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We have measured electrón emission yields from clean Al, Cu and Ag under 2 -5 0  keV H+, D+, H j and D Í impact. It is 
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velocity ions.

W hen ions strike the  surface o f  a solid , elec trons 
can be liberated . This p h enom enon , know n  as i o n -  
e lec tron  em ission (IE E ), can  be characterized  by  a 
coeffic ien t y  defined  as the num ber o f  elec trons ejec ted
per inciden t ion.

IEE from  clean m etal surfaces can proceed  by  tw o 
d ifferen t m echanism s [1 ]. F o r pro jectile  velocities v 
larger th an  a certa in  th resho ld  ut h , usually  o f  th e  o rder 
o f 107 cm /s, k inetic  e lec trón  em ission (K E E ) occurs, 
in w hich the energy to  excite ta rget e lec trons is pro- 
vided by  the k inetic  energy o f  th e  p ro jectile . At veloc­
ities low er th an  uth , po ten tia l e lec trón  em ission 
(PE E ) m ay occur, in w hich th e  energy requ ired  t(} 
excite e lec trons in to  vacuum  is p rovided by  th e  energy 
I  released in the n eu tra liza tion  o f  the ion  by a target 
e lec trón . PEE can occur if  I  is larger th an  tw ice the 
w ork  fu n c tio n  o f  the  m etal. If we consider these tw o 
processes as acting in d ep en d en tly , we can w rite y  =
7  * 7 k ’ w here 7 p and  y^  are th e  p o ten tia l and  k inetic  
em ission coeffic ien ts, respectively. F o r u >  uth , we 
canno t m easure y p d irec tly , b u t its valué, w hich is 
know n to  be fairly co n stan t fo r v <  ut i,, is expec ted  to  
d rop  at higher velocities [ 2  ].

The m ajo rity  o f  m easurem ents o f  IEE  yields rep o rted  
in the lite ra tu re  w ere perfo rm ed  w ith  a tom ic  ions. In
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the few  experim ents m ade using d iatom ic m olecular 
ions, it was generally found  th a t the yields for these 
ions were slightly sm aller than  the sum  o f  the yields 
for each com ponen t o f  the m olecule at th e  sam e veloc­

ity  u; th a t is: ^ ( X j ,  u) < 7 (x + , i>)-
An exp lana tion  for this m olecular effec t, first no- 

ticed by Hill et al. [3] was offered  by  D orozhkin  e t 
al. [4 ] , These au thors assum ed \  7 k (X 2> = 7 k (x + > and 
proposed  therefo re  th a t the effect was due to  the 
fact [4] th a t PEE yields fo r m olecular ions are generally 
m uch sm aller than  for a tom ic  ions. F rom  th is th ey  con- 
clude th a t m easurem ents o f  the d ifferen tia l yields A 7 , 
defined  th rough  A y  = 7 (X +) — 5 7 ( ^ 2  X could  be used 
to  derive valúes o f  7 p(X +) above uth , since according 
to  the ir hypo thesis, A 7  «s 7 p (X +). D orozhkin  e t al. 
presen ted  results for n itrogen , oxygen and  hydrogen 
ions inciden t on  the (1 1 0 ) face o f  C u single crystals.
A 7  was show n to  decrease w ith  energy to  A7  = 0  at 
~ 2 .8  keV /am u  for N ions and a t ~ 4 .5  keV /am u for 
O ions, w hereas for hydrogen  ions, they  fo u n d  A7  = 0  
over th e  w hole energy range s tud ied , 0 .2  to  15 keV . 
These results are in con trad ic tio n  w ith  earlier m easure­
m en ts on  p o lycry sta llineC u  [5] b u t it m ay be possible 
th a t channelling played a role in D orozhk in  s experi­

m ents.
In o rder to  investigate m olecular effects m ore ex ten- 

sively, we have m easured e lec trón  yields from  clean Al, 
Cu and  Ag surfaces under H+ , D+ , H 2 and D 2  bom bard- 
m en t in the energy range 2 - 5 0  keV . The experim ental
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appara tu s is described in detail elsew here [6 | .  In brief, 
m easurem ents w ere perfo rm ed  at pressures in th e  1 0 "  ^  
T o rr range on targets p roduced  by in-situ evaporation  
o f  h igh-purity  (> 9 9 .9 9 % ) m aterials on a polished 
stain less Steel substrate . In th e  experim en ts, the ion 
beains were inciden t norm al to  the target surface. 
E xperim ental errors are ± 4% in the yields and  ± 0 .0 3 7  
in th e  difference A 7 . w here cancellation  o f  a num ber 
o f  uncerta in ties has been taken  in to  accoun t. Special 
care was taken  in the m easurem ents o f  the beam  energy, 
since to  exam ine m olecular effects, the yields for H+ 
at an energy E  m ust be eom pared  to  those for H 2 at 
energy 2 E. The sam e sort o f  eom parison  is needed to  
exam ine iso tope effects be tw een  H+ and  D+ ions at 
the sam e velocity. In our experim en ts, E  is know n to 
w ith in  ± (0 .1%  + 30 eV ); fu rth erm o re  we found  no 
ev iden te  for iso tope effects w hich are know n to  be 
negligible in o u r energy range [ 1 j .

Fig. 1 show s o u r results o f  7  for a tom ic  ions and the 
d ifferences A7 . An u p p er lim it to  A7  fo r the ta r­
gets investigated , in the  lim it o f  low  velocities, was 
estim ated  as A 7 U = 0 .0 4  e lec trons/ion  >  7 p (H +) —
5  7 p (H 2 ), from  m easurem ents by  C arlston  e t al. [7 ] 
o f  7  for low -energy Kr ions. 7 (K r+) is an upper bo u n d  
to  7 (H + ) since (i) 7 (K r+) from  ref. [7] m ay con ta in  
a k inetic  co n tr ib u tio n ; (ii) th e  ion iza tion  p o ten tia l o f  
Kr is slightly larger than  th a t o f  H, and so 7 p (K r+) >  
7 p(H +) [8 ] and (iii) th e  inciden t beam  in the experi­
m ents o f  C arlston  et al. m ay have con ta ined  long- 
lived excited  ions and neutrals.

It is apparen t from  our results tha t A7  is largar than  
A7 u and th a t it increases w ith  ion velocity . con tra ry  
to  the results and pred ic tions o f  D orozhkin  et al. 
T herefo re , and since 7 p should  be a decreasing func- 
tion  o f  p ro jectile  velocity  in ou r range, we m ust con- 
clude th a t a m olecu lar e ffec t exists in k inetic  io n — 
elec trón  em ission.

M olecular or non-linear effects in e lec tron ic  excita- 
tions have previously been  observed in ion iza tion  in 
gas-phase collisions [9 ] .and  in the energy loss o f  fast 
ions in solids [1 0 ] . O n general grounds we can expect 
non-linear effects to  occur w hen  th e  ex c ita tion  p ro d u c­
ed by  one o f  th e  co n stitu en t particles o f  the m olecule 
depends to  an appreciable e x ten t on  th e  pe rtu rb a tio n  
w hich is being p roduced  in the target by  the o th er 
particles. This w ill happen  w hen th e  effective range o f  
action  o f  the  field o f  each partic le , a, is o f  th e  o rder 
o f  o r larger th an  the in terpartic le  separa tion  r. For

Ion v e lo c ity  (108cm , s e c )

Fig. 1. (a) Io n -elcctron  yields 7  for protons (open symbols) 
and deuterons (filled symbols) on polycrystalline aluminium, 
copper and silver. Error bars (± 4 % ) are shown when they are 
larger than the size of the symbols. (b) A7 , the difference 
between the yields for H+ (D+) and one-half the yields for 
H2 (D 2); A7 u represents an upper bound to  A7  in the limit 
of low velocities (see text). Only some representative error 
bars are shown for clarity. Lines are meant to  guide the eye 
and have no o ther meaning.

exc ita tion  o f  th e  valence e lec trons o f  the  solid at high 
velocities (u >  uF ), a = v /c jp , w here Up and cop are the 
Ferm i velocity  and  the plasm a frequency  o f  the valence 
elec trons [11 ]. At low  velocities, the im p o rtan t param - 
e te r to  com pare to  r is the de Broglie w avelength Xp as- 
sociated  w ith  the e lec trons at the Ferm i surface; A rista 
[ 1 1 ] has recen tly  show n th a t in terfe rence effects in 
single-particle excita tions b y  co rre la ted  charges at low 
velocities occurs w hen r <  Xp = 2 ^ /u p .

T he m ean in ternuclear d istance r o f  H 2 will n o t vary 
m uch as a result o f  m últip le  scattering  w hen the ions 
p enetra te  th e  solid  over d istances o f  the order o f  the 
m ean elec trón  escape d ep th  ( ~ 2 0  A [ 1 ] )  and so r will 
be on ly  slightly larger than  th a t fo r a free H j m olecule, 
r  1 A. This valué is sm aller than  Xp for th e  targets 
investigated ( 3 .7 - 5 .3  A) and  o f  the o rder o f  the spatial 
e x te n t o f  th e  easily excitable d-shells o f  Cu and Ag [12] 
T herefore , non-linear effects should  occu r in the exci-
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lation ot" valence and d-shell e lectrons abuve the va- 
u n n n  level as observed.

M olecular effects in IEE w ith  low -velocity heavy 
ions should  be sm aller since in this case m últip le scatter- 
ing will be m ore im p o rtan t in causing the in itial in te r­
nuclear separation  to  inerease upon p en e tra tio n  in the 
target. F u rtherm ore , an effect add itional to  the one 
discussed above will occur at higli velocities. E lectron 
loss from  the projectile [13] will give an add itional 
co n trib u tio n  to  7 k . this effect will act in an opposite  
way as observed in this w ork, since it will co n trib u te  
to 7 k (H 2 ) bu t no t to  7 K(H +).

This w ork  has been partia lly  su p p o rted  by the 
In ternational A tom ic Energy A gency, under grant 
No. 1928/R B  and by the  M ultinational Program  in 
Physics o f  the O rganization  o f  A m erican S tates.
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