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We have measured the electron em ission yields y  o f clean aluminum under bombardment 
with H+, H 2+, D +, D 2+, He+, B+, C +, N+, N 2+ 0 +, 0 2+, F +, N e +, S +, C l+, Ar+, Kr+, and Xe+  
in the energy range 1.2—50 keV. The clean surfaces were prepared by in situ evaporation o f 
high-purity A1 under ultra-high-vacuum conditions. It is found that kinetic electron em ission  
yields y k , obtained after subtracting from the measured y  a contribution due to potential em is­
sion, are roughly proportional to the electronic stopping powers, for projectiles lighter than Al. 
For heavier projectiles there is a sizable contribution to electron em ission from collisions involv­
ing rapidly recoiling target atoms, which increases with the mass o f  the projectile, and which 
dom inates the threshold and near-threshold behavior o f kinetic em ission. The results, together 
with recently reported data on Auger electron em ission from ion-bombarded Al show that the 
mechanism proposed by Parilis and Kishinevskii o f inner-shell excitation and subsequent Auger 
decay is negligible for light ions and probably small for heavy ions on Al and in our energy 
range. We thus conclude that kinetic electron em ission under bombardment by low-energy ions 
results mainly from the escape o f excited valence electrons.

I. IN TR O D U C T IO N

E lectron em ission  (EE) from  solids under ion  
bom bardm ent can proceed via two distinct m ech an­
ism s.1-7 In potential EE (PEE) electrons can be li­
berated from  the solid by the energy released upon  
neutralization o f  the incident ion. T his process can 
occur if  the ground-state recom bination  energy o f  the  
ion, £ /, ex ceed s twice the work function  o f  the target 
0 , and being exotherm ic, it has no kinetic threshold. 
T he num ber o f  electrons released per incident ion  
through PEE, can be predicted fairly accurately7,8 
at low im pact veloc ities using a m odel d evelop ed  by 
K ish inevsk ii.9 PEE yields are kn ow n6,10 to be fairly 
constant at ve loc ities lower than 5 x 107 c m /se c  and 
are expected  to fall rapidly at higher v e lo c itie s .11

Ions with veloc ities ex ceed in g  a certain threshold , 
in the range 0 .4 -2 .5  x 107 c m /se c , can eject electrons  
by the kinetic EE (K EE) m echanism . H ere, the e n ­
ergy required to release e lectrons from  the target is 
provided by the kinetic energy o f  the projectile.

In a recent paper12 (to be referred to as I) we have  
reported total ion-electron  em issio n  yields y  for 
2 —50-keV  H +, H 2+, and H e*  in a variety o f  clean  
m etal targets. It was show n there that KEE for 
light-ion  bom bardm ent can be understood on the  
basis o f  a m odel o f  direct binary co llisions betw een  
the light ions and the va len ce e lectrons o f  the target. 
W e have also show n that inner-shell ion ization  plays 
a negligible role for low -energy light-ion impact.

H ere, we present m easurem ents o f  electron yields 
o f  clean alum inum  for d ifferen t incident ions in the
1 .2—50-keV  energy range. A good  insight into the  
role o f  inner-shell A uger processes can be obtained

in this case since detailed studies o f  the excitation o f  
Al 2p  e lectrons for light and heavy ions in our energy  
range have been published recen tly .13

T he use o f  heavy ions also o ffers the opportunity  
to test w hether the proportionality betw een  electron  
yields and electronic stopping pow ers, observed  in I 
for H + im pact, is o f  a general nature.

T he interest in studies o f  the depend en ce o f  e le c ­
tron yields with Z u the atom ic num ber o f  the projec­
tile, lies also in the possibility o f  isolating target- 
dependent quantities related to electron transport and  
escape through the surface barrier, w hich should  
enter as a com m on  factor.

W e should  m ention  that several detailed studies o f  
the y ( Z \ )  depend en ce have been  perform ed in the 
p ast,14-25 but they all relate to targets w hich were not 
clean and therefore, a lthough o f  possible great tech n­
ical im portance, they do not allow the test o f  physical 
m odels, since electron yields are know n to be strong­
ly dependent on  the state o f  the surface which was 
not well defined  in those experim ents.

II. EX PER IM EN TA L

W e will recall here only the m ain aspects o f  the ap­
paratus and the experim ental technique since a d e­
tailed description has been g iven  in I. T he ion beam s 
w ere produced in a conventional accelerator equipped  
with a radio-frequency (rf) ion source and a m agnetic  
m ass analyzer, and w hich was connected  to the U H V  
target cham ber via two stages o f  differential pum ping.

T he target form ed part o f  a sh ielded Faraday cup 
equipped with an electron suppressor electrode. T he  
electrons em itted  from  the target were collected  into
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a positively  biased electrode. C lean polycrystalline  
sam ples w ere prepared by fast in situ evaporation o f  
high-purity a lum inum  (purity better than 99.999% ) at 
pressures in the 10~9-Torr range, and d eposition  o io 
a polished sta in less steel substrate. C lean sample? 
w ere also prepared using the standard technique c 
sputter cleaning w ith energetic  argon ions and w e .2 

foun d  to g ive the sam e EE y ields as freshly evaporat­
ed surfaces to w ithin our 2% statistical uncertainties. 
T his indicates that trapped Ar and bom bardm ent in ­
duced surface topography had no e ffec t on  the yields 
w hich could  be d iscerned in our experim en ts. A  
sim ilar finding was previously reported by Hag- 
strum 26,27 in the low -energy, PEE region.

T he c lean lin ess o f  the target could  be con ven ien tly  
m onitored  by the yield m easu rem en ts w hich are 
know n to depend m arkedly on  the degree o f  gas ad­
sorption. Special care was taken to use very sm all 
bom bardm ent d o ses ( < 1 0 13 io n s /c m 2) w hen  using  
chem ically  reactive ions, to keep the targets from  
contam inating to any noticeab le exten t.

T he total experim ental errors in the yields a m ou n t­
ed to ±4% w hich include system atic  errors arising  
from  the em issio n  o f  secondary ions from  the target 
(backscattered and sputtered) and from  the presence  
o f  neutral projectiles in the incident b ea m .12 T he  
m easu rem en ts o f  the beam  energy were accurate to 
w ithin ±(0 .1%  + 3 0  e V ).

T w o m ore sou rces o f  uncertainties can be identi­
fied  in this work. O ne is the presence o f  an u n ­
know n fraction o f  excited  m etastable ions in the  
beam , w hich g iv es a larger PEE yield than ground  
state io n s .28,29 T his e ffec t is n o n ex isten t for H +, 
negligib le for H e +, 30 and possibly also for N e +.28-29 
For the other ions the uncertainties are expected  to 
be im portant at our low -energy end in cases w here  
PEE is com parable w ith KEE. N ev er th e less , the  
results w ere foun d  to be in sen sitive  to ion source  
operating cond itions w hich cou ld  be expected  to 
result in variation o f  the population o f  ion beam  par­
ticles in excited  states.

T he other source o f  uncertainty is the contam ina­
tion o f  the atom ic ion  beam  ( Y+ ) with doubly  
charged diatom ic m olecular ions ( Y22* ) w hich cannot 
be separated in the m agnetic analyzer due to their 
identical m ass to charge ratios. T his e ffec t could be 
im portant only for N + and 0 + since only  in cases o f  
using beam s o f  th ese  ions the accelerator produced  
substantial beam s o f  the respective  hom onuclear  
m olecular ions N 22+ and 0 22+. T he ex isten ce  o f  this 
uncertainty d oes not allow  us to study the m olecular  
effec t in EE for th ese  ions, as has b een  don e  for hy­
drogen io n s.31

III. RESULTS

T he experim ental results are sh ow n in Figs. 1—5. 
Figures 1 - 4  also show  the results o f  other workers

energy per nucleon (keV)

FIG. 1. EE yields per atom vs the energy o f  the projec­
tile. O-H+, V -D + , # -H 2+, * - D 2+, this work; ----------H 2+
from Ref. 32. (D-H+ from Ref. 33, data for 60° incidence 
normalized to 0° by dividing by 2 =  cos-1 (60°).

w ho m ade efforts to produce and keep their surfaces  
reasonably clean. T he results o f  L osch 32 for H 2+ are 
in good agreem en t w ith ours. T his author treated his 
sam ples in an Ar discharge and conducted  m easure­
m ents at 10~8 Torr. Since at these  pressures gas ad­
sorption occurs rapidly L osch  m easured  y  as a fu n c ­
tion o f  tim e and extrapolated the results to zero tim e. 
T he T o u lou se  group33 m easured yields on  surfaces  
cleaned by sputtering w ith 40 -k eV  A r+ ions and kept 
in an U H V  (10~9 Torr) environ m en t. T he m easu re­
m ents were don e at 9 =  60° w here 9 is the angle  
betw een  the direction o f  the ion beam  and the nor­
mal to the surface. To com pare these  results w ith  
our data we have assum ed  the law5 y ^ y o  sec 0 to be 
valid and have d ivided their data by sec  60° « 2 ,  and  
found a very good  agreem en t for H * and A r+ b o m ­
bardm ent.

FIG. 2. EE yields for Ar+ ions vs energy. O -this work, 
A-Ref. 34, V -R ef. 35, D -Ref. 33, data for 60° incidence nor­
malized to 0° by dividing by 2 =  eos”"1 (60°). The dashed  
curve is an estim ate o f  the recoil contribution to EE. See 
text for the m eaning o f  Eu(<f>), ££(</>), and Eu(E b ).
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FIG. 3. EE yields for Kr+ ions vs energy. O-this work, 
V -R ef. 35. The dashed curve is an estim ate o f the recoil 
contribution to EE. See text for the meaning o f Eu(4>), 
£ ¿ ( 0 ) ,  and Eu(E b).

FIG. 4. EE yields for X e+ ions vs energy. O-this work, 
V -R ef. 35. The dashed curve is an estim ate o f the recoil 
contribution to EE. See text for the meaning o f Eu(<t>), 
£ £ ( 0 ) ,  and Eu(E b ).

T he results o f  M agnuson  and C arlston34 for 1—10- 
keV A r+ on  polycrystalline Al and those o f  
Carlston et al . 35 for A r+, K r+, and X e + on A l( l  11) 
single crystal surfaces are in ex ce llen t accord with  
ours. T h ese  workers perform ed their experim en ts at 
10“8 Torr and used high beam  current densities  
( > 1 0  /x A /cm 2), thus keeping their surfaces clean by 
sputtering. T he com parison o f  our results with those  
o f  Carlston et al. for A l ( l l l )  is m eaningfu l since  
these  workers foun d  that highly packed (111) sur­
faces o f  fee m etals g ive  y ields w hich are nearly identi­
cal to those o f  polycrystalline surfaces.

Figure 5 show s the depend en ce  o f  the yields with  
velocity  v, for all the ions studied. T he general trend

is for y  to be proportional to velocity for the lighter  
ions and to be larger the heavier the projectile. A 
notable exception  is the behavior show n by F + and 
N e + ions. T his particular behavior has previously  
been observed by H agstrum 27 and by G aw orzew ski 
et al . 36 for N e + on  silicon crystals, and is not under­
stood at present.

IV. DISC U SSIO N

A. Inner-shell ionization (com parison with the theory  
o f  Parilis and K ishinevskii)

T his theory37 disregards the direct excitation  into 
vacuum  o f  va len ce electrons from  the target and the

velocity ( 107cm / se c)

FIG. 5. EE yields for different ions on Al vs the velocity o f the projectiles.
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projectile and considers KEE to result from  a two- 
step process. In the first, and as a result o f  a v io len t 
co llision , a core electron  o f  the target is excited  ju st  
over the Ferm i level; the second  step is the filling o f  
the core h o le  through an A uger process involv in g  
valen ce band electrons. T he cross section  for inner- 
shell excitation  is taken as (r =  S ( E b) / J  w here S ( E b) 
is the inelastic stopping pow er for co llision s in w hich  
the transferred energy is at least equal to Eby w hich is 
the b inding energy o f  the core electron  w ith respect 
to the F erm i lev e l, and J  is the m ean  energy spent by 
the projectile in producing e lectron -h o le  pairs in the  
target. Parilis and K ish inevsk ii (PK ) calculate S ( E b) 
with a m odified  version  o f  FirsoV’s friction m odel for 
energy loss in atom ic co llis io n s38 w hich u ses a 
T hom as-F erm i description o f  the atom s. T his stop ­
ping pow er w hich corresponds to both inner- and  
ou ter-sh ell excitation  o f  the projectile a nd  the target 
is incorrectly taken by PK to represent only the stop ­
ping due to inn er-shell excitation  o f  the target.

O ne o f  the co n seq u en ces o f  the PK theory is the  
e x isten ce  o f  a threshold  velocity  for KEE w hich is the  
projectile velocity  at w hich the m axim um  inelastic  e n ­
ergy transfer equals Eb. A t ve lo c itie s su ffic ien tly  
large so  that the projectiles lose  only a sm all fraction  
o f  their energy over the m ean electron  escape depth  
L, PK obtain for the k inetic EE yield:

y k K “  <t N L  W  , ( 1 )

' £
o

energy(keV)
FIG. 6. Ratios between KEE yields y * and cross sections 

or for A1 2p  inner-shell excitation vs the energy o f  the pro­
jectiles. KEE yields were obtained by subtracting PEE yields 
given in Ref. 9 from our m easurem ents. The curves are 
derived from sm ooth fits to our data and to cross-section  
data (Ref. 13).

w here N  is the target atom  density and W  is the  
probability that the A uger process resu lts in EE. W  
is taken em pirically from  work o n  potential EE as 
W  =  0 .016  ( Eb — <f>) w here <£> is the work fun ction  o f  
the target.

O ne can test the PK theory by evaluating Eq. (1) 
and com paring the result w ith ex p erim en t but the u n ­
certainties in the va lu es o f  7, L, and W  do not allow  
us to m ake a good  ju d gem en t on  the underlying  
m odel. A m ore m ean ingfu l test o f  the m odel can be  
obtained by plotting y ( E ) / < r ( E )  w hich  according to 
Eq. (1) should  be in d ep en dent o f  the projectile en er­
gy E  and on  the nature o f  the projectile. T his has 
been  don e in Fig. 6 w here w e have used  yk  =  y ~ J p  
with y  as m easured in this work and y p calculated  
from  K ish in evsk ii’s form u la ,9 and the resu lts o f  
B enazeth  et  a l 13 for A1 ¿ -sh e ll excita tion  cross sec ­
tio n s.39 It is clear from  Fig. 6 that y /or depend s  
strongly not only on  energy but also on  the type o f  
projectile. T his is su ffic ien t to rule o u t inn er-shell 
excitation  from  being the only excitation  m ech an ism  
in KEE. W hat rem ains unkn ow n is the relative im ­
portance o f  this m ech an ism  in the total yield; Fig. 6 
ju st tells us that its role will be insign ificant for the  
lighter ions on  A l in our energy range.

B. Excitation o f valence-band electrons

It was sh ow n  above that the n eg lect o f  the excita ­
tion o f  va len ce e lectrons leads to results in d isagree­
m ent w ith experim ent. L et us first consider the sim ­
ple picture in w hich th ese  e lectron s are treated as free  
and in w hich the perturbation set up by the heavy  
projectiles in the e lectron  gas is sm all. In I it was 
sh ow n that the m axim um  energy that can be trans­
ferred in the binary interactions is:

Tm — 2 m v ( v  +  Vf) (2)

w here m is the m ass o f  the e lectron , v  the velocity  o f  
the ion , and v F the Ferm i velocity . A threshold  v e lo ­
city v u for KEE is obtained w h en  Tm =  <f>, and is 
g iven  by:

v u =  y V f [ ( l  + 2< f> /m  y } ) 1' 2 — 1 ] (3)

For a lum inum  (v ^  =  1.97 x  108 c m /s e c , 0  =  4 .26  eV )  
w e obtain v u =  1.75 x  107 c m /sec .

T he fact that va len ce e lectrons are not really free  
but can exch ange m o m en tu m  with the lattice during 
excitation  will cause Tm to be larger than g iv en  in Eq. 
(2) and correspondingly v u will be sm aller than g iven  
by Eq. (3 ) . N ev er th e less  it was sh ow n in I that the  
extrapolations o f  the y ields o f  H + to very low v e lo c i­
ties are not in con sisten t w ith the prediction o f  this 
sim ple m odel for v u (the extrapolated threshold  v e lo ­
city for H e + ions is m uch  lower than v u due to a su b ­
stantial potential contribution caused by the high io n ­
ization potential o f  H e).
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T he energy transfer m ech an ism  described for light 
ions is ineffic ien t due to the large d ifference betw een  
ion  and electron m asses in the binary screened  
C ou lom b interaction. T he situation  is d ifferent in the  
case o f  heavy projectiles w hich carry m any electrons  
into the collision . In this case e lectron-electron  in­
teractions produce excita tion s m ore effic ien tly  as the  
electron clouds are com pressed  during the collision . 
T his excitation  m ech an ism , o ften  referred to as e lec ­
tron prom otion or Pauli excitation  is w ell know n to 
occur in inelastic processes invo lv in g  a tom s in the gas 
ph ase.40 T h en , for heavy ions, the m axim um  energy  
transfer and the threshold  velocity  will be higher and  
lower than g iven  in Eqs. (2) and (3 ), respectively.

It is worth noting here that the picture o f  a weakly  
perturbed, nearly free va len ce electron  gas will tend  
to lose its m eaning in the case o f  heavy ions m oving  
slowly in so lids since the localized dynam ic perturba­
tion w hich is produced in the system  is very strong. 
T he situation  will resem ble m ore the case o f  atom ic  
co llision s in gases except for transitions w hich occur  
at large internuclear d istances.

In analogy with the m odel proposed in I, w e will 
assum e that for projectile en erg ies E  such  that the  
m axim um  inelastic energy transfer Tm »  <f>, the  
num ber o f  electrons excited  by the projectile above  
the vacuum  level and in the depth interval x, 
x  +  dx , is:

 ̂ ( F)n(x)dx = 2i± f± dx f (4)

w here Se =  —d E / d x  is the electronic stopping power  
and J  is the average energy spent by the ion in ex c it­
ing o n e  electron  to final states above the vacuum  lev ­
el.

In this sim ple m odel, the electron  cascade and at­
tenuation  is described by an exponentia l factor  
e x p ( —x /L )  w here L  takes into account both elastic  
and inelastic m ean  free paths and is averaged over  
electron  energies in the cascade and paths to the sur­
face. T he average e lectron  escape probability through  
the surface barrier will be called P  and it is dictated  
by the angular and energy distribution o f  the e lec ­
trons reaching the surface and by the height o f  the  
surface barrier. T hu s, in the path-length  approxim a­
tion:

y  = - - j  - S e( E )  e x p ( - x / L ) d x  . (5)

N o w , our first cond ition , Tm »  </> is valid for in i­
tial energ ies E 0 »  Eu [ Tm ( E u) =  <£] since Tm is 
roughly proportional to VÍT.37,38 T herefore, and since  
L  is o f  the order o f  a few  n m ,41 w e can expect the  
energy o f  the projectile and therefore Se, not to vary 
m uch over d istances o f  this order in such  an energy  
range. W e can then  take Se ( E ) ou tsid e the integral 
and obtain:

y = - ^ S e(Eo) ■ (6)

energy(keV)

FIG. 7. Ratios between KEE yields y k and electronic 
stopping powers Se vs ion energy. The curves are derived  
from sm ooth fits to KEE data and to stopping power data 
(Ref. 42).

W e have already noted in I for H + im pact on  d if­
feren t m etals that for not too low ion veloc ities v0, 
y / S e was roughly ind ep en dent o f  v0 w hich im plies  
that the spatial and energetic distribution in the cas­
cade (w hich determ ines P L / J )  d oes not depend  
m uch on  ion velocity.

Figure 7 sh ow s the ratios y / S e from  our m easure­
m ents o f  y  and those  o f  O rm rod et a l .42 for Se.
T h ese  workers obtained the stopping pow ers from  
m easurem ents o f  energy loss o f  ions passing through  
thin ( 3 0 0 - 4 0 0  A ) A l fo ils  and w ith equipm ent o f  
sm all ( ^ 1 .1 5 ° )  angular acceptance. T he va lues o f  Se 
so derived represent, therefore, a low er bound to the  
total electronic stopping, since the m ost v io len t co lli­
sion s are excluded . To obtain the kinetic contribu­
tion to EE we have subtracted from  the data potential 
EE yields y p obtained using the form ula o f  K ish inev- 
skii9 w hich was recently sh o w n 7,8 to be fairly accurate  
for a variety o f  ion-target com binations. C orrections 
for potential EE are im portant only in the cases o f  
H e +, F +, and N e +.

W e can observe in Fig. 7 that all va lues o f  
( y -  y p ) / S e fall in a narrow band to w ithin 30%.
T his spread can be partly attributed to experim ental 
uncertainties and partly to a variation o f  /  w ith Z j, 
analogous to that observed  in ion-pair form ation  in 
g a ses.43 T he trend o f  y / S e to decrease at low  en er­
g ies is due to the ex isten ce  o f  a threshold  energy for 
KEE below  w hich y = 0  w hile Se has a fin ite value. 
For F + and N e + projectiles the situation is d ifferent 
with y / S e increasing as the energy decreases; this is 
related to the particular behavior o f  y  for th ese  pro­
jectiles as show n in Fig. 5.

C. Thresholds and recoil effects

T he data obtained in this work do not allow  us to 
determ ine thresholds for KEE with any certainty. 
Som e o f  the data can, h ow ever, be extrapolated with  
confidence and provide, at least, higher lim its for
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threshold  energies. U sin g  the m odified  F irsov  
theory37 w e have calculated threshold  energ ies for 
A r+, Kr+, and X e + im pact and have indicated the  
v alues in Figs. 2 —4. Eu( E b) is the threshold  ob ­
tained w ith the PK theory w hich a ssu m es that L -shell 
excita tion  is responsib le  for KEE and that therefore  
the m in im um  energy transfer required for KEE is Eb, 
the binding energy o f  the A1 L -shell e lectrons with  
respect to the Ferm i level. T he figures show  that 
th ese  thresholds are clearly too high. T he situation is 
im proved if w e calculate Eu{<¡>) w hich occurs w hen  
the m axim um  energy transfer equals the work fu n c­
tion o f  the target.

T here ex ists  also the possibility that fast recoil 
atom s from  the target produce EE e v en  w h en  the  
projectile energy is lower than £„(<£). T his e ffect, 
w hich can be exp ected  to be m ore im portant the  
heavier the projectile, will determ ine the ex isten ce  o f  
a new  threshold  energy £ ¿ ( 0 ) .  F ollow ing this idea 
we have calculated the threshold  energy E¿{<¡>) for A1 
projectiles and then  calculated the m in im um  projec­
tile energy £ £ ( $ )  to produce an energy transfer  
£ « '($ )  to the recoil. T h ese  va lu es have also been  
plotted in Figs. 2 —4; it can be observed  that a better  
agreem en t with experim en ta l data is obtained , partic­
ularly for X e + ions.

In the case o f  light ion im pact, the threshold  v e lo ­
city o f  1.75 x  107 c m /se c  g iven  in I for direct binary 
interactions w ith va len ce e lectron s, is co n sisten t with  
the data for projectiles to N + if due account is 
taken o f  potential EE, particularly in the case o f  H e + 
ions.

T he broken lines in F igs. 2 - 4  represent an e sti­
m ate o f  the contribution  o f  the recoiling target atom s  
to the KEE yields and w ere evaluated  using two  
M on te  Carlo calcu lations44 w hich fo llow ed the h is­
tories o f  projectiles and recoil atom s in the target. In 
both cases, the e ffec t o f  elastic co llision s on  the tra­
jectories was calculated using the M oliere approxim a­
tion to the T hom as-F erm i interatom ic potential, and  
the m odified  F irsov theory37 was used to calculate  
inelastic energy transfers larger than 0  as a fun ction  
o f  depth. A ssu m in g  that the sam e va lues o f  P, J, 
and L  apply for both projectile and recoil induced EE, 
we finally obtained the percentage contribution o f  
recoiling atom s to the KEE yield. T he calculations  
w ere lim ited to en erg ies not too  c lose  to the energy  
threshold  since J  may vary in a strongly and as yet 
unknow n m anner in this energy region. T he results  
show  that, as exp ected , the contribution  o f  recoiling  
atom s to KEE is m ore im portant the larger the m ass 
o f  the projectile.

D. Z\  dependence

W e have poin ted  o u t before that y ( Z { )  can be 
directly related to Se ( Z \ ) .  W e will now  m ake a fuller  
discussion  by com paring the observed  y ( Z ¡ )  d ep en ­

dence with predictions o f  th eories o f  KEE and e le c ­
tronic stopping.

In the PK theory, w hich is based in the F irsov  
m odel o f  energy loss:

y = f ( v ) F l ( Z h Z 1) , 

w here
2

f i ( z hz 2) Z 1 + Z 2

Z t *  +  Z ¡ ' 2
for j  <  <  44 z2

and w here f ( v )  is a fun ction  o f  ion  velocity  but not 
o f  Z \ .  In a su b seq u en t paper K ish inevsk ii and Parilis 
(K P )45 ex ten d ed  the sam e theory to be able to deal 
approxim ately w ith light ions (w hich w ere not w ell 
treated in the T hom as-F erm i m odel used by F irsov) 
and obtained a new  factor:

f i ( zuz 2) ( z i,6+ z i/6)3 ■

T w o sem iem pirical relations ex ist, besid es the Fir­
so v  theory, for the Z u Z 2 depen d en ce  o f  the e le c ­
tronic stopping at low veloc ities. Lindhard and  
Scharff46 proposed , using d im ension al argum ents

Se o z Z ¡ /(>Z2N K Z ¡ /3 + z 22/3) 3/2 , 

w here N  is the num ber density  o f  the target atom s.

FIG. 8. KEE yields y k vs Z b the atomic number o f  the 
projectiles for a fixed value o f  initial impact velocity, 
v =  6 x  107 cm /sec. • - th is  work, except for A r+ (Z  = 1 8 )  
which is taken from Ref. 33. Theoretical or empirical esti­
mates are: / 1( Z 1,Z 2) from Ref. 37 with Z 2 =  13, 

■/2(Z 'i,Z 2) from Ref. 45 with Z 2 =  13, Lindhard and Scharff 
(LS) from Ref. 46, Yarlagadda, Robinson, and Brandt 
(YRB) from Ref. 47. C urves f 2( Z i , Z 2),  LS, and YRB are 
normalized to coincide with our proton data. / 1( Z 1,Z 2) is 
normalized to . / 2 ( Z j, Z 2) at Z j =  13.
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It can be observed  in Fig. 9 that the m axim a o f  
y ( Z i)  and Se ( Z \ )  occur at approxim ately the sam e  
position  but that the relative m agnitude o f  the struc­
ture is larger in stopping than in KEE and that there  
are d ifferences in the relative behavior o f  H + and 
H e +. T he larger relative structure in Se ( Z \ )  is p ossi­
bly related to the larger average im pact param eters 
involved  in Se determ inations using a sm all angle  
transm ission  experim ent. T his idea is supported by 
the facts that Se m easurem ents under channeling  
conditions (w hich heavily discrim inate against sm all 
im pact param eters) show  very large Z \  oseilla- 
tio n s49-51 and that m easurem ents o f  energy loss  
straggling (w hich g ives m ore w eight to sm all im pact 
param eter co llisions) show  practically no structure.52

FIG. 9. EE yields y  and electronic stopping powers Se vs 
Z b the atomic number o f the projectile for a fixed value o f  
incident energy, £’0 =  ^  keV . y-this work, Se from Ref.
42. The bars gives the magnitude o f  the PEE yields 7^ (0) 
in the low velocity limit as given in Ref. 9. y p (40 keV) are 
expected to be substantially smaller than yp (0 )  for H + and 
H e+ ions.

Yarlagadda et a 1. 4? in a m ore em pirical approach pro­
posed:

Se < x Z { [ l  —e x p ( —0 .9 5 Z f 2/3) ] 2 .

A com parison betw een  th ese  theories and KEE yields  
( y ~ ~ y p )  is m ade in Fig. 8 for a projectile velocity  o f  
6 x 107c m /sec . G ood  agreem en t is foun d  betw een  the  
Z \  d epend en ce o f  KEE and the m od els o f  Lindhard  
and Scharf and Yarlagadda et a l  for electronic stop ­
ping w hile the KEE theories o f  PK and KP g ive a 
very d ifferent Z \  depend en ce.

B esides the general trend apparent in Fig. 8 o n e  
can also observe a sm all superim posed  structure.
T his structure is m ore con sp icu ou s w hen  y  vs Z \  is 
plotted at a fixed  projectile energy rather than v e lo c i­
ty. F igure 9 sh ow s Se and y  vs Z \  at 40 keV. A lso  
indicated in the figure are the m agnitudes o f  potential 
EE yields calculated w ith K ish in ev sk ii’s form ula; at 
th ese  energies , h ow ever, w e can expect a reduction  in 
the va lues o f  y p especially for light ion s, due to their 
large ve loc ity .48

V. CO NC LU SIO N S

Our m easurem ents o f  electron em ission  yields 
from  clean alum inum  induced by ion bom bardm ent 
have allow ed us to evaluate the im portance o f  Parilis 
and K ish in evsk ii’s m echanjsm  o f  inner-shell excita ­
tion and su bseq uent A uger decay in KEE. It was 
found that this m echanism  d oes not account for the  
m ain part o f  the observations and furtherm ore that 
its role is negligible for light ions in the keV energy  
range; on  the contrary, the excitation  o f  va len ce e lec ­
trons seem s to predom inate at th ese  low energies.

W e have also evaluated the role o f  recoiling target 
atom s finding that in the case o f  heavy ion bom bard­
m ent they account for the energy threshold  in KEE. 
In the case o f  projectiles o f  m ass sm aller or com par­
able to the m ass o f  the target, the contribution o f  
recoils is sm all and the KEE yields were foun d  to be 
roughly proportional to the electronic stopping power 
at energies not too c lose  to threshold. T he propor­
tionality factor was found not to depend m uch on  the 
type o f  projectile providing ev id en ce  for a m ore g en ­
eral relationship betw een  electronic stopping and 
KEE yields.
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