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ABSTRACT 

Nous avons étudie la capture d'un électron et l ' exci ta t ion de la couche K de la 
pro jec t i le dans des col l i s ions uniques entre des ions de Ca de 47 à 365 HeV dans 
le Ne, Ar, e t Er, par la mesure des rayons x K en coïncidence avec la cap ture d'un 
"électron. On trouve que ce processus 'a deux électrons se passe surtout par capture 
et exci tat ion qui sont indépendantes; cela est le contraire de ce qu'on trouve dans 
une cible d'hélium, ou la capture et l ' exci ta t ion viennient de l ' in te rac t ion entre 
les deux 'électrons. 

The occurence of electron capture and pro jec t i le K-shell exci ta t ion in s ingle-
col l i s ion events has been investigated by measuring K-x-ray emission coincident with 
s i n g l e - e l e c t r o n capture for 47-365 MeV Ca ions c o l l i d i n g wi th Ne, Ar, and Kr. 
The r e s u l t s i nd i ca t e t ha t t h i s two-e l ec t ron process takes p lace p r i m a r i l y due to 
ifidSELSSdent capture and exci tat ion events, in contrast to previous measurements for 
He t a r g e t s which show t h a t the capture and e x c i t a t i o n a r i s e from the e l e c t r o n -
e lec t ron interact ion. 

1—3 Recent s t ud i e s have shown tha t e l e c t r o n transfer (capture) and pro jec t i le 
inner-shell exci tat ion can occur together in a single encounter between an ion and 
an atom giving r i se to the formation of a doubly-excited intermediate s t a t e . This 
exc i ted s t a t e d subsequent ly decays by e i t h e r photon (x-ray) emiss ion or e l e c t r o n 
(Auger) emiss ion . The combined t r a n s f e r and e x c i t a t i o n can r e s u l t from e i t h e r 
electron-nucleus interactions or from electron-electron interact ions. In the former 
case , independent p a r t i c l e i n t e r a c t i o n s give r i se to electron capture (projecti le 
nucleus interact ing with target electrons) and pro jec t i le exci ta t ion (target nucleus 
i n t e r a c t i n g wi th p r o j e c t i l e e l e c t r o n s ) in a s i n g l e encounter . In gene ra l , t h i s 
independent p a r t i c l e mechanism i s expected to dominate the formation of the 
t r a n s f e r - e x c i t a t i o n process for ene rg ies where capture and exci ta t ion occur with 
comparable probabi l i t i es . 

In add i t i on , the e l e c t r o n - e l e c t r o n i n t e r a c t i o n can give r i s e to e l e c t r o n 
t r a n s f e r and e x c i t a t i o n via the inverse of an Auger t r a n s i t i o n . In t h i s case the 
(weakly) bound t a r g e t e l e c t r o n s are considered to be free r e l a t i v e to the fas t 
moving ion thereby providing a "beam'' of e l e c t r o n s in the p r o j e c t i l e r e s t frame. 
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Hence, t h i s  l a t t e r  p r o c e s s  i s  r e s o n a n t  f o r  r e l a t i v e  v e l o c i t i e s  b e t w e e n  t h e  pro-  
j e c t i l e  and t a r g e t  which  a r e  e q u a l  t o  t h e  v e l o c i t i e s  o f  o u t g o i n g  e l e c t r o n s  i n  t h e  
corresponding Auger t r a n s i t i o n s .  This  c o r r e l a t e d  e l e c t r o n  mechanism can give l i s e  
t o  the  same in te rmed ia te  and f i n a l  s t a t e s  a s  t h e  independent p a r t i c l e  i n t e r a c t i o n s ,  
so the  two mechanisms, i n  general ,  compete w i t h  one another.  The combined t r a n s f e r  
and e x c i t a t i o n  mechanism due t o  the  e l ec t ron-e lec t ron  i n t e r a c t i o n  i s  c a l l e d  resonant  
t r a n s f e r  and e x c i t a t i o n  (RTE) whi le  the  independent p a r t i c l e  process  i s  c a l l e d  non- 
resonant  t r a n s f e r  and e x c i t a t i o n  o r  mE. 

The e x i s t e n c e  o f  RTE and NTE have b e e n  c l e a r l y  e s t a b l i s h e d  i n  s e v e r a l  
showing t h a t  t h e s e  p r o c e s s e s  c a n  b e  d i s t i n g u i s h e d  and i n v e s t i g a t e d  

separate ly .  Furthermore, RTE and NTE a r e  shown4 t o  have n e a r l y  equal  p r o b a b i l i t i e s  
f o r  some c o l l i s i o n  s y s t e m s ,  s u c h  a s  16~13+ + He. A t  f i r s t  g l a n c e  i t  m i g h t  b e  
expected t h a t  RTE should be a  second o rde r  process,  bu t  when one cons ide r s  t h a t  the  
Auger e f f e c t  i s  a  s t r i k i n g  example  o f  e l e c t r o n - c o r r e l a t i o n  e f f e c t s  i n  i s o l a t e d ,  
exc i t ed  atoms, it i s ,  perhaps, no t  s u r p r i s i n g  t h a t  these  same c o r r e l a t i o n  e f f e c t s  
manifes t  themselves i n  dynamic systems as  wel l .  

I n  a d d i t i o n  t o  e s t a b l i s h i n g  t h e  ex i s t ence  g f  RTE and NTE, the  dependence of RTE 
on p r o j e c t i l e  a tomic number5 and charge s t a t e  have been measured. L i t t l e  sys te-  
m a t i c  i n f o r m a t i o n  on t h e s e  p a r a m e t e r s  i s  c u r r e n t l y  a v a i l a b l e  f o r  NTE, however .  
F u r t h e r m o r e ,  t h e  t a r g e t  Z dependence  o f  n e i t h e r  RTE n o r  NTE have b e e n  p r e v i o u s l y  
inves t iga ted .  

I n  an e f f o r t  t o  s tudy  RTE f o r  heavy t a r g e t s ,  a s  w e l l  a s  t h e  r e l a t i v e  importance 
of RTE and NTE i n  r a t h e r  symmetric heavy-ion c o l l i s i o n s  and t h e i r  r e spec t ive  con t r i -  
b u t ~ o n s  t o  K-vacancy production, we have measured K x-ray emiss ion ( fol lowing decay 
of t h e  in te rmed ia te  exc i t ed  s t a t e )  coincident  wi th  s ing le -e lec t ron  cap tu re  f o r  47- 
365 MeV ca17+  + Ne, Ar, and Kr t a r g e t s .  R e s u l t s  a r e  compared w i t h  o u r  p r e v i o u s  
measurements1 f o r  ca17+ + He c o l l i s i o n s .  

The measurements repor ted he re  were conducted a t  Lawrence Berkeley Laboratory 
u s i n g  t h e  SuperHILAC f a c i l i t y .  P r o j e c t i l e s  i n  a  g i v e n  c h a r g e  s t a t e  p a s s  t h r o u g h  a  
d i f f e r e n t i a l l y  pumped gas  c e l l .  X rays  produced i n  c o l l i s i o n s  wi th  t h e  t a r g e t  gas 
a r e  d e t e c t e d  w i t h  a  S i ( L i )  d e t e c t o r  mounted a t  90' t o  t h e  beam a x i s .  The beam, 
a f t e r  emerg ing  f rom t h e  g a s  c e l l ,  i s  m a g n e t i c a l l y  a n a l y z e d  i n t o  i t s  c h a r g e - s t a t e  
components. Ions which undergo e l e c t r o n  cap tu re  i n  the  t a r g e t  gas a r e  de tec ted  w i t h  
a  s o l i d - s t a t e  de tec to r .  The non-charge-changed component of the  emerging beam i s  
c o l l e c t e d  i n  a  Faraday cup. coincidences  between K x  r ays  and p r o j e c t i l e  ions which 
c a p t u r e  a n  e l e c t r o n  a r e  measured  u s i n g  a  t ime-to-ampli tude conver ter .  The coin- 
c i d e n c e  y i e l d s  a r e  measured  a s  a  f u n c t i o n  o f  g a s  p r e s s u r e  t o  o b t a i n  t h e  d e s i r e d  
c r o s s  s e c t i o n s  and t o  ensure  t h a t  s i n g l e - c o l l i s i o n  cond i t ions  p reva i l .  

The r e s u l t s  of the  coincidence measur ments a r e  shown i n  Fig. 1 f o r  ca17+ + Ar 
a l o n g  w ~ t h  o u r  p r e v i o u s  r e s u l t s  f o l  Caf7+ + Be. I t  i s  n o t e d  e t  once t h a t  t h e  
c o i n c i d e n c e  c r o s s  s e c t i o n s  f o r  t h e  Ar t a r g e t  a r e  found t o  be  more t h a n  1 0  t i m e s  
l a r g e r  t h a n  t h o s e  f o r  t h e  He t a r g e t .  R e s u l t s  o b t a i n e d  f o r  t h e  Ne and K r  t a r g e t s  
were  s i m i i a r .  A l s o  shown i n  t h e  f i g u r e  a r e  t h e  c a l c u l a t e d  RTE c r o s s  s e c t i o n s  f o r  
e a c h  o f  t h e  t a r g e t s .  S i n c e  t h e  RTE t h e o r y  as sumes  t h e  p r o j e c t i l e  v e l o c i t y  t o  b e  
much g r e a t e r  than t h e  bound t a r g e t  e l e c t r o n  ve loc i ty ,  on ly  those t a r g e t  e l e c t r o n s  
s a t i s f y i n g  t h i s  cond i t ion  were included i n  the  c a l c u l a t i o n s ,  namely t h e  L- and M- 
s h e l l  e l e c t r o n s  f o r  Ar. 

I n  t h e  c a s e  o f  NTE, c a l c u l a t i o n s 7  f o r  ca17+  + He i n d i c a t e  a maximum c o n t r i -  
bu t ion  t o  the  coincidence c ross  s e c t i o n  o f  about 5% from t h i s  process  n e a r  100 MeV 
wi th  t h e  NTE p r o b a b i l i t y  f a l l i n g  o f f  r a p i d l y  f o r  h igher  enezgies.  No NTE ca lcu la -  
t i o n s  f o r  t a r g e t s  heav ie r  than He a r e  c u r r e n t l y  ava i l ab le .  Q u a l i t a t i v e l y ,  however, 
i t  i s  expected t h a t  t h e  maximum NTE c o n t r i b u t i o n  f o r  heavy t a r g e t s  w i l l  occur f o r  
beam energ ies  h igher  than f o r  the  He t a r g e t .  Th i s  i s  because the  p r o j e c t i l e  exc i t a -  
t i o n  g e n e r a l . 1 ~  has the  same energy dependence f o r  inc reas ing  t a r g e t  Z, but  a  l a r g e r  
nlagnitude, whi le  the  cap tu re  c ross  s e c t i o n  does no t  decrease  so  s t e e p l y  f o r  t a r g e t s  
heavier  than He. Then, s ince  t h e  NTE c r o s s  s e c t i o n  i s  roughly p ropor t iona l  t o  the  
product o f  the  independent capture  and e x c i t a t i o n  p r o b a b i l i t i e s ,  t h e  maximum NTE 
c o n t r i b u t ~ o n  i s  expected f o r  h igher  beam energ ies  f o r  inc reas ing  t a r g e t  Z. 
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FIG. 1. Cross sections for K X-ra emission coincident with 
single-electron capture for Cal'+ + He and Ar collisions: 
crosses, He target; squares, Ar target. The dashed curve and 
the solid curve shdw the calculated RTE cross sections for He 
and Ar, respectively. 

There is seen to be a laige discrepancy (nearly a factor of 10) between the 
calculated RTE cross sections and the measured coincidence cross sections for the Ar 
target. (Again, the resuits for Ne and Kr targets are similar.) In all of the 
studies to date for x rays coincident with single capture involving He or H2 tar- 
gets, good agreement (within - 25%) between the measured coincidence cross sections 
and the RTE theory is found. Based on these previous results for light targets and 
the large discrepancy between experiment and RTE theory observed for the heavy 
targets studied here, we are led to the conclusion that electron transfer and 
projectile excitation in single collisions is dominated by the independent particle 
NTE process for the heavy targets. 

A qualitative physical basis for this conclusion can be argued. Since the 
experimental requirement that a K-excitation event occurs implicitly selects close 
collisions, it follows that the independent capture event also must take place 
primarily at small internuclear distances. In such collisions, electron capture 
from the inner, tightly bound target shells will be favored. (Even without the 
requirement of K-excitation, it is well-known that in high velocity collisions 
electron capture from the inner shells predominates.) Thus, it appears that the 
capture probability from the target inner shells is sufficiently large so that the 
two-step NTE process completely outweighs the one-step RTE process despite the 
anticipated increase in RTE due to the greater electron multiplicity in the outer 
shells of the heavy targets. 

In summary, we have shown that combined electron transfer and projectile exci- 
tation in single collisions occurs with high probability in collisions of highly 
charged ions with targets heavy compared to He. Comparison with expectations based 
on electron-correlation effects (RTE) indicates that the transfer and excitation 
result primarily from independent particle interactions. This is contrary to 
results obtained with light targets (He and Hz) for which the electron-electron 
interaction dominates the transfer-excitation process. The results point to the 
need for theoretical work in describing these two-electron interact ions in heavy, 
symmetric collisions. 
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