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e have measured the electron emission yields of clean Li, Al, Cr, Cu, Ag, and Au surfaces under

bombardment with H*, H,*, D*, D; *, and He* ions in the energy range 2-50 keV. The clean surfaces were
produced by in-situ evaporation of high-purity metals under ultrahigh-vacuum conditions. It is found that the
Z, dependence of the yields for hydrogen and helium projectiles are very similar, that the yields for H* and
D* show the same energy dependence as that of the electronic stopping powers, that molecular ions give
lower yields per atom than atomic ions, and that isotope effects are negligible in our energy range. It is
proposed that kinetic-electron emission under low-energy-light-ion bombardment results mainly from the

escape of excited electrons produced by direct binary collisions between the projectile and the valence

electrons of the target.

1. INTRODUCTION

When the surface of a solid body is bombarded by
positive ions, electron emission (EE) may be ob-
served. This phenomenon has received a great
deal of attention in the past' because its under-
standing is essential for adequate measurements
of ion currents, the use of particle multipliers,
and the proper interpretation of gas discharges,
plasma surface interactions (like in a controlled
thermonuclear reactor), and electrical breakdown,
Furthermore, the study of EE can provide a more
detailed picture of the inelastic processes which
occur during the passage of atomic particles
through matter than is possible through measure-
ments of stopping powers and can also give infor-
mation on the electronic structure of surfaces. It
is regretful therefore, that the vast majority of ex-
perimental work done in this field for nearly 80
years concerns poorly controlled surface condi-
tions and hence cannot be clearly interpreted.

EE from solids under ion bombardment can pro-
ceed by two distinguishable mechanisms. For ion
velocities below about 107 cm/sec, ejection of
electrons will occur primarily by the potential
or Auger mechanism provided that the energy re-
leased in the neutralization of the positive ion ex-
ceeds twice the work function of the solid. This
mechanism was first proposed by Holst and Qoster -
huis? and examined in detail by Hagstrum® who
showed that the measurement of electron energy
distributions produced by very slow ions is one of
the most powerful tools in the study of the elec-
tronic structure of surfaces— the technique of ion-
neutralization spectroscopy,® the solid-state analog
of Penning-ionization-electron spectroscopy de-
vised by Cermak® and used inmolecular physics.

Ions with higher velocities eject electrons by the
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so-called “kinetic” mechanism in which electrons
may be accelerated as a result of collisions be-
tween the projectile and lattice atoms or from
direct “binary” collisions between the ion and near-
ly free valence-band electrons. At velocities lar-
ger than the Fermi velocity of target electrons,
another process becomes important, The projectile
will then be able to excite efficiently surface and
bulk plasmons which decay mainly through the cre-
ation of an electron-hole pair; the electrons may
then be ejected into vacuum with a maximum ener-
gy equal to the plasmon energy minus the work
function,

Most of the measurements performed with clean
surfaces were for the energy range where the po-
tential mechanism predominates, This is specially
so for light particles, which are very inefficient in
removing adsorbed layers by sputtering so one
must rely on different cleaning techniques and
the use of ultrahigh vacuum (UHV) (pressures less
than 10°® Torr). So there are only very few mea-
surements for light particles like H* and He® in the
region where the kinetic mechanism is more im-
portant, which is unfortunate since this type of
data is needed in the field of nuclear fusion.

In this paper we report on measurements of
electron yields v (average number of electrons
released per incident particle) for 2-50-keV H",
H,", D, D,", and He" projectiles on clean targets
of Li, Al, Cr, Cu, Ag, and Au. The measure-
ments were performed at background pressures in
the 10" '°-Torr range and the surfaces were pre-
pared by in-situ evaporation of high-purity metals.

II. APPARATUS

The apparatus used in this work is shown schem-
atically in Fig. 1, Basically, it consists of an ion
accelerator with mass selector, a beam steering
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and focusing stage, a differential-pumping stage,
and an UHV target chamber,

The purpose of the differential-pumping stage is
to minimize the flow of gases into the target cham-
ber. The operating pressure in this stage is kept
at ~107® Torr by ion and Ti-sublimination pump-
ing. The design is such that oil from the accelera-
tor (pumped by diffusion pumps) cannot creep into
the UHV chamber without first encountering a wat-
er-cooled Ti-covered surface. The solid angle
for direct line-of-sight gas flow from the previous
stages to the target is less than 107% sr. There-
fore, the impingement rate of molecules from
these stages on the target will be ~10° mol/em?
sec,® and small compared to that from the back-
ground UHV environment.

The target chamber is constructed of bakeable
materials and pumped by an ion and a Ti-sublimi-
nation pump. During Ti-sublimation, the target is
moved into aN,-liquid-cooled shield to prevent its
surface from contaminating with Ti. Base pres-
sures are in the range 5X107''-5X107'° Torr and
consist typically of 70% H,, the remaining being
mostly CO and CH,. The operating pressure with
the ion beam on was always kept in the 107°-Torr
range.

The target and collector assembly are shown in
detail in Fig. 2. The ion beam is collimated by the
1.5-mm-diam apertures D1 and D2 which together
with apertures in the differential-pumping stage
restrict the angular divergence of the beam to
~ 0.2° and so prevent it from hitting surfaces other
than the target. The halo stripper D3 is used to
avoid that particles scattered from D2, hit the
suppressor or the collector. The suppressor is
held at a sufficiently negative voltage so as to
prevent electrons coming from the previous aper-
tures to reach the target or the collector and also
to prevent electrons emitted from the target to es-
cape the collector. The voltage chosen —200 V
was substantially above the saturation value, de-
fined as the voltage at which the current measured
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@ FIG. 1. Experimental
apparatus. 1l-—rf ion
source, 2—focusing lens,
3—diffusion pump, 4—
mass-~sorting magnet,
5—Faraday cup, 6—steer-

0 ing plates, 7—Einzel lens,
8§ —titanium sublimator,

9 —manipulator, 10—ion
pump, 1ll—quartz-crystal
resonator, 12-—collector
assembly, and 13—target.

in the collector is within 1% of the asymptotic val-
ue obtained at higher voltages. The target is
mounted on a manipulator which allows it to be
moved away from the collector and then rotated
90° to face the evaporation source used to produce
the clean metal surfaces. As a consequence of
the geometry shown in Fig. 2, all the values of v
being reported here refer to normal incidence of
the ions to the surface.

III. EXPERIMENTAL PROCEDURE

A. Beam-energy calibration

In order to investigate the existence of isotope
and molecular effects it is important to know ac-
curately the energy of the ion beam. This energy
is given by the charge of the ions times the applied
acceleration voltages (accelerator plus postaccel-
eration at the target) plus the excess energy due to
the plasma potential in the ion source.” This last
contribution was determined to be 110 £30 eV for
our working conditions in the rf ion source. The
overall accuracy of the beam energy measurement
was +(0.1% +30 eV).

B. Current measurements

The circuit used for taking data is shown in Fig.
2. During measurements of electron yields y, the
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FIG. 2. Schematic drawing of the collimators and the
target-collector assembly.
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voltages applied to target and collector where

-90 and +30 V, respectively, with respect to
ground. This 120-V potential was about twice that
required to achieve saturation in the electron cur-
rent to within 1%. The quantity [ =[,/, is the
normalized electron current, /, being the current
on the collector and i, the total current entering
the target-collector system, The currentl, is
equal to I, +I,; —1}; where [, is the electron cur-
rent, [,; the current of negative secondary ions
(reflected and sputtered) and [;; the current

of positive secondary ions with energy larger than
1209 eV where q is the charge of these ions. For
clean targets, the secondary ion current corre-
sponds to backscattered ions essentially, and is
known to be two orders of magnitude smaller than
the electron emission current from measurements
by Fogel et al. ® for light ions in Mo in our energy
range. For other materials we can integrate ex-
isting data of energy distribution of neutral and
charged backscattered particles® !° to obtain rela-
tive backscattered ion yields which can be convert-
ed to absolute values using data on total (ions plus
neutrals) backscattering yields.'' In all cases con-
sidered, the yields of backscattered ions were
found to be less than 2% of the electron yields.
Therefore ¥ =1, /1, within our experimental un-
certainties of 4%.

One source of error which is present in many old
investigations and which was tried to minimize in
this one is caused by the existence of energetic
neutrals in the beam, formed by electron capture
collisions with the background gas, along the path
between the analyzing magnet and the target. Neu-
tral atoms will not contribute to the measured ion
current but will nevertheless eject electrons from
the target. In our case the effect of neutrals on the
measurements was less than 2%. This was deter-
mined by deflecting the ion beam at the entrance of
the UHV chamber by an externally applied magnetic
field while recording the electron current on the
collector.

C. Target preparation and cleaning

In past investigations on ion-EE,! the generation
of clean surfaces was attempted by two methods,
heating to high temperatures and cleaning by inert
gas ion sputtering. Heating has the drawbacks
that for most materials, nonvolatile surface com-
pounds are present which cannot be removed by
heating alone'? and that bulk impurities may diffuse
and accumulate on the surface at high tempera-
tures.!®’1* On the other hand, sputtering by inert
gas ions, the standard cleaning technique used
nowadays in surface studies, has been found to be
satisfactory in studies of EE.'* A third technique

was used mainly in this work in which clean sur-
faces were produced by in-situ evaporation in UHV
of high-purity (better than 99.9%) materials. In
order to minimize contamination of the target by
trapped ions when bombarding with hydrogen
beams, doses used for obtaining a data point (av-
erage of several measurements) were kept low
(<10'? ions/cm?).

D. Measuring procedure

Immediately after obtaining a clean surface, ¥
was measured using 30-keV Ar’ projectiles and
its invariance with ion dose, verified. Measure-
ments of the yields for each ion as a function of
energy was then performed, starting at the highest
energy. After this, the high-energy measure-
ments were made again. Whenever results were
not reproduced, indicating that adsorption of
residual gas was significant, a clean surface was
prepared again either by a new evaporation or by
sputtering, and measurements conducted again,

Care was taken not to use deuterium immediately
after a hydrogen run, to avoid contamination of the
D" beam with H," ions produced in the ion source
from residual hydrogen trapped in its walls, The
inverse situation was also avoided in order not to
contaminate the H," beam with D" ions. After
working with He and Ar for a few minutes, it was
found that hydrogen or deuterium impurity peaks
in the mass spectrum were negligible. Dz' con-~
tamination in the He* beam was also negligible as
inferred from the observed low abundances of ions
with mass to charge ratios of 2 (D' or H,’, also
He?') and mass 6(D;") ions.

IV. RESULTS

The experimental results are shown in Figs.
3-8 as a function of projectile velocity. Interpo-
lated values are shown in Table I, as a function of
ion energy. Total errors which include statistical
uncertainties and systematic errors from the mea
suring instruments, neglect of backscattered ions
and presence of neutrals in the beam are £4%.

No evidence for isotope effects in the yields of
H" (H,') ions as compared with those of equal vel-
ocity D (DZ* ) was observed within experimental
errors, in our velocity range. This does not rule
out the possibility of isotope effects at very low
velocities where the energy degradation, energy,
and angular straggling of the ions over the effect-
ive electron escape depths are important, since
these effects show a mass dependence.!

The results for molecular ions are presented
divided by two as is common practice and so they
represent electron yields per atom. These re-
duced yields were always found to be less than
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FIG. 3. EE yields per atom from lithium targets vs
the velocity of the projectiles. O—H*, @—D*, O—H,*,
m—D,*, A—He*. Vy;, is given by Eq. (2) in text.

that for atomic particles at equal velocities due
to the smaller value of the potential EE yields for
molecules than for atomic ions!® and to interfer-
ence effects in the excitation of target electrons by
the correlated constituents of the molecular ion.'®
Results obtained by other workers are also
shown in Figs. 3-8 for comparison. The only
data shown are from papers where it is stated that
some effort was made to keep the surfaces reason-
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FIG. 4. EE yields per atom from aluminum targets vs
the velocity of the projectiles. O—H*, ®@—D*, O—H,*,
®—D,*, A—He*, this work. +—from Losch (Ref. 17)
for Hy*. Vy, is given by Eq. (2) in text.
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FIG. 5. EE yields per atom from chromium targets
vs the velocity of the projectiles. O—H*, @—D*,
O—H,", ®—D,*, A—He"*. Vy, is given by Eq. (2) in
text.

ably clean, either by sputtering with a high current
density beam (in the case of He projectiles) or by
heating before or during bombardment while keep-
ing the background pressure low. The results of
Losch'” for H," on Al are in fair agreement with
ours. This worker cleaned his surfaces by sput-
tering in an Ar discharge and conducted measure-
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FIG. 6. EE yields per atom from copper targets vs
the velocity of the projectiles. O—H*, ®@—D*, O—H,*,
®m—D,*, A—He", this work., x —H*, +—H," from Large
and Whitlock (Ref. 18), ¥—He* from Evdokimov et al .
(Ref. 19). V, is given by Eq. (2) in text.
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FIG. 7. EE yields per atom from silver targets vs the
velocity of the projectiles. O—H*, @—D*, O—H,*,
#8—D,*, A—He*, this work. x —H*, +—H,* from Large
and Whitlock (Ref. 18), ¥—He"* from Evdokimov ef ol .
(Ref. 19). Vi, is given by Eq. (2) in text.

ments at 107® Torr. Since at these pressures,
gas adsorption occurs rapidly, Losch measured
y as a function of time and extrapolated the results
to zero times.
The results of Large and Whitlock!® for H* and
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FIG. 8. EE yields per atom from gold targets vs the
velocity of the projectiles. O—H*, @—D*, O—H,"*,
N—D,, A—He", this work. x—H*, +—H,* from Large
and Whitlock (Ref. 18). Vy, is given by Eq. (2) in text.

H,” on Cu, Ag, and Au are somewhat lower than
ours. These workers attempted to clean their
targets by flashing to temperatures 10-80°K below
the melting point for each material. As stated
above, the net result of this is the diffusion of bulk
impurities to the surface.'®’'® Furthermore, they

TABLE I. Electron yields per atom for H*, H,*, and He' ions on Li, Al, Cr, Cu, Ag, and
Au, obtained by graphical interpolation between data points.

Energy (keV)

Target Projectile 2 3 4 7 10 15 20 30 40 50
H* 0.475 0.560 0.650 0.830 0.965 1.12 1.23 1.36 1.46 1.55

Li H,* 0.260 0.320 0.365 0.465 0.550 0.680 0.775 0.945 1.07 1.16
He* 0.465 0.525 0.590 0.740 0.880 1.10 1.27 1,54 1.77 1.95

H* 0.225 0.310 0.380 0.560 0.700 0.875 1.01 1.23 1.34 1.38

Al H,* 0.087 0.132 0.156 0.230 0.310 0.450 0.555 0.745 0.885 0.955
He* 0.280 0.330 0.380 0.510 0.620 0.765 0.885 1,10 1.31 see

H* 0.280 0.360 0.430 0.580 0.710 0.880 1.04 1.26 1.36 1.42

Cr H," 0.240 0.270 0.305 0.375 0.450 0.540 0.635 0.810 0.940 1.01
He* 0.310 0.420 0.485 0.650 0.780 0.960 1.10 1.42 1.69 1.94

g* **- 0.420 0.480 0.650 0.780 0.960 1.08 1.29 1.45 1.57

Cu H,* 0.162 0.210 0.265 0.380 0.470 0.580 0.670 0.830 0.960 1.08
He* <+ 0.390 0.455 0.620 0.800 1.04 1.18 1.44 1.70 -«

H* 0.650 0.810 1.15 1.42 1,70 1.89 217 2.33

Ag Hy* 0.225 0.295 0.375 0.610 0.800 1.03 1.20 1.50 1.67 1.78
He* 0.360 0.450 0.570 0.910 1.21 1.65 2.00 2.50 2.89

H* 0.360 0.540 0.680 0.980 1.22 1.46 1.64 1.77 2.03 2.15

Au H,* 0.138 0.240 0.325 0.550 0.720 0.930 1.09 1.38 1.59 1.70
He' 0.315 0.410 0.510 0.810 1.09 1.52 1.83 2.3¢ 2.68 --*
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FIG. 9. Electron yields y vs Z,, the atomic number
of the target atoms for a fixed value of the velocity of
the projectiles, v =1.2x10% cm/sec. The bars indicate
the values of the potential emission yields in the limit
of zero velocity, as given by Kishinevskii (Ref. 21).
€ data from Ref. 26.

worked at pressures of (1-2)X107% Torr and admit
that during their measurement time the surfaces
became covered with about a monolayer of ad-
sorbed gas.

Data of Evdokimov et al.'® for He" on Cu and Ag
are the same as ours within combined experiment-
al errors. These workers used intense ion beams
of a few hundred pA/cm? and residual pressures
were in the 1077-Torr range.?® It seems from the
agreement with our results that the rate of re-
moval of contaminants by sputtering was much
larger than the rate of their arrival from the back-
ground gas.

Figure 9 shows that the Z, dependences of v for
H® (D') and He" ions at the constant velocity v =1.2
X10®% em/sec are similar. The bars give the mag-
nitude of the potential emission coefficient in the
limit of low velocities obtained using Kishinevskii’s
formula.? It must be pointed out, however, that
the points lying at the lower end of the bars need
not correspond to pure kinetic emission since
(i) Kishinevskii’s model has many simplifying as-
sumptions and (ii) the actual magnitude of potential
emission yields ¥, are unknown at this velocity and
so far the approximate independence of v, with ion
velocity has been tested only up to v =5%X107 ¢cm/sec
for He',?? and Ne" and Ar® projectiles.?®

+

’

V. THEORY AND DISCUSSION

In the case of He® projectiles, potential emission
contributes substantially to the yields in our energy
range, due to the large ionization energy of
He.3' 21" 22 Dpresent theories of potential emission
hold for very low particle velocities where ion
penetration in the solid is negligible, and are not,
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therefore, applicable to our work. We will then
concentrate to the case of incident protons and
deuterons where, except for Li targets, kinetic
emission is clearly predominant in our velocity
range.

Existing theories of kinetic ion EE have been
discussed by Arifov.! In our low velocity range
he considers the theory of Parilis and Kishinev-
skii®or their modifications for light ions? to give
a correct description of reality. These theories
assume that EE results from the following mech-
anism. As a result of violent binary collisions be-
tween the projectile and lattice atoms, holes are
created in the core levels of the latter. These
holes are then filled by Auger processes and if the
condition 0>2¢ is fulfilled, electrons may be
ejected into vacuum. Here 6 is the binding energy
of electrons in the core level relative to vacuum
and ¢ the work function of the solid.

We will not enter at this point into a detailed
discussion of this model. This will be done in a
future publication.?® For the purpose of the present
work it will be sufficient to estimate the import-
ance of this mechanism. Let us consider the case
of proton impact on aluminium for which dataare
available?” for the cross section for L-shell ioni-
zation. The measured cross sections rise from
~8X107!% cm?/atom at 15 keV to ~ 7X107!% cm?2/
atom at 50 keV. Not only are the cross sections
very low but their energy dependence is clearly
not contained in the experimental electron yield
curves (in the same energy range ¥ increases only
a factor ~1.6). Analogous situations should be ex-
pected for the tightly bound electrons of the other
targets.

There remains the possibility of exciting the
more loosely bound electrons of the target. Let
us first consider the case in which valence elec-
trons may be considered to behave as a free elec-
tron gas. This assumption should be quite reason-
able for metals like Li and Al. In this approxima-
tion we will neglect phonon-assisted umklapp pro-
cesses which are known to be relatively unimport-
ant from the theory of electron-induced secondary
EE.?®* 2% Electron excitation will then result in
this model from the screened Coulomb interaction
between the projectile and the target electrons
through direct binary collisions and the decay of
collective excitations (plasmons). At velocities
smaller than vp, the velocity of the electrons at
the Fermi surface, plasmons will be excited in-
efficiently. The threshold velocity for ejection of
an electron into vacuum vy, will be that at which
the maximum energy transfer equals the work func-
tion, that is,

2mug O +Up)=¢ , 1)
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v =80 [(L +2/mo3) 2 ~1]. @

At vy, the electron emission yield should vanish
since the excited electron will be traveling in the
direction of incidence of the projectile and in order
to revert its motion towards the surface it will
need to undergo collisions. These collisions will
of necessity take some kinetic energy from the
electron and force it to sink below the vacuum
level. In any real solid, however, umklapp pro-
cesses which were neglected at high velocities will
be relatively important at these low velocities, and
the absolute threshold will be determined from
energy conservation alone, resulting in

Ve =(@2o/M)
or
EX s MVE P=¢, (3)

where M is the mass of the bombarding ion. This
case will be analogous to the surface effect in sec-
ondary and photoelectric emission.?

The threshold velocities predicted in the free-
electron model [Eq. (2)] are shown in Figs. 4-9
and they can be seen to be consistent with extra-
polation of the experimental results, except for Li
which gives high potential emission yields due to
its low work function,

At velocities not too close to v, we can expect,
in analogy with ionization in gases and semicon-
ductors, that the mean energy which the projectile
must spend in creating an electron-hole pair, J
(with the final electron energy lying above the vac-
uum level) is independent of the ion velocity.*
Therefore, the number of excited electrons gener-
ated by the incident ion of energy E, in a layer of
thickness dx at a depth X below the surface will be

nx,E)dx =(1/J)S. (x,E), @)

where S, = (dE /dx)_ is the electronic stopping pow-
er of the solid for the projectile, and E the pro-
jectile energy at depth x.

The excited electrons will then diffuse in the
solid scattering against other electrons, defects
and phonons, with a certain mean free path to be
“absorbed,” that is to be degraded in energy to be-
low the vacuum level. The mean free paths which
are a function of electron energy have so far been
calculated using very simple models of the solid
which do not include any band-structure effects,® %
The net effect of averaging the transport of elec-
trons to the surface over electron energies and
paths is usually approximated by the attenuation
function f (¢) =3 exp(~x/L) for normal incidence of
the projectile® where the factor z takes into ac-
count that in the cascade there are equal number of
electrons moving in the forward that in the back-

ward hemisphere (forward is the direction of the
incident ion) and where L is a mean attenuation
length which will be shorter than the average mean
free path (1) since the excited electron will cer-
tainly not follow the shortest route from the inter-
ior of the solid to the surface.

Once the electron reaches the surface, it must
overcome the surface potential barrier in order
to escape into vacuum. The average escape proba-
bility P resulting from integration over all elec-
tron energies and angles of incidence to the surface
has again been calculated only for very simple
models of the solid. The results are very sensi-
tive to the choice of the barrier height, which in
the Sommerfeld model is Er+ ¢, where E is the
Fermi energy. For real solids, the barrier height
will depend strongly on the detailed form of the
band structure. Furthermore, surface umklapp
processes® need to be considered and a quantum
mechanical calculation of P will be required since
the wavelengths associated with the excited elec-
trons are of the order of the width of the barrier.

Due to the difficulties of evaluating each param-
eter for any given case, we will not attempt to
make a detailed theory at this stage. The ele-
mentary semiempirical model developed above
gives

hp[.,o n(x, E)f (c)dx =2_’3f0°°se (x,E)e~*/Lax |
(5)

which is essentially the same as that derived for
secondary EE under electron bombardment.3*%

In our case, we can expect Eq. (5) to be more ac-
curate than for electron bombardment since in the
latter case a large correction due to backscattered
projectiles must be made?® while in ion-electron
emission such correction will be small, except at
very low projectile velocities. In the case of heavy
particles and specially if M, > M,, where M, and
M, are the masses of projectile and target atoms,
respectively, a correction to Eq. (5) will be re-
quired to take into account the generation of excited
electrons by recoiling target atoms,.

At velocities not too close to the threshold [Eq.
(2)], the projectiles will loose a very small frac- !
tion of their energy over the mean electron escape
depth. We can then take the stopping power out-
side the integral in Eq. (5) and obtain

Y(E,)=zPLS,E)/J , 5')

with the important consequence that ¥ should have
the same energy dependence as the electronic stop-
ping power, as proposed by Bethe®” and used by
Sternglass®® for describing ion-electron emission
at high velocities. The validity of this conclusion
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FIG. 10. Ratios between the electron yields y and the
electronic stopping power (d E/dx), vs H* energy. The
curves are derived from smooth fits to our data and to
stopping power data (Ref. 39). (@E/dx), value for Al at
low energies may have errors due to the existence of
surface oxide layers in the very thin foils used in the
experiments.

can be tested by plotting ¥(E,)/S, (E,) versus ion
energy. This has been done using our measured
electron yields and published data® of S, for the
case of hydrogen ions. Figure 10 shows that these
ratios are indeed constant within the experimental
uncertainties in ¥ and S,, and therefore confirm
the validity of Eq. (5') in our energy range.

A model similar to this one has been recently
published by Beuhler and Friedman.*® The main
difference is that they assume that the number of
excited electrons is proportional to S.(E) [our Eq.
(4)} at any value of the projectile energy. They
take into account the slowing down of the project-
iles within the electron escape depth, which is im-
portant at low velocities but assume no backscat-
tering of the projectiles and straight line traject-
ories during penetration. At low velocities, these
two assumption and the use of a constant J value
limit the validity of their model. Measurements
of the electron yields at very low energies using
ground state H or He atoms would test the range
of validity of Eq. (4) and provide a better indica-

tion on the existence of a threshold velocity |Eq.
(2)] than is possible through the results presented
here.

VI. CONCLUSIONS

We have studied the EE from clean metal sur-
faces under light ion bombardment at keV energies.
We have found that for H" and D" ions, electron
yields for each element have the same energy de-
pendence as the corresponding electronic stopping
power, thus confirming an idea put forward by
Bethe.

It is proposed that the main mechanism for kin-
etic EE from metals by light ions is the direct
screened Coulomb binary interaction between the
projectiles and valence-band electrons and the
subsequent diffusion and escape of those electrons
into vacuum. The mechanism should operate above
a threshold value of the projectile velocity which is
of the order of 2X107 em/sec. The presence of
umklapp processes should result in an absolute
threshold energy equal to the work function of the
solid.

Electron yields for H and He” have a similar
Z , dependence which is, however, of different
nature than the Z, dependence of electronic stop-
ping powers, meaning that the processes of elec-
tron transport and escape vary substantially among
different metals.
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