t  c o l l i s i o n s )  and a  b inary  encounter peak f o r  
e j e c t i o n  of fas t  e lect rons.  Since b inary  c o l l i s i o n s  
deal w i t h  la rge  energy t ransfer ,  the bound e lect rons 
i n t e r a c t  as though near ly  f ree and one would expect the 
cross sect ion t o  depend on the number of bound e lec-  
t rons.  According t o  the  d e s c r i p t i o n  o f  Drepper and 
Briggs ,23 the b inary encounter e lec t rons  associated 
w i t h  i o n i z a t i o n  of the p r o j e c t i l e  w i l l  be observed pre- 
dominantly a t  l a r g e  angles as observed i n  the labora- 
to ry .  Analysis of the r e l a t i v e  i n t e n s i t y  o f  the e lec-  
t r o n  loss peaks observed a t  130' i n  F ig.  58 ind ica tes  
i n t e n s i t i e s  p ropor t iona l  t o  the number of p r o j e c t i l e  
e lect rons.  A f te r  making an approximate c o r r e c t i o n  t o  
account fo r  t a r g e t  ion iza t ion ,  the r e l a i i v e  cross sec i  
t i o n s  of s t r i p p i n g  e lec t rons  from c+, C , and c+++ 
ions vary approximately as 10, 7, and 3, respect ive ly ,  
fo r  l abora to ry  e j e c t i o n  energy o f  135 eV and emission 
angle of 130'. The r e l a t i v e  cross sect ions decrease 
somewhat fas te r  than the r e l a t i v e  number o f  p r o j e c t i l e  
e lect rons due t o  the increased b ind ing energy o f  the 
higher charge states'. The r e l a t i v e  c o n t r i b u t i o n  o f  
s t r ipped  e lect rons t o  the emission spectra f o r  small 
laboratory  emission angles represented by the 50° spec- 
trum i n  F ig.  5A cannot be re1 i a b l y  determined because 
the cross sect ions fo r  s t r i p p i n g  p lus t a r g e t  i o n i z a t i o n  
appear s i m i l a r  f o r  both C+ and C+++ impact. One cannot 
t e l l  whether the cross sect ions f o r  s t r i p p i n g  have be- 
come less  dependent on p r o j e c t i l e  charge s t a t e  f o r  
emission i n t o  small angles o r  whether the t a r g e t  i o n i -  
z a t i o n  cross sect ion has become s u f f i c i e n t l y  la rge  r e -  
l a t i v e  t o  the s t r i p p i n g  cross sect ion t o  dominate the 
spectrum. 

SINGLE DIFFERENTIAL ELECTRON EMISSION CROSS SECTIONS 

The c o n t r i b u t i o n  t o  e jec ted  e lec t ron  spectra from 
e lec t rons  s t r ipped  from the p r o j e c t i l e  i s  d i f f i c u l t  t o  
determine i n  low v e l o c i t y  c o l l i s i o n s  because the s t r i p -  
p ing cross sect ion may be small and masked by the v a r i -  
a t i o n  i n  p r o j e c t i l q  screening w i t h  e jected e l e c t r o n  
energy. An i n d i c a t i o n  o f  the s ign i f i cance  o f  pro jec-  
t i l e  s t r i p p i n g  and screening as a  func t ion  o f  p r o j e c t -  
t i l e  v e l o c i t y  can be obtained by comparing e jec ted  e lec-  
t r o n  spectra p l o t t e d  as the r a t i o  of measured cross sec- 
t i o n s  t o  the corresponding Rutherford values. This r a -  
t i o ,  Y(E,T) i s  given by: 

where R i s  the Rydberg u n i t  of energy (13.605 eV), T  i s  
the k i n e t i c  energy of the inc iden t  i o n  i n  u n i t s  o f  an 
equ iva len t  v e l o c i t y  e l e c t r o n  (T = +me!i , where m i s  the 
e l e c t r o n  mass and v  i s  the i o n  v e l o c ~ t y ) ,  a. i s  the 
Bohr rad ius  (0.529~].and E  i s  the energy t r a n s f e r  i n  
e j e c t i o n  o f  an e l e c t r o n  of energy E ( E  = E + I, where I 
equals the e l e c t r o n  b ind ing energy). The s i n g l e  d i f f e r -  
e n t i a l  cross sec t ion  Q(E)  i s  obtained from measured 
double d i f f e r e n t i a l  cross sec t ion  by i n t e g r a t i o n  w i t h  
respect t o  e l e c t r o n  emission angle. An advantage o f  
conver t ing the emission cross sect ions t o  the  form given 
by Y(E,T) i s  t h a t  cross sect ions which vary by many o r -  
ders o f  magnitude can be d isp layed f o r  convenient analy- 
s i s  of spec t ra l  features on a  l i n e a r  scale. I n  addit ion. 
when Y(E.T) i s  p l o t t e d  vs R/E, as i n  F ig.  6. the area 
under the curve i s  p ropor t iona l  t o  the t o t a l  i o n i z a t i o n  . 
cross sect ion. This provides a  graphica l  i l l u s t r a t i o n  
o f  the  s ign i f i cance  o f  spect ra l  features as con t r ibu -  
t i o n s  t o  the i o n i z a t i o n  process. The comparison o f  

F ig .  6. Elec t ron  emission from water vapor by H+, ~ e + ,  and ~ e + +  impact. See the t e x t  f o r  d e f i n i t i o n  o f  the quan- 
t i t y  Y(E,T). The proton data are from Ref. 16. 



e l e c t r o n  spectra f o r  i o n i z a t i o n  o f  water vapor by ~ e + ,  
~ e + + ,  and H+ ions o f  several energies shown i n  Fig. 6 
c l e a r l y  ind ica tes  the importance o f  screening o f  the 
p r o j e c t i l e  charge i n  i n t e r a c t i o n s  i n v o l v i n g  small ener- 
gy t rans fe r .  For l a r g e r  energy transfer,screening be- 
comes i n e f f i c i e n t  and r e s u l t s  f o r  ~ e +  and ~ e + +  impact 
are s i m i l a r .  I t  i s  a l s o  ev ident  t h a t  screening becomes 
somewhat less  s i g n i f i c a n t  as the energy o f  the inc iden t  
i o n  decreases. The most dramatic change i n  the spectra 
w i t h  increasing i o n  energy i s  the increase i n  i n t e n s i t y  
o f  the e l e c t r o n  l o s s  c o n t r i b u t i o n  t o  the i o n i z a t i o n  
process. A t  the h ighest  i o n  energy shown (0.5 MeV/amu), 
the s t r ipped  e l e c t r o n  peak dominates the spectrum f o r  
~ e +  impact and a t  the lowest i o n  energy, there i s  no 
evidence of t h i s  c o n t r i b u t i o n .  The proton data shown 
i n  F ig.  6 have been m u l t i p l i e d  by a f a c t o r  o f  4  f o r  
comparison t o  the hel ium i o n  data t o  determine the r e -  
l i a b i l i t y  of Z 2  sca l ing  f o r  t h i s  energy range. The de- 
v i a t i o n s  from Z2. scal ing,  al though small, are s i g n i f i -  
cant  and are discussed i n  d e t a i l  e l s e ~ h e r e . ~ ~  The p r i -  
mary purpose o f  F ig .  6  i s  t o  i l l u s t r a t e  the e f fec t  o f  
p r o j e c t i l e  s t r u c t u r e  on e lec t ron  energy spectra. Since 
equal areas under these curves con t r ibu te  equal ly  t o  
the t o t a l  i o n i z a t i o n  cross sect ion, i t  i s  apparent t h a t  
a  la rge  f r a c t i o n  o f  the i o n i z a t i o n  cross sec t ion  f o r  
fas t  He+ impact i s  con t r ibu ted  by f a s t  e lect rons.  The 
mean energy o f  e lec t rons  w i l l ,  therefore, be much l a r -  
ger fo r  i o n i z a t i o n  by He+ than f o r  equal v e l o c i t y  pro- 
tons o r  alpha p a r t i c l e s .  A s i m i l a r  p l o t  f o r  i o n i z a t i o n  
of argon by carbon ions i s  shown i n  Fig. 7  along w i t h  
data fo r  equal v e l o c i t y  protons from the work o f  Crooks 
and R ~ d d . ~ ~  . The dashed l i n e s  are est imates o f  the cross 
sect ions f o r  low-energy e lect rons;  the carbon i o n  mea- 
surements are u n r e l i a b l e  f o r  e lec t ron  energies less  than 
about 10 eV. The i o n  v e l o c i t i e s  here are about 30% lw 
er  than the lowest energy helium i o n  data shown i n  Fig. 
6, so we would n o t  expect a  very la rge  c o n t r i b u t i o n  from 

. p r o j e c t i l e  s t r i p p i n g .  S t i l l ,  the carbon i o n  data showa 

Fig.  7. E lec t ron  emission from argon by 1.3 MeV C+ and 
3 MeV C++ impact. Y(C,T) i s  described i n  the 
t e x t  and the proton data are from Ref. 3. The 
dashed l i n e s  are est imates o f  the  cross sections 
for  low-energy e lect rons;  the measurements a re  
u n r e l i a b l e  f o r  energies less  t l tar~ about 10 eV. 

la rge  c o n t r i b u t i o n  o f  f a s t  e lect rons r e l a t i v e  t o  the 
Proton induced spectra. Although there i s  some evidence 
of a  c o n t r i b u t i o n  t o  the spectra from e1ectron.s s t r ipped 
fro111 the carbon i o n  (see the shoulder on the 1.3 lYeV C+ 
spectrum a t  about 60 eV), the p r i n c i p l e  reason for  the 
r i s e  i n  the spectrum a t  higher e lec t ron  energfes i s  a t -  
t r i b u t e d  t o  a decrease I n  the e f f f c l e n c y  o f  p r o j e c t l l e  

screening f o r  l a r g e  energy t rans fe r .  Again, the s i g n i -  
f icance o f  t h i s  e f f e c t  i s  t h a t  the mean energy o f  e lec-  
t rons e jected i n  i o n i z i n g  c o l l i s i o n s  w i l l  be much 
g rea te r  f o r  the s t ruc tu red  ions than f o r  bare p ro jec -  
t i l e s  o f  the same ve loc i t y .  Fur ther  measurements are 
requi red t o  ob ta in  systematics o f  i n t e r a c t i o n  processes 
such as these where screening i s  p a r t i c u l a r l y  important. 
I t  i s  hoped t h a t  such measurements w i l l  no t  on ly  pro- 
v ide  data needed f o r  a p p l i c a t i o n  i n  several research 
f i e l d s  but  prov ide incen t i ve  f o r  t h e o r e t i c a l  ca lcu la -  
t i o n s  which, when compared t o  experimental data, w i l l  
prov ide i n s i g h t  i n t o  the c o l l  i s i o n  process. 
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