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Inelastic energy loss and charge exchange processes in low-energy (1—9 keV) Ne+ ions scattered from
the Cu atoms in Cu(100), Cu3Au(100), and polycrystalline Cu surfaces have been studied at large scatter-
ing angles. The experiments reveal that significant inelastic energy losses (up to 300 eV) occur in these
scattering systems. The inelastic energy loss observed is independent of the Cu target matrix. It shows a
sharp increase with increasing incident energy at a threshold energy dependent on the scattering angle.
The scattered Ne+ ion yield, the Ne + ion yield, and the Cu+ recoil yield all show a similar threshold-

type behavior as a function of incident energy. The threshold energies vary as a function of scattering
angle. Various theoretical models of inelastic energy loss are discussed but the experimental results in

general do not agree with these models. A model is suggested in which the total inelastic energy loss is

proposed to be composed of two parts: the energy lost in continuous electron excitation along the in-

coming and outgoing trajectories and the energy lost in the inner-shell electron promotion during close
atomic encounters. Good agreement between experiments and the model is obtained. The inelastic en-

ergy loss in Na+-Cu and Ne+-Au collisions was also studied and compared with that of Ne+-Cu col-
lisions. Charge exchange in these inelastic energy-loss processes is discussed.

I. INTRODUCTION

An ion colliding with atoms on a surface loses energy
by the elastic collisions of the nucleus and by the inelastic
interaction of the electrons. Electron interaction results
in charge-transfer processes such as neutralization, ion-
ization, and reionization of the incident ion. Inelastic en-
ergy loss and charge-exchange mechanisms are the most
important factors limiting the understanding and quanti-
tative interpretation of low-energy ion-scattering spec-
troscopy (ISS). Extensive studies' have been focused
on the charge exchange or neutralization process due to
its importance in the quantification of analytical tech-
niques such as ion scattering or secondary-ion-mass spec-
troscopy. Less work has been done on inelastic energy
loss. Although inelastic energy losses are usually small at
the energies which are mainly used in surface scattering
experiments, the processes involved in inelastic energy
loss play an essential role in the ionization and electron
emission processes accompanying the ion scattering, and
determine to a considerable extent the charge composi-
tion of scattered particles. Charge exchange and energy
loss are interrelated, and understanding the ion-surface
interaction requires that both processes themselves be un-
derstood.

The theories of the inelastic energy loss were mainly
developed by Firsov and Lindhard and Scharff. ' Both
theories are based on the Thomas-Fermi model of the
atom, and yield the same relation between energy loss
and ion velocity. If limited to the case of small scattering
angles, and if the atomic numbers of the colliding parti-
cles diQ'er by no more than a factor of 4, Firsov derived a
formula which suggested that the fraction of the kinetic
energy lost in the inelastic processes is proportional to

the velocity of the atomic particle and is a monotonically
increasing function of the atomic numbers Z& and Z2 of
the collision partners. Later, Oen and Robinson"
developed a semiempirical approach to the inelastic loss
for light projectiles, in which the spatial dependence of
the inelastic loss was chosen to follow approximately the
electron density around the target atoms. Kishinevsky
and co-workers' ' also derived an expression for inelas-
tic energy transfer in terms of the relative atomic velocity
and energy for the case of two arbitrary atoms and for
any impact parameter. Recently, stopping-power theory
in general' has been extended to surface scattering pro-
cesses. ' ' The inelastic energy loss was found to be pro-
portional to the particle trajectory length and the velocity
of the incident particle for light projectiles at grazing an-
gle incidence to a solid surface. In all these studies, the
inelastic energy loss is given as a continuous function of
the projectile velocity (or incident energy) and the dis-
tance of closest approach (or impact parameter).

Direct measurement of small inelastic energy losses in
low-energy ion scattering from solid surfaces is compli-
cated by diSculties associated with the calibration of the
analyzer and the accurate alignment of the system, ' as
well as by difhculties with accurate measurements of the
incident ion energies. Multiple-scattering effects and the
scattering of incident particles scattered from deeper lay-
ers also inQuence the measured scattered energy position
relative to the predicted energy of elastically scattered
ions involved in binary collisions. Inelastic losses of low-
energy ions scattered from solid surfaces have been ob-
served as displacements of the measured scattered ion en-
ergy from the position of the binary elastic collision
event. The inelastic energy losses of low-energy (below 2
keV) He+ ions scattered from solid surfaces at large
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scattering angles have been measured and compared with
the Oen-Robinson and Firsov models. ' Qualitative
agreement between experiments and theories was ob-
tained. Studies of the inelastic energy loss and charge-
exchange processes in low-energy (below 10 keV) light
projectiles (He, H) scattering from solid surfaces at graz-
ing angle incidence suggested that a large number of
electron-hole pairs can be excited, causing significant in-
elastic energy losses. ' ' The Firsov or Lindhard formu-
lation has often been used to model the inelastic energy
loss in computer simulations. Significant departures
of the scattered energy position from those predicted by
elastic scattering of Ne+ from the Ag surface were ob-
served at large scattering angles. The energy losses
were suggested to be path length and impact parameter
dependent. However, direct experimental tests of these
inelastic loss theories at low ion energies have not been
very successful, owing to the experimental difFiculties en-
countered.

Studies of Ne+ ions scattered from Mg, Al, and Si sur-
faces suggested that electron promotions during
close encounters are significant in keV ion-surface col-
lisions. The projectile excitation was observed to be very
similar to that observed in gas-phase processes. In-
elastic energy losses of about 45 eV were observed for
Ne+ scattered from the Mg surface, in agreement with
the electronic energy required to form doubly excited
Ne* states. Studies of charge fraction and inelastic
loss processes of several ion-target combinations also sug-
gested that the occurrence of reionization processes in
keV energy regions could be associated with observed en-
ergy loss. * The mechanism was suggested to involve
level promotion and crossings within the collision
partners, i.e., it is related to the electron shell structure of
the atoms. The occurrence of such inner-shell electron
excitations make the study of inelastic loss in low-energy
ion-surface interactions dificult. In gas-phase collision
events, several distinct peaks induced by different inner-
shell electron excitation processes are often observed in
the scattered ion energy spectra. In the case of the ion-
surface scattering, these peaks are not resolved in the
scattered ion energy spectrum ' '"' due mainly to
two reasons: (1) the broadening of the spectrum caused
by quasisingle (QS) (Ref. 42) or multiple-scattering events
resulting from the close proximity of other atoms in the
solid target, or (2) the smaller energy di6'erence between
these peaks because shallower electron shells are usually
encountered at the lower incident energies used. Further,
in the case of solid surface targets, projectile outer-shell
electrons can be excited during the pass through the sur-
faces, which may effect the excit channels of inner-shell
electron excitations.

An anomalous increase of the ion fraction with the in-
creasing incident energy was observed above 7 keV for
Ne+ off a Cu(100) surface at a scattering angle of 30' in
the later 1970s. ' At large scattering angles, 5-6-keV
Ne+ ions were found to be well suited for low-energy
ion-scattering (LEIS) analysis of clean and oxygen-
covered copper surfaces since the position of the shadow
edges were not distorted by neutralization effects. This
was in marked contrast to the situation for 2—3 keV Ne+

ions scattered off the same surfaces. Large displace-
rnents of the scattered energy from that predicted by elas-
tic binary scattering theory have been observed for 5-keV
Ne scattered from Cu(110) surfaces at a 164 scattering
angle. It was suggested that reionization of Ne+ was a
possibility, but the peak displacement observed was about
100 eV, much greater than the first ionization energy of
Ne of 20 eV.

More recently Buck et a/. reported on the difference
in the neutralization of 2.4-10 keV Ne+ ions scattered
from the Cu and Au atoms of a Cu3Au(100) alloy surface
using time-of-flight (TOF) spectroscopy. As the incident
Ne+ energy was increased, the ion fraction of Ne+ scat-
tered from Cu atoms was found to exhibit a sharp in-
crease at a threshold of 4—5 keV incidence for a scatter-
ing angle of 90'. Peak displacements from the elastic
binary collision position of up to 130 eV were also ob-
served under the assumption that there was no inelastic
energy loss in the Ne+-Au collisions. The proposition
that Ne 2s vacancies are formed during the close col-
lisions of Ne and Cu atoms gives a reasonable explana-
tion for the large peak displacements and Ne Auger elec-
tron emission results observed, and leads to a further un-
derstanding of the charge-exchange process and its corre-
lation with the inelastic energy-loss process in Ne+ ions
scattered from Cu surfaces.

However, due to dif5culties in calibrating TOF sys-
tems, the calibration of the detector was based on the as-
sumption that there is no inelastic energy loss in Ne+-Au
collisions. This may lead to an underestimate of the in-
elastic energy loss actually occurring in Ne+-Cu col-
lisions. Another factor which might also effect the value
of inelastic energy loss is that the inelastic energy loss re-
ferred to in these papers ' is the difference between the
energy calculated from the binary collision model and the
energy of the measured scattering peak (the so-called
peak shift or peak displacement ). The value of the ac-
tual inelastic energy loss, which can be obtained using the
scattering particle method, is generally larger than that
of the corresponded peak shift.

The results of a systematic study of the inelastic energy
loss and charge-exchange processes of 1 —9-keV Ne+ and
Na+ scattered from Cu(100), Cu3Au(100) and Cu poly-
crystalline surfaces are reported in this paper. The
inhuence of structure, target matrix, and scattering
geometry on the inelastic processes were also studied.
Large scattering angles were used to minimize multiple-
scattering effects. Careful calibration of the system was
performed. Inelastic energy losses were obtained using
the scattered particle method, and compared with cor-
responding peak displacements at different scattering
geometries. The scattered Ne singly and doubly charged
ion yield and Cu+ positive recoil yield were also mea-
sured as a function of incident energy. Inelastic energy
losses of Na+-Cu and Ne+-Au collisions were measured
and compared with those of Ne+-Cu collisions. Various
models which have been used to explain inelastic energy
losses are discussed and compared with the experiments.
A model is proposed which suggests the inelastic energy
loss is composed of two parts: the energy lost in electron
excitation along the incoming and outgoing trajectories,
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and the energy lost in an inner-shell electron promotion
during close atomic encounters. Charge exchange in
these inelastic energy-loss processes is also discussed.

II. EXPERIMENTS

The experiments were performed in a Leybold-Heraeus
ion scattering system. A base pressure of 5X10 "mbar
was achieved by using a turbomolecular pump in com-
bination with a titanium sublimation pump. The equip-
ment used in these experiments has been described previ-
ously 4, 20, 26

Careful energy calibration of the system was performed
by introducing the ion beam directly into the electrostatic
energy analyzer. The scattering angle is defined to better
than +1 . Two different electrostatic energy analyzers
were used in the study: a 0—2-keV analyzer in the b E/E
constant mode and a 0—10-keV analyzer in the hE con-
stant mode. Results obtained using these two different
analyzers overlap within experimental errors, producing
an independent check of the energy calibration of the sys-
tem.

The measurements were performed using a variety of
experimental conditions, over a significant period of time,
in order to avoid possible systematic errors. The experi-
mental errors for the scattered ion energy derived from
these experiments amount to less than 1% of the mea-
sured value.

Samples were cleaned by 2-keV Ar+ bombardment,
followed by annealing at temperatures above and below
390'C [the order-disorder critical temperature of
Cu3Au(100)]. This bombardment and the annealing cy-
cles were repeated until a clean [and well ordered for
Cu(100) and Cu3Au(100)] surface was obtained. The
composition and structure of Cu3Au(100) have already
been reported, ' and will not be described here.

The software package GRACEs, which is a program
originally written for Rutherford backscattering (RBS)
simulation and data analysis, was modified and used to
analyze the experimental spectra. The data analysis func-
tions in this program (background subtraction, curve
smoothing, region of interest integration, spectrum con-

I

version from hE/E constant to 4E constant mode, non-
linear curve fitting with various functions, maximum
point reading, etc.) made the analysis of the experimental
data very direct and straightforward.

III. EXPERIMENTAL RESULTS

A. Inelastic energy losses

Q, the inelastic energy loss in the collision is defined
as

Q =2y(EOE, )'i cos8+(1 —y)EO —(1+y)E, , (2)

where y=M, /M2 is the mass ratio between the projec-
tile and the target atom, and 0 is the laboratory scatter-
ing angle.

The difference between the energy calculated from the
binary collision model Eb and the energy of the measured
scattering peak E& is used to indicate inelastic energy
losses in many studies. This is defined by

AE =Eb —E),
where Eb is given by

Eb =Eo [cos8+ (p —sin 8) '
] /( 1+p)

(3)

(4)

for cases where p=1/y ) 1. b,E is then the peak shift or
peak displacement.

The relationship between bE and Q can be derived
from Eqs. (2)—(4):

Q =ED —(E, +E2),
where Eo is the kinetic energy of incident particles, and
E& and E2 are the measured kinetic energies of the scat-
tered and recoil particles, respectively. Q may be ob-
tained in at lest three different ways: the recoil-particle
method, the coincidence method, and the scattered-
particle method. The latter is adopted here.

By means of Eq. (1) and momentum conservation in
the collision, the scattered-particle method relates the in-
elastic energy loss and the measured energy of scattered
projectile:

p Q + 2 cos8+p —sin 8 Q
I+V Eo (1+@) (1+p)(p —sin 8) Eo

1/2

In the case of no inelastic loss (Q =0), there will be no
peak displacement (b,E =0). In most cases, bE is not
equal to the inelastic energy loss of the collision system,
and therefore cannot be used to represent the inelastic en-
ergy loss of the system quantitatively. At a scattering an-
gle of 90', the relation between these two quantities be-
comes very simple:

bE =Q/(1+y) or Q =(1+y)bE . (6)

In the case of Ne+ incident on Cu, where y= 3,4E
differs from Q by approximately b,E/3 when 8=90'.

The scattering geometry used in the experiments for

Cu(100) and Cu3Au(100) surfaces are described below.
(1) A 45' incident angle along the [100] azimuth, and a

scattering angle of 135' or 90. Using these scattering
geometries, the scattered ions come mainly from the first
layer of the crystal as a result of surface atoms shadowing
and blocking deeper layers. This is defined by [100]135'
or [100]90 .

(2) A 35' incident angle along the [110]azimuth, and a
scattering angle of 135' or 90'. Using these scattering
geometries, ions scattered from the second layer have
about an equal possibility to be detected as those scat-
tered from the first layer if they can escape without neu-
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tralization. This is defined by [110]135'or [110]90'.
(3) A 45 incident angle along the random azimuth

direction, and a scattering angle of 135' or 90'. Random
here means the avoidance of low index surface directions.
For such a scattering geometry, as well as for scattering
from the polycrystalline surface, one cannot restrict
scattering only to the top one or two layers as in (1) and
(2) above. This is defined by random 135' or random 90'.
For the polycrystalline Cu target, we will refer only to
the scattering angle.

The incident angle is referred with respect to the target
surface, and the scattering angle is referred with respect
to the incident-beam direction.

Each experiment was repeated several times. Figure 1

shows typical energy spectra of Ne+ ions scattered from
the Cu(100) surface at a scattering geometry of [100]135'
for incident energy from 2 to 6 keV. The peaks located
around the E/Eo value of 0.3 (Eb/E&&=0. 3276) are the
scattered Ne singly charged ions. The small peaks arise
from doubly charged Ne + ions which are produced in
the collision and appear at half the energy of the singly
charged ions in the electrostatic analyzer. The real en-
ergy of Ne + ions is therefore roughly the same as that of
the Ne+. The peak position of scattered singly charged
Ne ions was measured and used to obtain the experimen-
tal value of peak displacement AE and inelastic energy
loss Q using Eqs. (3) and (2).

Peak displacements of¹+C-u from three surfaces
and the in+uence of ions scattered from deeper layers

The peak displacements of Ne+ scattered from Cu in
Cu(100), Cu3Au(100), and Cu polycrystal surfaces were
obtained as a function of incident energy using [100]135'
scattering geometry. Results are shown in Fig. 2. Exper-
iments performed using geometries which expose only the
top layer, top two layers, or deeper layers as in the ran-
dom or polycrystalline cases gave exactly the same results
as these shown in Fig. 2. We note the following features.

(1) Peak displacements of Ne scattered from Cu
atoms are the same, within experimental errors, for these
three samples.

(2) The peak displacement increases sharply as a func-
tion of E at a threshold energy of 3.5 —4 keV, and re-
I;urns to the slower rate of increase at -6 keV.

2. Peak displacements at diferent scattering
and incident angles

Peak displacements of Ne+ from Cu in the CuiAu(100)
surface are compared for diferent scattering angles at the
scattering geometries [100]90' and [100]135 as shown in
Fig. 3(a).

Peak displacements of Ne+ from Cu in the Cu3Au(100)
surface at a 135' scattering angle are also measured for
two di6'erent incident angles: 45 and 90. These two
scattering geometries reverse the incoming and outgoing
trajectories, respectively. The results obtained are the
same within experimental errors as shown in Fig. 3(b).

From Figs. 3(a) and 3(b), we can clearly see the follow-
ing.

(1) In the incident energy range of 1 —3 and 7—9 keV,
the values of peak displacement for 90' scattering are
larger than those for 135 . At about 9-keV incidence this
difference is about 100 eV.

(2) The threshold energy for the sharp increase is shift-
ed slightly to higher energy for the 90' scattering than
that of the 135 one.
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FIG. 1. Typical energy spectra of scattered Ne ions from the
Cu(100) surface at [100]135'scattering geometry for an incident
energy from 2 to 6 keV. The energy peak positions of scattered
Ne+ ions observed from the experiments are significantly dis-
placed from those predicted by elastic scattering (,Eb /Eo
=0.3276). The small peaks located around the E/I;o value of
0.15 are due to scattered Ne doubly charged ions.
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FIG. 2. The peak displacements of Ne+ ions scattered from
Cu atoms in Cu(100), Cu3Au(100), and Cu polycrystalline sur-
faces as a function of incident energy at [100]135' scattering
geometry.
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FIG. 3. Peak displacements of Ne+ ions scattered from Cu
atoms in Cu3Au(100) surface as a function of incident energy (a)
for [100]90' and [100]135' scattering geometry and (b) for in-
cident angles of 45 and 90' at a 135 scattering angle.

FIG. 4. (a) Peak displacements of Na+ and Ne+ ions scat-
tered from Cu atoms in Cu(100), Cu3Au(100), and Cu polycrys-
talline surfaces as a function of incident energy at [100]135'
scattering geometry. (b) Peak displacements of Ne+ ions scat-
tered from Au and Cu atoms in Cu, Au(100) surface at [100]90'
scattering geometry.

(3) Within the experimental error, the peak displace-
ments are the same when the incident and exit paths are
reversed. The threshold energy is independent of the in-
cident angle to the surface, but does depend on the
scattering angle.

3. Peak displacements ofNa+-Cu collisions

Peak displacernents of Na+ scattered from Cu in
Cu(100), Cu3Au(100), and Cu polycrystalline surfaces
were measured as a function of incident energy using the
[100]135 scattering geometry, in the energy region from
2 to 6 keV. The results are independent of the target ma-
trix and behave similarly to those of Ne+-Cu collisions,
as shown in Fig. 4(a). We note that the threshold energy
for Na -Cu collisions is about 4—5 keV, shifting slightly
upwards compared with that of Ne+-Cu results.

It is well known that the neutralization behaviors near
the surface are very di6'erent for Ne+ and Na+ ions. The
results obtained here suggest that the mechanism in-
volved in the inelastic loss leading to this peak displace-
ments is not influenced by the usual di6'erent neutraliza-
tion behaviors. '

4. Peak displacements ofNe+ Au-
from Cu+u(IOO) surface

Measurements of the peak shift of Ne+ from Au col-
lisions in the Cu3Au(100) surface were also performed us-
ing the [100]135' and [100]90' scattering geometries in
the incident energy region from 1 to 9 keV. The results
show that large peak displacements also exist in the
Ne+-Au scattering events at both scattering angles. Fig-
ure 4(b) shows the peak shifts of the 90' scattering case of
Ne+-Au collisions, compared with that of Ne+-Cu col-
lisions. We note the following.

(1) The peak displacements are larger for the Ne+-Au
collision in the low-energy region (below 3 keV) and
much smaller in the higher-energy region (above 5 keV)
than that of Ne+-Cu collisions.

(2) No obvious threshold is observed in Ne+-Au col-
lisions.

These results indicate that the peak energy position of
Ne+-Cu scattering in the previous TOF measurements
were underestimated by 20—150 eV (the value of peak
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displacements in the Ne+-Au collision) depending on the
incident energy.

5. Ineiastic energy loss Q

Using Eq. (2) we obtained inelastic energy losses from
the measured scattered energy peak for a11 the different
ion-target combinations and the scattering geometries
studied. Figure 5 shows one of the typical results of the
inelastic energy loss of Ne+-Cu collisions at the scatter-
ing angle of 135', in comparison with the corresponding
peak displacement. From the results obtained we can
conclude that the inelastic energy losses. (1) are larger
than that of the corresponding peak shift; (2) have the
same threshold energy as that of peak displacements; and
(3) show smaller difference in inelastic energy loss than
that for the peak shift for different scattering angles.
However, the inelastic energy losses are still larger in the
90' scattering case than that of 135' one.

The inelastic energy losses in these scattering systems
are large at the scattering angles used. They can be as
high as 150 eV for Ne+-Au collisions and more than 300
eV for Ne+-Cu collisions at the energies used in these ex-
periments. These results suggest that the usually accept-
ed idea that the energy of the backscattered ions is in
agreement with the energy calculated from elastic
scattering in low-energy ion scattering experiments
i.e., without invoking any inelastic processes —may need
more careful examinations at incident energy above 2
keV or so.

B. Scattered ion yield

1. Ne single-charged ions
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FICx. 5. Inelastic energy losses Q and peak displacements
(P.D.) of Ne+ ions scattered from Cu atoms in the Cu and Cu
alloy surfaces at [100]135'scattering geometry.

The measured yield of scattered ions, F, from atoms on
a surface is proportional to the product o.I';, if normal-
ized with respect to primary ion current and equipment
factors, i.e.,

Y(Eo,8) ~ rr(eo, 8)P, (EO, 8),
where cr(E~, 8) is the difFerential scattering cross section

for elastic scattering, and Pr(E&, 8) is the probability that
the ion remains ionized after exiting the surface.

Classical scattering calculations using various interac-
tion potentials indicate that cr(Eo, 8) is a structureless,
monotonically decreasing function of primary ion energy,
and P;(Ec,8) is characterized as a monotonically increas-
ing function of ion velocity with the form'

P, (E e, 8)=exp( —v, /v~),

where v, is the characteristic velocity, ' and v~ is the ion
velocity component perpendicular to the surface. This
combination would give the ion yield as a function of in-
cident energy as a curve with a broad maximum at some
energy of order 1000—2000 eV, followed by a monotoni-
cally decreasing yield with increasing energy. The scat-
tered ion yield of the Ne+-Cu surface as a function of in-
cident energy was known to follow the shape described
above in the region below 2.5 keV for 90' angle scatter-
ing, the maximum of the scattered Ne+ yield occurring
at about 1-keV incident energy and then followed by a
monotonically decreasing yield with higher energies.

The scattered Ne singly charged ion yield (normalized
to primary ion-beam current and equipment factors) of
Ne+ from Cu in Cu(100), Cu3Au(100), and Cu polycrys-
talline surfaces was obtained as a function of incident en-
ergy using the [100]135'scattering geometry for the three
targets. The normalized scattered Ne+ yield using the
[100)135 scattering geometry for the Cu(100) surface was
also measured. Some of the results are shown in Fig. 6(a).
The behavior of the scattered Ne+ yield shows the fol-
lowing features.

(1) The yield decreases gradually with incident energy
in the region below 3 keV, and then shows a sharp in-
crease as inelastic processes contribute.

(2) The threshold for the steep increase is independent
of targets and of scattering from deeper layers. The
threshold energy is —3.5 keV for this scattering
geometry, which is the same as that for inelastic energy
losses.

(3) With an incident energy below the threshold for ob-
servation of the sharp increase in inelastic energy loss,
Ne+ ions scattered from second-layer Cu atoms cannot
escape without neutralization. This is due to the higher
neutralization probability caused by a longer trajectory in
the solid than that experienced by ions scattered from the
top layer. Above the threshold energy, more and more
Ne+ ions scattered from the second-layer Cu atoms es-
cape without neutralization. At an incident energy of 5
keV, the yield of Ne+ scattered from the second layer is
approximately 80% of the yield from the top layer.

2. Ne double-charged ions

Above 4 keV, Ne doubly charged ions were observed
for Ne+-Cu collisions from all three samples. Measure-
ments of the normalized Ne + yield as a function of in-
cident energy are shown in Fig. 6(b) using the [100]135
scattering geometry. Figure 6(c) shows the scattered
yield ratio of Ne + to Ne+ from the Cu(100) surface for
both [100]135' and [110]135' scattering geometries.
From Figs. 6(b) and 6(c) we see the following.
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(I) The 4-keV threshold energy for the formation of
Ne + is independent of samples and slightly higher than
that of inelastic energy losses associated with the singly
charged ion.

(2) Above the threshold energy, the Ne + yield in-
creases sharply with increasing incident energy.

(3) The ratio of Ne + to Ne+ yield for the first-layer
scattering is about two times larger than that for first two
layers. This indicates a preferential charge-exchange pro-
cess from Ne + to Ne+ or Ne occurs so that the Ne +

from the second layer cannot leave the surface as a dou-
bly charged states.

(4) At 6-keV incident energy, the yield of Ne doubly
charged ions is approximately 10% of that of singly
charged ions.

3. Ca positive recoil

Direct recoil (DR) atoms constitute a specific case of
secondary ions for which the collision energy and DR
atom velocity, trajectory, and point of origin are well
defined. Hence DR events provide an excellent means for
investigation of atom-surface electronic transitions. Such

studies are also important for the understanding of inelas-
tic processes in ion-surface collisions that result in con-
version of kinetic energy into electronic excitation and
ionization energy. The fraction of recoil particles in an
ionized state as a result of a specific event is determined
by two processes: the close atomic encounter and the
outgoing trajectory.

Measurements of Cu positive recoil yield (normalized
to the primary ion current and instrumental factor) were
performed using the 30' in and 30' out (with respect to
target surface) geometry for the Ne+-Cu polycrystalline
surface. The yield of Cu+ recoil as a function of incident
energy is shown in Fig. 6(d). The Cu positive recoil yield
rises from a value near zero at about 2 keV, and increases
sharply with incident energy.

Errors in the recoil energy peak position are much
larger than those obtained from that of scattered ions ow-
ing to lower intensity, high background, and broader
peak shape. Therefore the inelastic energy obtained from
the recoil-particle method and coincidence method were
not used to compare with that obtained from the
scattering-particle method used in our study.
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FIG. 6. (a) Scattered Ne+ ion yield of the Ne+-Cu(100) surface as a function of incident energy at [100]135'and [110]135'scatter-
ing geometries. (b) Scattered Ne + ion yield of Ne+-Cu atoms in Cu(100), Cu3Au(100), and Cu polycrystalline surfaces as a function
of incident energy at [100]135 scattering geometry. (c) Ratio of scattered Ne + ion yield and scattered Ne+ ion yield of the Ne+-
Cu(100) surface as a function of incident energy for [100]135 and [110]135 scattering geometries. (d) Cu+ recoil yield of the Ne+-Cu
polycrystalline surface as a function of incident energy at 30' incidence and 30 out (with respect to the sample surface) geometry.
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C. Summary of experimental results

The experimental results can be summarized as fol-
lows.

(1) Inelastic energy losses of Ne+-Cu surface collisions
are independent of the environment of Cu atoms in the
targets at the scattering geometries and incident energies
studied. Any inelastic loss due to scattering from deeper
layers is small compared with inelastic losses in the single
collisions. Values of the inelastic energy loss and peak
displacement vary as a function of scattering angle.

(2) The threshold energy for sharp changes is the same
for the inelastic energy loss and the Ne singly charged ion
yield, slightly higher for that of Ne + yield and lower for
that of Cu positive recoil at the given scattering
geometry. The threshold energy varies as a function of
scattering angle.

(3) The inelastic energy losses of Na+-Cu collisions
behave similarly to that of Ne+ -Cu collisions. The
threshold energy is shifted slightly to higher energy for
the Na+ case.

(4) Large inelastic energy losses also exist in the Ne+-
Au collision, but the behavior of the inelastic loss with in-
cident energy is different from that of Ne+-Cu and Na+-
Cu.

IV. THEORETICAL RESULTS AND DISCUSSIONS

Theoretical studies of the inelastic energy loss of heavy
ion-atom collisions at low energies are mainly based on
Firsov and Lindhard-Scharff theories. Using the
Thomas-Fermi model of the atom, Lindhard-Scharff
theory predicted a velocity-proportional electronic stop-
ping at low ion velocities expressed as'

S, =
8neaoz, Z2.

ge v

(Z +Z )
(9)

where vz and ao are the Bohr velocity and Bohr radius,
respectively. g, is of order of 1 —2, but may vary with Z,
approximately as g, =Z',

If limited to small-angle scattering, and if the atomic
numbers of colliding particles differ by no more than ap-
proximately a factor of 4, Firsov theory gives

4. 3X10 (Z, +Z2)
vo (10)(1+3. 1 X 10 (Z, +Z~ )' ro )

where Q is the energy loss in eV, uo is the velocity of the
incident particle in centimeters per second, and ro is the
distance of closest approach in centimeters.

Without invoking the simplifying assumption of recti-
linear and uniform motion of the nuclei, Kishinevsky and
co-workers' ' derived an expression for the inelastic
energy transfer for the case of two arbitrary atoms and
for any impact parameter:

0.3X 10 Z2(Z' +Z' )(Z' +Z' )

0.67Z'"r,
1+

(z I /6 +z I /6
)

0.68 I/'(ro )
X 1 — v

where v and E„are the velocity and energy of relative
atomic motion, and Z2 is the greater and Z& the smaller
of the atomic numbers. ro is the distance of closest ap-

0
proach in units of A. V(ro) is the interaction potential
between the two particles in collision at ro, and

0
aT„=O.468 A. Q is in units of eV.

To estimate the inelastic energy loss in the scattering of
light ions, Oen and Robinson proposed a relation in
which the spatial dependence of the inelastic loss was
chosen to follow approximately the electron density
around the target atoms:"

Q = (0.45 jm.a, 2 )kE ' exp( —0.3rD la &z ), (12)

Q =yvL, (13)

where y is a friction coefficient; v the velocity of the par-
ticle; and L the length of the trajectory of the particle,
defined relative to some plane above the topmost ion
cores of the surface (usually chosen as about half an inter-
layer spacing of the target). y and L also vary with in-
cident energy, and thus are a function of particle velocity.

The inelastic energy losses were calculated using Fir-
sov, Kishinevsky-Parilis and Oen-Robinson formula for
Ne+-Cu at scattering angles of 135' and 90', and com-
pared with those of the experiments. Figure 7(a) shows
comparisons of the experimental with the theoretical re-
sults for the 135' scattering case. Care must be taken
when using these theories, because Firsov's formula is
only valid for small scattering angles. The incident veloc-
ity and scattered velocity is about the same in the small-
angle scattering case. For large scattering angles the in-
cident and scattered particle velocities are quite different.
So a modification is made here in using the Firsov formu-
la. By approximately dividing the scattering process into
two Firsov processes, the incoming and the outgoing Fir-
sov processes, the velocity term vo in the Firsov formula
was replaced by the average velocity of the incoming and
outgoing trajectories, (vo+v, )/2, where u, is the projec-
tile velocity after collision. If the velocity difference of
the incoming and outgoing trajectories is not taken into
account, the Oen-Robinson theory gives a result that the

where kE' is the electronic stopping cross section in
the low-energy regime. This was chosen such that, at
higher energies, when the distance of closest approach ro
approaches impact parameter b, the full Lindhard-Scharff
electronic stopping cross section is retrieved. a&z is the
screening length in the Moliere potential. Although the
Oen-Robinson model was initially proposed for light ions,
it has been modified in the study of heavy-ion transmis-
sion processes. '

Recently, the general stopping-power theory, ' in
which the charge state and energy losses caused by the
elementary excitations owing to the moving charge trav-
eling in a solid can be understood in terms of the dielec-
tric function of the solid, was extended to surface scatter-
ing processes. ' ' In energy-1oss experiments at low en-
ergy for light projectiles at grazing angle incidence and
small-angle scattering, the trajectory length replaces the
foi1 thickness in a classical energy-loss experiment. The
total energy loss in such a process is given by' '
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We suggest that the inelastic energy losses in a general
collision process can be expressed as

Q total Qe +Qinner (14)

where Q, is the energy lost in the mean electron excita-
tion of collision partners along the trajectories, and Q;„„,„
is the energy lost in pure inner-shell excitation processes.
It is expected that the Q, is related to the projectile tra-
jectory, projectile velocity, and mean electron densities of
both projectile and target atoms in their overlapping re-
gion. Q;„„„is related to the overlapping of the atomic
orbits of the colliding pair, and so is mainly related to the
distance of closest approach during the encounter. It will
therefore show a threshold-type behavior as a function of
the internuclear distance between the collision
partners —the inner-shell excitation energy loss is zero
below a threshold distance, rising from a value near zero
at the threshold, increasing sharply above the threshold,
and eventually reaching a constant value when the inter-
nuclear distance exceeds the effective range. Since the
distance of closest approach is a function of scattering
angle at constant incident energy, the threshold energy is
expected to be a function of the scattering angle.

The energy lost in the mean electron excitation process
during passage through a small length dL along the pro-
jectile trajectory can be expressed in differential form' '
as

0
0 4 6

incident Energy E.(keV)
10

FIG. 7. (a) Inelastic energy loss of Ne+-Cu at 135' scattering
as a function of incident energy. Comparisons of the experi-
mental results with that of the theoretical results calculated us-

ing the Firsov (modified), Kishinevsky-Parilis, and Oen-
Robinson formulas. (b) The fitted inelastic energy loss using our
model for both 135 and 90' scattering in comparison with that
of the experimental results.

dQ, = CvdL, (15)

where v is the particle velocity in units of the Bohr veloc-
ity U~, and C is a coe%cient, which could depend on the
electronic densities of projectile and target material in
their overlapping region and may depend on particle ve-
locity. In the case where the trajectory length is not very
long, so that the spatial variation of the velocity along the
trajectory could be neglected —and, for a further approx-
imation, assuming that C is proportional to v —for this
simplest case we obtain

Q, = COL v", (16)

inelastic energy loss of 135' scattering is larger than that
of 90 scattering, similar to that given by the original Fir-
sov formula. The experimental results show that this is
not the case [Fig. 3(a) and Sec. III A 5 (3)]. The
Kishinevsky-Parilis formula gives a result which agrees
qualitatively with that of the experiment.

However, the discrepancy between the experiments
and these theories is quite large above 4 keV. These re-
sults suggested that the statistical treatment of the mean
excitation of electrons in the colhsions is not appropriate
for the present cases. The threshold behavior in the in-
elastic losses indicates that inner-shell excitation might be
taking place.

Inner-shell electron promotion models ' ' can ex-
plain the discrete change in the inelastic energy loss, but
the energy lost in these processes will only reach about
100 eV even considering the formation of Ne(2s )

states. Further, the energy losses in such inner-shell
promotion should be zero before it happens and constant
after it finishes.

where n + 1+s, Co is a constant, and L is the trajectory
length which is also a function of incident energy and
scattering geometry. In the case of large scattering an-
gles, the scattered velocity will be very different from that
along the incident trajectory. Therefore, we divide the
trajectory into two parts: incoming and outgoing trajec-
tories. The total inelastic energy loss could be expressed
as

Qtotal 0 in 0+ Qinner + 0 out 1 (17)

where L;„and L „, are the path lengths of the incoming
and outgoing trajectories, respectively. vo and v

&
are the

incident and scattered particle velocities in units of Bohr
velocity vz.

In order to calculate the trajectory length, a cutoff
height Ho has to be defined relative to the topmost ion
cores of the surface. Here we chose 1.3 A for the Cu(100)
surface, similar to that used by others for the Ni(110) sur-
face. ' ' lf the distance of closest approach ro is known
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for a single collision in a given scattering geometry, L;„
and L,„,could be expressed approximately by

L,„=.(Ho —ro ) Ising

L,„,=(Ho —r o ) /sin( 8—g),
where g is the incident angle of the projectile relative to
target surface, and 0 is the laboratory scattering angle.
From our experimental results, it is clear that the thresh-
old energy is above 3 keV and the inner-shell excitation
was complete above 7 keV for both scattering angles.
Therefore, we assume Q;„„„canbe expressed as
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Q;„„„=0 if Eo ~ 3 keV,

Q;„„„=Qo if Eo ~7 keV

(19a)

(19b)
Qe(fit)

for both scattering angles used in the experiments, where

Qo is constant for a certain inner-shell excitation process.
Three parameters n, Qo, and Co in the above expres-

sions are used to fit experimental inelastic energy-loss
data as a function of incident energy of Ne+-Cu for 90'
and 135 scatterings simultaneously. The parameters
which best fit the experimental results are found to be
n =1.8, Qo =112 eV, and C =3311.0eV/A.

Figure 7(b) shows the fitted results of Q„„i in the in-
cident energy region above and below the inner-shell ex-
citation for both 135' and 90' scatterings. The agreement
between theory and experiment is satisfactory.

Using the parameters obtained above, Q, can be ob-
tained by

Q, =CoL;„Vo+CoL,„,V", . (20)

The results are shown in Figs. 8(a) and 8(b) for 135' and
90', respectively. The inelastic energy loss calculated us-
ing Firsov (modified as discussed above), Kishinevsky-
Parilis, and Oen-Robinson formulas are also shown for
comparisons. There is a better agreement between the
modified Firsov model and the fitted results in the case of
Ne+-Cu scattering.

The inelastic energy loss obtained by reversing the tra-
jectory can be explained using the model. At a fixed
scattering angle of 135', the 45 and 90' incidence situa-
tions are simply a reversing of the incoming and outgoing
trajectories. The trajectory length is about the same for
these two eases, and therefore energy losses are about the
same. The small difference [Fig. 3(b)] is caused by the
di6'erence in ion velocity along the unequal incoming and
outgoing trajectories. The velocity of 45' incident ions is
higher on the longer incoming trajectory and lower on
the shorter outgoing trajectory, while that of 90 incident
ions is higher on the shorter incoming trajectory and
lower on the longer outgoing trajectory. This could
therefore lead to a slightly larger energy loss Q, in the 45
incident case than that of the 90 case. Since the incident
energy and the scattering angle are the same for these
two cases, Q;„„„would remain the same. The total ener-

gy loss therefore follows the change in Q, ; that is, the en-

ergy loss is slightly larger for the 45 incident case than
that for the 90 one. This agrees quite well with the ex-
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FIG. g. The energy lost in the mean electron excitation Q,
obtained from our model in comparison with that calculated us-

ing Firsov {modified), Kishinevsky-Parilis, and Oen-Robinson
formulas for {a) 135 scattering and (b) 90 scattering.

perimental results.
The energy lost in the inner-shell excitation Q;„„„can

be extracted by subtracting Q, from the inelastic energy
loss obtained from the experiments. Figure 9(a) shows
the results of Ne+-Cu collisions for both 135' and 90 an-
gle scatterings as a function of incident energy. The
inner-shell excitation process causes an energy loss which
is zero below 3 keV and rises from zero at about 3—4
keV, begins to increase sharply in the region 4—6 keV,
and reaches a constant value above 6 keV for 135
scattering. At 5-keV incidence, Q;„„„is close to the con-
stant value Qo for 135' scattering, while for 90 scattering

Q;„„„ is slightly larger than zero at 5-keV incidence.
This indicates that the threshold energy for 90 scattering
is slightly higher than that of 135' scattering. The results
of Q;„„„versus incident energy Eo can be converted into
those of Q;„„„versus the internuclear distance ro, since
the distance of closest approach r0 can be calculated for a
given incident energy and scattering angle using the
universal potential or Moliere potential. Figure 9(b)
shows Q;„„,„as a function of closest approach distance ro
(using the universal potential) for both 135 and 90'
scatterings. The threshold energy somewhere between 3
and 4 keV for 135 scattering corresponds to a threshold
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B. Close atomic encounter

According to the promotion models and the diabatic
MO correlation diagrams of the Ne-Cu system shown in
Fig. 10, the Ne 2p and Ne 2s electron excitations become
possible if the internuclear distance between Ne and Cu is
shorter than the critical value r, (-0.29 A) during the
close atomic encounter. If it is a one-electron excitation
process, the Ne states formed in the incoming trajectory
may undergo the following changes:

Ne ~Ne*, Ne*~Ne**, and Ne+ ~Ne+*

If it is a two-electron excitation process, Ne particles may
undergo the following changes:

Ne ~Ne", Ne' —+Ne*** and Ne+ ~Ne+**

one electron in Ne 2p and one electron in Ne 2s, and exci-
tations of one electron or two Ne 2s electrons, could
occur, and this could induce several distinct peaks in the
scattering spectrum. Because the energy difference be-
tween Ne 2p and 2s levels and the energy difference be-
tween excitation of one electron and that of two electrons
in the 2p and 2s level are small (less than 50 eV in all
cases), these peaks are not resolved. However, a broader
increase in the peak width of the scattered ion energy
spectrum has been observed in the effective range where
inner-shell excitation occurs, and will be discussed below.
As shown in Fig. 9, the constant Q;„„„value is reached
when the internuclear distance between Ne and Cu is
shorter than -0.23 A, so the effective range (interac-
tion range) of this inner-shell electron excitation process
is

C. Outgoing trajectory
A, =(r, —0.23) A=(0.29 —0.23) A=0. 2r (21)

Besides the usually Auger neutralization, resonance
neutralization and ionization, and the deexcitation pro-
cess which could happen to the scattered Ne particles in
the outgoing trajectory, some of the Ne excited particles
surviving deexcitation could remain in an excited state
and autoionize further away from the surface, owing to
its longer lifetime:

Ne**—+Ne++e

The autoionized Ne ions have a higher probability of es-
cape from neutralization, since they occur far away from
the surface. Therefore an enhanced Ne+ ion yield [Fig.
6(a)] could be observed at about the same threshold as
that for the sharp increase in the inelastic energy loss
caused by inner-shell electron excitations.

Some of the Ne excited states formed by the two-
electron excitation process could also have probabilities
to autoionize into Ne + states, such as

Ne+*' ~Ne2+ +e

The experimental fact that the threshold distance r,' for
observation of Ne + is shorter than that of Ne+ ions may
be caused for two reasons.

(i) The one-electron excitation process prevails when
the internuclear distance just reaches the critical value r, .

(ii) Ne + has a higher probability to transfer to lower
charged states. The evidence of such a process was ob-
served, and the results were shown in Fig. 6(c). The ratio
between Ne + and Ne yields is about 0.1 for the first-
layer scattering and only 0.05 for the first two layers, in-
dicating the larger charge-transfer probability from Ne +

to that of Ne+ or Ne . The remarkably rapid neutraliza-
tion of highly charged particles to lower charge states
when they interact with solids or surfaces has been ob-
served for He, Ar, N, and Ne particles in other stud-
ies 52, 53

As the internuclear distance further decreases, more
and more Ne particles could be excited during the close
encounter, and thus induce the sharp increase in the in-
elastic energy loss, and the yield of scattered Ne+ and
Ne + as shown in Figs. 5, 6(a), and 6(b), respectively.
Different excitation combinations, such as excitations of

in excellent agreement with the results obtained in ion-
gas collisions. The Q;„„„value of about 112 eV ob-
tained in our study, in comparison with the energy need-
ed to excite two Ne 2s electrons, indicates that the major-
ity of the detected Ne+ ions scattered from Cu surfaces
result from Ne double-excited states with two Ne 2s va-
cancies at higher incident energies (above -6 keV for
135 scattering angles, corresponding to the closest ap-
proach distance of about 0.23 A). Detailed studies of the
Ne 2s electron excitation probability for Ne+ off various
targets (Fe, Ni et al. ), which is related to the swapping
point and various conditions, are reported elsewhere.

The two-part inelastic energy-loss process is also
reQected in the behavior of the peak width EE„wHM (full
width at half maximum) of the experimental spectrum as
a function of incident energy, as shown in Fig. 11(a) for
Ne+-Cu scattering. The main feature in AEFwHM is that
of a gradual increase in 2—3-keV incident energy region,
followed by a sudden increase above 4 keV and back to
the gradual increase again at about 6 keV incident. This
can be seen more clearly in Fig. 11(b)—variations in the
AE„wHM of one of the peaks corresponding to scattering
from the Cu isotope as a function of incident energy.
These two Cu isotope spectra were obtained by using two
equal-width Gaussian peaks to fit the experimental spec-
trum. The fitting result is confirmed to be correct by the
excellent agreement between the energy difference of the
two Gaussian spectra with that calculated for Cu isotopes
(natural isotope content in Cu samples). Figure 11 also
shows that the threshold energy for the sharp increase in

EEFwHM is about the same as that observed in inelastic
energy losses. As discussed above, in the effective range
of the inner-shell process, the scattered Ne+ ions experi-
enced different one or two inner-shell electron excitation
processes, which resulted in large discrete energy
differences in the scattered ions and several unresolved
peaks in the scattered ion energy spectrum. This there-
fore causes an increased width of the peak, in excellent
agreement with the experimental results shown in Fig.
11. At about 6 keV, nearly all the scattered ions experi-
enced the same two Ne 2s electron excitation processes
and had about the same inner-shell inelastic energy loss;
therefore the peak width went back to the extrapolated



17 888 TING LI AND R. J. MacDGNALD

120

C3

Cu(100)
X

Cu Au(100)
+

Cu ploy.

70-

(a)

3 5
Incident Energy E. (keV)

120

Cu(100)

Cupu(1 00)

Cu ploy.

+
X X

70-

20---
1 3 5

Incident Energy E.(keV)

FIG. 11. The EEF~HM {full width at half maximum) as a
function of incident energy for Ne+-Cu scattering at a 13S' an-
gle. {a) The AEF~HM of experimental raw spectra. {b) The
hEF~HM for the peak corresponding to scattering from Cu.

behavior of 2 —3-keV incident energy region where no
inner-shell excitation occurs.

The threshold for the Cu positive recoil ion is -2 keV
at a recoil ang1e 60, which corresponds to Ne ions scat-
tered at a angle of 46.75'. The corresponding threshold
distance of closest approach is -0.5 A, larger than that
associated with the Ne singly and doubly charged ions.
The yield of the Cu positive recoil is determined by two
processes: The ionization probability in the close en-
counter, and the survival probability of the ions in the
outgoing trajectory. From the correlation diagram show
in Fig. 10, one should expect Cu 3d outer-shell electron
promotion to occur at a larger internuclear distance than
that of Ne 2p and 2s electrons, as observed in the experi-
ments. The survival probability of the Cu ions leaving
the surface is expected to be a monotonically increasing
function of ion velocity as given in Eq. (6). This com-
bination of the two factors gives the Cu positive recoil
yield a threshold-type shape as a function of incident en-
ergy: rising from a value near zero at the threshold, in-
creasing sharply above the threshold, and then eventually
decreasing the rate of increase at the incident energy in-
creases, in good agreement with our experiments, as

shown in Fig. 6(d). From Fig. 10, it can be seen that the
energy lost in this process is only -7 eV for one Cu 3d
electron excitation. Although it is suggested that in gen-
eral only rough, qualitative, and sometimes unreliable
predictions can be made from the simple MO models
for the valence shell, the results obtained indicates that
the prediction is valid for Cu 3d electrons for the Ne Cu
collision system.

One of the obvious differences between the diabatic
MO correlation diagrams of Ne-Cu and Ne-Mg systems
is the Ne 2s orbital. The Ne 2s level is strongly promoted
via several crossings for the Ne-Cu system, as shown in
Fig. 10, while for Ne-Mg system this is not the case.
The energy loss of about 45 eV observed in the Ne-Mg
scattering corresponds to excitation of the two Ne 2p
electrons' excitation, in good agreement with the correla-
tion diagram. ' However, systematic experimental
data about the inelastic energy loss as a function of in-
cident energy are not available for the Ne+-Mg case,
thus further comparison with Ne -Cu case is not able to
be made at present. The diff'erence in the excitation prob-
ability of Ne 2p electrons between Ne-Mg and Ne-Cu col-
lision systems is related to the swapping point of the Ne
2p level and the increase of target atomic number Z, and
are discussed elsewhere.

The inelastic energy-loss processes of the Na+-Cu col-
lisions can be understood using the same model proposed
for Ne-Cu collisions. Since the energy losses in Q, pro-
cesses are related to the electron density of the collision
particles, the trajectory length, and the velocity, which
are about the same for Na+-Cu and Ne -Cu at the same
scattering geometry. Therefore the Q, values should be
about the same. The electron density in the Na+ ions is
slightly higher than that of the Ne+, and thus may in-
duce a slightly larger Q, along the incoming and outgo-
ing trajectories. The diabatic MO correlation diagram of
Na-Cu is very similar to that of Ne-Cu except that the
corresponding shell energy levels of the Na and the unit-
ed atom (Zr) move toward lower energies. Thus we
would expect a larger Q;„„„value and a smaller internu-
clear distance for the inner-shell excitation processes.
The threshold internuclear distance observed from our
experiments, corresponding to 4—4.5-keV incident energy
at 135 scattering angle as shown in Fig. 4(a), is some-
where around 0.287 —0.273 A, in good agreement with
the models. Doubly charged Na + was not observed; this
may be caused by the high background in the spectra
masking those Na + signals.

The larger energy losses for Ne+-Au collisions than for
Ne+-Cu at lower incident energies may be caused by the
higher electron density in the Au atoms. At higher ener-
gies, the much stronger repulsive force from Au atoms
may induce a slower increase of the ine1astic energy loss
as the incident energy increases. This may also be one of
the reasons that inner-shell excitations were not observed
in the energy region studied. This agrees with the results
obtained from ion fraction and Auger electron spectros-
copy experiments. Detailed studies of the inelastic en-
ergy loss and charge-exchange process in Ne+ scattering
from Au and Au alloy surfaces are reported elsewhere.

The results obtained from Ne+-Cu, Na+-Cu, and
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Ne+-Au scattering suggested that the inelastic energy
loss is dependent on the particle trajectory, the velocity,
the electron density of both projectile and target atoms,
and the distance of closest approach in the scattering
event. This study reveals that all Ne ions scattered from
Cu atoms in the Cu or Cu alloy surface could experience
a significant inner-shell electron excitation loss in addi-
tion to the mean electron excitation losses along the tra-
jectories even in the low-energy region (below 9 keV).
Large inelastic energy losses also exist in the Na+-Cu and
Ne+-Au collisions. These results suggest that the usual
assumption that the low-energy ion backscattering event
from a clear metal surface is a pure elastic-scattering pro-
cess may need further examinations, particularly at ener-
gies in the 5—10-keV region.

V. CONCLUSIONS

Inelastic energy losses in the Ne+-Cu, Ne+-Au, and
Na+-Cu collisions are large in the low-energy region
(below 9 keV) at large scattering angles. The inelastic en-

ergy loss is independent of the target matrix for Ne+-Cu

collisions, but varies as a function of scattering angle.
The model in which the inelastic energy loss in a general
ion-surface collision is composed of the energy lost in a
pure inner-shell electron excitation process and the ener-
gy lost in mean electron-hole pair excitations along the
trajectories is in good agreement with the experimental
results. The value of the energy lost in the inner-shell
electron excitations for Ne+-Cu collisions obtained in our
study is about 112 eV, strongly supporting the proposi-
tion that two Ne 2s electrons are promoted to form the
Ne(2s ) excited states during the close atomic en-
counter.
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