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L E T T E R  T O  T H E  E D I T O R  

Structure  in the e lectron energy  s p e c t r u m  f r o m  m u l t i - k e Y  A r  + -  Au 
and Ar + -  Cu co l l i s ions  

In a recent paper F a n o  and L i c h t e n  1) suggested a mechanism for the ionization 
of atoms and ions during violent collisions, which differs from the statistical theory 
of R u s s e k  2). They assume the non-adiabatic formation of an excited molecular ion. 
The particles then separate into states highly excited through electron promotion, and 
subsequently emit electrons by auto-ionization. With  this mechanism they can explain 
the discrete inelastic energy losses found by A f r o s i m o v  e .a .  3) and by K e s s e l  e .a .  4) 
for Ar+-Ar collisions. I t  follows that  the energy spectrum of the ejected electrons will 
be a test for this mechanism and F a n o  and L i c h t e n  predict the presence of discrete 
electron groups at energies simply related to the level structure of the colliding particles. 
In particular for collisions involving Ar, they predict strong peaks in the neighbourhood 
of 200 eV and suggest that  such peaks be sought. At lower energies analogous peaks 
have been observed by B e r r y  5). 

I t  has been shown earlier in this laboratory that  some aspects of two-body atomic 
collisions can be studied using solid ta lget  materials s) 7). We have applied this technique 
to examine the energy spectrum of electrons ejected as a consequence of collisions of 
Ar + and Ne + ions with energies of 60 keV, 80 keV, and 90 keV on polycrystalline Au 

2 

Fig. 1. Cross section of the apparatus. 
The ion beam (1) enters through an aperture of 1 mm diameter (2) and hits the target  
(3). Electrons of a certain energy from the target  are focused into the collector (4) 
by the magnetic field caused by the coil (5). The magnetic shielding (6) prevents 
outside fields to influence the electrons. The length of the coil is 100 ram, the diameter 

50 mm 
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a n d  Cu ta rge t s .  A cross sec t ion  of t he  a n a l y z i n g  i n s t r u m e n t  is shown  in fig. 1. 
E l e c t r o n s  e jec ted  b y  ion b o m b a r d m e n t  m o v e  in a m a g n e t i c  field of v a r i a b l e  s t r e n g t h  
a n d  idea l ly  can  r each  t h e  co l lec tor  on ly  if t h e i r  energy,  E,  sat isf ies t he  e q u a t i o n  

E - -  c 1 2  (1) 

in  w h i c h  I is t h e  c u r r e n t  t h r o u g h  t he  a n a l y z e r  m a g n e t  coil, a n d  c is a c o n s t a n t  de-  
t e r m i n e d  b y  t he  a p p a r a t u s .  T he  solid ang le  accep ted  b y  t he  ana lyze r  ds9 = 6 × 10 -2 
sr  a n d  t h e  e n e r g y  ha l f  w i d t h  is 10%. 

T h e  ana lyze r  was  c a l i b r a t e d  w i t h  t h e  he lp  of the  low ene rgy  e lect rons .  These  were 
acce le ra t ed  b y  a k n o w n  p o t e n t i a l  app l ied  to  t he  t a rge t .  For  c a l i b r a t i on  t he  t a r g e t  
a r r a n g e m e n t  di f fered f rom t h a t  i n d i c a t e d  in fig. 1 in t h a t  t h e  acce le ra t ing  field was 
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Fig. 2. Magne t i c  ana lys i s  of t he  e lec t rons  e jec ted  d u r i n g  t he  b o m b a r d m e n t  of Au 
w i t h  Ar+ ions of 60 keV. T he  ene rgy  scales co r r e spond ing  to t he  cu rves  I a n d  I I  are  

cor rec ted  for t he  r e t a r d i n g  p o t e n t i a l  app l ied  to t h e  t a r g e t  
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Fig. 3. E n e r g y  d i s t r i b u t i o n  of t h e  e lec t rons  in  t he  ene rgy  regio~ 125 e V - 2 5 0 e V  
( b a c k g r o u n d  s u b t r a c t e d ) .  A n  Au t a r g e t  is b o m b a r d e d  w i t h  90 keV A r  + ions. The  
e x p e r i m e n t a l  po in t s  are  co r rec ted  for t h e  r e t a r d i n g  t a r g e t  po ten t i a l .  The  h e i g h t  of t h e  

m a x i m u m  cor responds  to  a b o u t  10 -s  e lec t rons / ion  
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para l l e l  t o  t h e  in i t i a l  b e a m  di rec t ion .  I n  t he  r a n g e  f rom 75 V to 250 V, c in  eq. 1 was 
c o n s t a n t  w i t h i n  5~o. 

D u r i n g  t h e  m e a s u r e m e n t s  t h e  low e n e r g y  e l ec t rons  were suppres sed  b y  p o t e n t i a l s  
up  to  30 V o n  t he  t a rge t .  T he  i n t e n s i t y  of t h e  ion b e a m  was  a b o u t  2 /~A/mm~.  

Fig. 2 shows a t y p i c a l  e l ec t ron  m o m e n t u m  d i s t r i b u t i o n  for  Ar  + on  Au a t  60 keV.  
The  p o r t i o n  c o r r e s p o n d i n g  to  energies  g rea t e r  t h a n  100 eV shows a h u m p  on t h e  
c o n t i n u o u s l y  decreas ing  b a c k g r o u n d .  Th i s  h u m p  shi f t s  w i t h  a c h a n g i n g  t a r g e t  p o t e n t i a l  
in a m a n n e r  expec t ed  for e lec t rons  of ene rgy  i n d i c a t e d  b y  t h e  ca l ib ra t ion .  T h e  h u m p  
becomes  m o r e  p r o m i n e n t  as t h e  r e t a r d i n g  p o t e n t i a l  is increased,  a n  effect  to  be  
expec t ed  if some  of t he  b a c k g r o u n d  is due  to  low e n e r g y  e lec t rons  fol lowing c o m p l e x  
t ra jec to r ies .  

I n  fig. 3 we show t h e  r e su l t s  o b t a i n e d  f rom A r + - A u  r u n s  a t  90 keV for  r e t a r d i n g  
p o t e n t i a l s  of zero, 9.2, a n d  18.5 V. W e  h a v e  s u b t r a c t e d  t h e  b a c k g r o u n d ,  m a k i n g  
r e a s o n a b l e  a s s u m p t i o n s  a b o u t  i ts  b e h a v i o u r  a n d  h a v e  p l o t t e d  t he  p o i n t s  on  a n  ene rgy  
scale  co r rec t ed  for  r e t a r d i n g  po ten t i a l .  T he  o r d i n a t e s  are  una l t e r ed .  I t  will  be  n o t e d  
t h a t  a s ingle  cu rve  r e p r e s e n t s  t he  t h r e e  se ts  of d a t a  w i t h i n  e x p e r i m e n t a l  sca t t e r .  The  
b r e a d t h  of t h e  cu rve  a t  ha l f  m a x i m u m  is a b o u t  40 eV. A t  t h e  m a x i m u m  t h e  n u m b e r  
of co l lec ted  e lec t rons  pe r  i n c o m i n g  ion, n-/n +, is a b o u t  10 -5. I f  we a s sume  t h e  e lec t rons  
b e i n g  i so t rop ica l ly  d i s t r i b u t e d  a n d  t h e  t a r g e t  d e n s i t y  N ~ 1.5 × 1015 a t o m s  pe r  c m  2 
(one a t o m  layer) ,  t h e  cross sec t ion  for  t he  p r o d u c t i o n  of these  e lec t rons  is 

4~r n -  1 
o --  ~ 10 -18 c m  ~. 

d~2 n + N 

The  resu l t s  of d e t e r m i n a t i o n s  of t he  m o s t  p r o b a b l e  ene rgy  for  Ar+ b o m b a r d m e n t  
are  g iven  in t a b l e  I. E n e r g y  va lues  h a v e  been  c o n e c t e d  for r e t a r d i n g  po t en t i a l .  T h e  
s c a t t e r  a m o n g  p e a k  energies  for a g iven  t a r g e t  is less t h a n  ± 5 ~ o .  F o r  each  p r i m a r y  
ion e n e r g y  a t  l eas t  t w o  r e t a r d i n g  p o t e n t i a l s  were  used,  one  of w h i c h  was a t  l eas t  9.2 V. 
E v i d e n t l y  t h e r e  is a g roup  of e j ec ted  e lec t rons  a t  a b o u t  192 eV a r i s ing  f rom A r + - A u ;  
t h e  m o s t  p r o b a b l e  ene rgy  ot th i s  g roup  is p r ac t i ca l l y  i n d e p e n d e n t  of t h e  e n e r g y  of t h e  
b o m b a r d i n g  ions. Similar ly ,  a r i s ing  f rom Ar+-Cu  t h e r e  is a g roup  a t  a b o u t  182 eV. 
W e  place  a prec is ion  of + I 0 %  on  the se  va lues ;  however ,  t h e  d i f ference  of I0 eV 

TABLE I 

Energy groups in electron spectra 

Ar + -  Au Ar + -- Cu 
Primary energy 

(keV) No. of trials Average energy No. of trials Average energy 
at peak (eV) at peak (eV) 

60 9 192 3 182 
80 2 191 2 182 
90 12 193 4 181 

b e t w e e n  t h e  two  va lues  appea r s  to  be  n e i t h e r  i n s t r u m e n t a l  no r  s t a t i s t i c a l  in  origin.  
A n u m b e r  of t r ia l s  were m a d e  us ing  Ne+ ions on  t he  s ame  t a r g e t s  a n d  a t  t h e  same  

ion e n e r g y  values .  T h e  e n e r g y  s p e c t r u m  f rom Ne + has  no  s t r u c t u r e  in  t h e  reg ion  of 
in t e res t ,  a t  l eas t  to  t h e  s e n s i t i v i t y  of ou r  ana lyze r .  

A n u m b e r  of r u n s  w i t h  t h e  Au  t a r g e t  a n d  w i t h  b o t h  k inds  of ions  e x h i b i t e d  a s m a l l  
p e a k  a t  a b o u t  50 eV (fig. 2). Because  t h e  t o t a l  s igna l  is qu i t e  large  a n d  because  t h e  
e n e r g y  a t  t h i s  Peak  is c o m p a r a b l e  w i t h  t h e  r e t a r d i n g  l ~ t e n t i a i s  employed ,  we h a v e  n o t  
a t t e m p t e d  to  i n t e r p r e t  t h i s  s t r u c t u r e .  
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The su rvey  of the  e lec t ron  energy  s p e c t r u m  was ex t en d ed  to  abou t  1200 eV bu t  
no fu r t he r  evidence  of s t ruc tu re  could be found.  

Accord ing  to  F a n o  and  L i c h t e n  the  resu l t  of a collision invo lv ing  an Ar ion in the  
ene rgy  range  of our  expe r imen t s  m a y  be to  raise an e lec t ron f rom the  L shell  in to  a 
h igher  unfi l led level. The in te rna l  vacancy  is filled by  an Auger  process  which  involves  
two  outer  e lectrons.  One of these  is e jec ted  wi th  kinet ic  energy  equal  to  the  par t i cu la r  
L shel l  ioniza t ion  po ten t i a l  (about  250 eV) less the  energy  for a double  ionizat ion f rom 
t h e  ou te r  shells  ( ~ 43 eV). E lec t ron  k ine t ic  energies of 200 eV or s o m e w h a t  less can 
be expec ted .  The s p e c t r u m  of energies should  be i n d e p e n d e n t  of increas ing p r i m a r y  
ion ene rgy  as long as no new level crossings are produced.  

The t e r m  values  of Ne and  Cu lead to  the  pred ic t ion  t h a t  no energy  groups  should  
be expec t ed  f rom these  sources in t he  in te rva l  f rom 50 eV to  a t  least  700 eV. The 
t a r g e t  ma te r i a l  Au could give m a n y  groups  in the  energy  in te rva l  we have  examined .  

The e x p e r i m e n t a l  resul ts  given in t ab le  I and  also the  nega t ive  resul ts  found wi th  
Ne + b o m b a r d m e n t  can be unde r s tood  in t e rms  of t he  F a n o - L i c h t e n  mechan i sm.  
The  e lec t ron  groups  of t ab le  I appea r  to  be associa ted  wi th  argon r a t h e r  t h a n  the  
t a rge t  mater ia ls .  The b r e a d t h  of t he  h u m p  is cons i s ten t  w i th  the  poss ib i l i ty  for super-  
pos i t ion  of a l t e rna t ive  mul t i -e lec t ron  M shell  exci ta t ions .  The 10 eV difference be tween  
t h e  pos i t ions  of the  peaks  found  wi th  Au and  Cu ta rge t s  m a y  be exp la ined  b y  a 
d i f ference  in t he  d i s t r ibu t ions  of these  exc i ta t ions  caused by  differ ing detai ls  of t he  
level  crossing. The appea rance  of a s t rong  group  of e lectrons a t  180 or 190 eV, the  lack 
of ion energy  dependence  of this  energy,  t he  s t r ik ing  difference in behav iour  b e t w een  
Ar and  Ne, and  the  m a g n i t u d e  of t he  cross sect ion,  canno t  be expla ined  on the  basis 
of a pure ly  s ta t i s t i ca l  mode l  of e lec t ron  eject ion.  
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