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Kinetic energy distributions of electrons emitted in the interaction of slow (10g-keV) mul-
ticharged ions (N,O,Ne,Ar) with metal surfaces (Cu,Au) are presented. We observe secondary-
electron emission, quasielastic-scattering processes, and, superimposed upon this, one-center Auger
decay of both projectile and target vacancies. Two classes of target Auger-decay features are ob-
served. Long-lived target vacancies decay, leading to discrete Auger line features, similar to those
arising from electron-impact excitation. Short-lived target vacancies appear to decay in the field of
the projectile, leading to broadened Auger line features. Observation of the decay of target vacan-
cies, and their correlation with the presence of particular projectile vacancies, shows that a measur-
able fraction of projectile vacancies survive until small-impact-parameter collisions with surface or
subsurface atoms. The data imply that projectile neutralization proceeds via two channels, viz.,
capture of valence-band electrons to projectile excited states, followed by one-center Auger decay,
and at pseudocrossings of molecular orbitals correlating with discrete inner-shell levels of the target

and projectile.

I. INTRODUCTION

Several early observations of electron yields from slow
(v <vg) multicharged-ion—metal-surface scattering, as a
function of projectile charge state, established a linear re-
lationship between electron yield and total neutralization
energy in the ion. " Only the presence of deep-lying core
vacancies on the projectile create deviations from this
general rule.>* These observations are consistent with a
theoretical model proposed by Arifov et al.,’> in which
the primary mechanism of charge exchange is transfer of
target valence electrons to high-lying projectile excited
states, which subsequently relax via one-center Auger de-
cay, leading to the observed electron emission. This
model has received support from measurements of the
electron energy distribution arising from the collision of
doubly charged ions with metal surfaces.>¢

Attractive as this model is, it remains an open question
whether, for a highly charged ion, sufficient time exists
on the approach trajectory for decay of all projectile va-
cancies. While some Auger transitions occur on time
scales of order 10~ !%s, others are, for example, forbidden
by selection rules. The survival of inner-shell vacancies
up to small-impact-parameter collisions would open the
possibility of molecular-orbital pseudocrossings involving
target inner-shell levels, with consequent vacancy
transfer. That such transfer occurs for K-shell vacancies
has recently been verified by Meyer et al.” The addition-
al possibility that projectile inner-shell vacancies even
survive the close collision with target atoms has been pro-
vided by de Zwart et al.’ via measurements of the depen-
dence of projectile final charge state on projectile initial
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charge.

Outer-shell discrete states of the projectile also couple
efficiently to discrete states of metal targets. Indeed, this
was one of the very earliest observations in the field of
low-energy ion-surface scattering.® In view of this fact, it
is perhaps timely to ask whether the currently accepted
mechanism for the neutralization of multicharged ions,
namely, the process whereby target valence electrons
transfer to projectile discrete states, represents the pri-
mary or only charge transfer channel for such states.

We wish in this paper to distinguish experimentally the
various possible mechanisms of charge transfer to mul-
ticharged projectiles in collision with metal surfaces.
Electrons emitted from the projectile, moving above the
target surface, either before or after the collision, will be
Doppler shifted in the laboratory frame. In the absence
of anisotropies in the electron pickup, electrons emitted
from the projectile following one-center Auger decay will
exhibit an angular distribution essentially isotropic in the
projectile frame. Projectile electrons emitted on the in-
cident trajectory are emitted during the interaction and
will have energies perturbed by that interaction. Postcol-
lision relaxation (well beyond the surface) will exhibit
discrete line emission.

On the other hand, electrons emitted from the decay of
target atoms in the solid matrix, or from implanted pro-
jectile ions, will be characteristic of the solid state (i.e.,
exhibit chemical shifts), will be broadened if emitted dur-
ing the collision, and will have, external to the surface, a
close to cosine angular distribution. To distinguish these
charge transfer channels and collision regions (incident
trajectory, hard collision, postcollision) we require experi-
ments using the following.
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(i) A variety of projectiles. The model of Arifov pre-
dicts the electron emission will be characteristic of Auger
transitions involving projectile states.

(ii) Several target materials. The molecular-orbital
pseudocrossing model predicts the electron emission will
reflect Auger transitions in the target.

(iii) Variable observation geometry. The near isotropic
(at low projectile velocity) and cosine angular distribu-
tions of the projectile and target emissions, respectively,
make their separation possible. Observations near paral-
lel to the surface discriminate against target and implant-
ed projectile emission. Observations at other angles con-
tain contributions from both target and projectile.

(iv) High energy and angular resolution. The high en-
ergy resolution is necessary to distinguish discrete from
broadband emission, the high angular resolution to
reduce Doppler broadening of projectile-Auger peaks.

In Sec. II we describe an apparatus fulfilling the above re-
quirements.

II. EXPERIMENTAL APPARATUS

The experiments utilize beams from the Oak Ridge Na-
tional Laboratory (ORNL) electron cyclotron resonance
(ECR) multicharged-ion source.® This source produces
high charge state ion beams ranging from fully stripped
light ions (Z<10) up to 40% stripped heavy ions
(Z =80), including the metallic ions Cr, Fe, Ni, Ta, and
Au. Representative beam currents for a source extrac-
tion voltage typically used in these experiments are
shown in Table I. After charge selection and focusing,
the beam enters an ultrahigh-vacuum chamber (base pres-
sure 10712 torr) through a 0.76-mm-diam aperture. The
measured beamwidth at the target position was 0.710.1
mm full width at half maximum (FWHM).

The beam was incident on the (110) surfaces of gold
and copper single crystals mounted at different times on a
two axis goniometer. The crystals, of 99.999% purity,
were spark cut, polished with alumina paste, and oriented
to within 0.2° using back Laue x-ray techniques. The
samples were then electrochemically polished and the
copper sample was annealed in a hydrogen atmosphere at
700°C and 1 atm for several days to remove residual bulk
sulfur impurities. Before each experiment, the surfaces
were sputter cleaned using 1 keV Ne* at 10° incidence to
the surface, annealed, and their cleanliness monitored us-
ing electron-induced Auger electron spectroscopy.

The crystal target mount was isolated from ground.
The electrical current to the target, equal to the sum of
incident ion beam current and ejected electron current,
could therefore be monitored and used for normalization
purposes. In the present experiment the relative contri-
butions of ejected electrons and incident ions to the tar-
get current were not determined. Previous measurement’
at similar energies and grazing angles of incidence had
shown that, for a Au target, the ejected electron yield per
incident ion was >>1, and that the measured target
current for that case was therefore predominantly due to
emitted electrons.

The energy distributions of emitted electrons arising

2295

from the multicharged ion-surface interaction were mea-
sured using a cylindrical mirror analyzer (CMA),
equipped with an electron gun, and operating in particle
counting mode. The CMA pass energy and data collec-
tion were controlled by a minicomputer-based multichan-
nel scaler. The dwell time per channel was normalized by
integrating the target current to a preset charge. The
CMA electron multiplier was operated with a front-end
bias of + 500 V with respect to the CMA final aperture
to enhance the detection efficiency for low-energy elec-
trons. The magnetic field in the interaction region was
reduced to less than 10~! G by the use of Helmholtz
coils. The electron-induced secondary-electron energy
distribution measured from Au using this arrangement
exhibits a peak at 1.8 eV (Fig. 1), close to that expected
theoretically (®/2, where ® is the metal work func-
tion'®!1),

Most measurements were performed using the geome-
trical arrangement shown schematically in Fig. 2. The
ion beam was incident at 5° to the surface plane. For the
stated beam diameter, this results in an extended electron
source of dimension 0.7 8 mm?. It is well known that
an extended electron source degrades the energy resolu-
tion of a CMA.'>!® To determine the extent of this
effect, we compared in Fig. 3 the widths of the electron-
induced (small source) and ion-induced (extended source)
AuNVYV feature. This feature has a natural width of or-
der twice the valence-band width or 11.2 eV for Au. The
electron-induced spectrum has essentially this width con-
sistent with the nominal 0.012E resolution of the CMA
(where E is the electron energy). Using the measured
widths of the ion-induced AuNVV and Au NNV peaks
(Fig. 3), and the known natural widths of these peaks, we
determine an upper limit for the instrumental resolution,
for this geometry and a stationary emitter, to be 0.16E. A
slight difference between the energy calibration for
electron-induced and ion-induced target emission was ob-
served (Fig. 3). The origin may be that the transmission
characteristics of an extended source at 85° to the CMA
axis favor lower energies than the nominal pass energy.
Despite this, we use throughout this work the absolute
energy scale calibration established using elastic scatter-
ing of a known energy focused electron beam.

The CMA transmits electrons emitted in the polar an-
gular range 36° <60 <48°, measured with respect to the
CMA axis. Thus measurements at the laboratory energy
E contain a range of electron energies measured with
respect to the center of mass of a moving emitter
(Doppler effect). The calculated Doppler profile of oxy-
gen KLL electrons neglecting instrumental broadening,
for the geometry of Fig. 2 and a projectile energy of 70
keV, is shown in Fig. 4. Both the Doppler and instru-
mental widths can be radically reduced (at the expense of
sensitivity) by the introduction of a slit at the entrance to
the CMA. A slit of 1.6 mm (with long axis oriented per-
pendicular to the plane defined by the ion beam and the
surface normal) was used for detailed higher-resolution
studies of projectile Auger electron spectra.

To enable a clear separation of projectile and target
electron emission, we utilize such a slit in front of the
CMA, and rotate the target such that the surface lies on
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TABLE 1. Representative ORNL ECR ion source beams (electrical pA); with the exception of the

Ar and Kr beams, which were obtained for a 12-kV acceleration potential, all beam currents are quoted

for a 10-kV source potential; unless otherwise indicated, 15X15 mm? charge analyzer slits were used,

which corresponds to an analyzer acceptance of about 2507 mm mrad. Asterisk indicates m /g degen-

eracy with contaminant beam.

160 40Ar 56Fe 58Ni 84Kr 1271 129Xea lSlTa 197Au

1+ 400 110 10

2+ 300 120 *

3+ 170 90 20

44 100 75 *

5+ 83 * 23 3 20

6+ 50 65 25 5 25

7+ 2.5 73 * 7 26

8+ 0.1 105 * 12 27

9+ 45 20 20 33 5.0

10 + * 10 17 31 8 4.5 12 25

11+ 3.0 5 * 33 10 35 * 27

12 + 0.7 * 5 40 14 3.5 12 21

13 + 2 3 23 18 32 12 18

14 + * 1 21 20 2.5 12 *

15+ 1.5 0.5 15 18 1.5 12 18

16 + 0.15 5 * 1.2 12 15

17 + 0.03 1 10 1.0 11 12

18 + * * 0.6 8 10

19 + 0.25 3 0.6 5 7

20 + 2 0.5 3.5 5

21+ * 0.25 2 5

22 + 0.5 0.12 1.8 4

23 + * 3

24 + 1.5 2.5

25 + 0.08 1.0 *

26 + 0.05 * 0.9

27 + 0.4 0.4

28 + 0.1 *

29 + 0.05 0.1

30 + 0.015°

31+ 0.005°

35 % 5 mm? slits.

52 % 2 mm? slits.
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’_a 1.0 ¢+ Au(METAL), 500 &V the CMA axis. Due to thp ccz%irllle angular distribution gf
€ low-energy target emission, ~ = such spectra contain
g predominantly electrons emitted from the projectile.
g— Further, since only a small proportion of projectiles in
2 our energy range are reflected from the target at normal
= angles of incidence, the electrons we see arise from the
3 early part of the interaction of the multicharged ion with
x the surface.
2
@ III. EXPERIMENTAL RESULTS

0] 20 40 60 80 100
LAB ENERGY (eV)

FIG. 1. Electron energy distribution corresponding to nor-
mal incidence 500-eV electron bombardment of a clean Au sin-
gle crystal.

The general characteristics of the electron energy dis-
tributions produced in the multicharged-ion-metal-
target interaction are shown for Cu and Au targets and
the projectiles N®*, O’*, and Ar’* in Fig. 5. Each of
these projectiles has the outer shell plus one electron re-
moved. All spectra were obtained using the geometry of
Fig. 2 (i.e., without slit), and are thus of low angular and
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0.7mm

J PROJECTILE

FIG. 2. Schematic illustration of the experimental and detec-
tion geometries used for the majority of measurements reported
in this paper. The CMA axis is located at 90° to the incident ion
beam direction. Acceptable detection efficiency for low-energy
electrons is ensured by the use of Helmholtz coils to compensate
the earth and laboratory magnetic fields, and an acceleration
bias between the final aperture and detector.

energy resolution. The intensity normalization is to mea-
sured crystal current (ion beam current plus electron
emission). The spectra have not been corrected for CMA
solid angle, absolute transmission, or absolute detection
efficiency. The spectra have been corrected for the con-
stant AE /E transmission of the CMA analyzer.

To first order, the electron emission spectra are com-
posed of two peaks, a high-energy peak at the position ex-
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FIG. 3. Measured line profiles of the electron and

multicharged-ion-induced NVV and NNV transitions of
Au(metal). The widths and positions differ due to the different
source sizes (see text). A monotonic background has been sub-
tracted in each case.
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FIG. 4. Simulated Doppler profile corresponding to the
CMA geometry of Fig. 2, and a moving 70-keV point source of
oxygen KLL Auger electrons at the spectrometer focus. The
electrons emitted are assumed to have, in the projectile frame,
an energy of 500 eV and an isotropic angular distribution.

pected for decay of the lowest-lying projectile vacancy,
and a low-energy peak, with structure and intensity
which is strongly dependent on target material. Most of
the total intensity is contained in this low-energy peak.

If we correlate the high-energy peak with Auger elec-
trons emitted by decay of the projectile core hole, these
energetic electrons may scatter from the target electrons,
leading to energy loss and secondary processes. The
question arises, how much of the low-energy ion-induced
peak can be attributed to such processes? To study this
effect, we convolute the electron emission spectrum from
Au under 500 eV electron impact (Fig. 6) with the instru-
mental resolution (assumed Gaussian with FWHM
=0.16E) and Doppler profile appropriate to 500 eV elec-
trons emitted from oxygen at 70 keV (Fig. 4). We assume
two limiting cases in Fig. 7, namely, (1) projectile decay
wholely outside the surface, and (2) decay inside the ma-
terial. In the first case 50% of the ejected Auger elec-
trons enter the forward hemisphere and strike the target;
in the latter case all electrons interact with the target.
The calculated spectra (Fig. 7) corresponding to these
two cases must be interpreted with caution, since it is as-
sumed in using the loss distribution of Fig. 6 that all elec-
trons strike the surface at normal incidence. However,
since then the electrons must be backscattered (and conse-
quently suffer significant energy loss), the simulation
must overestimate the contribution of this process to the
total intensity at lower energies. We see from Fig. 7 that
scattered projectile-Auger electrons therefore contribute
at most a few percent to the low-energy peak. Note also
that the instrumental and Doppler broadening are not
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FIG. 5. Electron kinetic energy distributions corresponding to collisions of N®**, O’*, and Ar’* projectiles with Cu and Au metal
targets, for the geometry of Fig. 2. The instrumental resolution for features corresponding to a stationary emitter is 0.16E. Emission
from moving projectiles has an additional Doppler broadening AE =2.7V/EpE, where E; is the electron energy corresponding to
the projectile velocity, and E; the emitted electron energy in the projectile frame. The resulting total widths are indicated by hor-
izontal bars at the positions of the projectile KLL (O and N) and LMM (Ar) peaks.

sufficient to explain a significant electron yield at energies
far exceeding the O KLL transition energy. Other pro-
cesses must therefore be responsible for this emission. 14

We see already in Fig. 5 the essential independence on
projectile ion of the low-energy part of each spectrum for
a given target. This similarity is demonstrated more
clearly in Figs. 8 and 9, where the spectra for each target
are normalized at the lowest-energy peak. The
differences at higher energies can be attributed primarily
to the varying overlap of the projectile core level decay
contribution.

We expect one contribution to the intensity at low en-
ergy to arise from so-called secondary-electron emission.
The emission spectra characterizing this process peak at
about ®/2, where @ is the metal work function.'"!? At
the very lowest energies (of order @), the form of the
spectrum is expected to be independent of projectile and
energy, and reflect a random electron cascade.!! Toward
higher energies, direct processes are expected to become

more important, especially quasi-elastic-scattering of
bound electrons in discrete states of the projectile or tar-
get from target or projectile atoms (promotion to the pro-
jectile or target continuum'®). The energy spectrum for
this process is well described by the empirical function

Y(E)xE ~'exp(—aE /v,) , ey

where E is the emitted electron energy, v, the projectile
velocity, and a a constant depending on the collision
partners.!> This relation must be seen here as the
“source function,” which will be modified by transport
through the solid target and surface potential barrier.
Ideally, we should directly measure the form of this
modified spectrum for bombardment of Cu and Au met-
als with neutral (or at most singly ionized) projectiles of
the same kinetic energy as our multicharged species.
Singly charged beams of energy greater than 20 keV are,
however, not available from the ORNL ECR source. We
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FIG. 6. Energy spectrum of 500-eV electrons scattered from
Au(metal) for normal-incidence bombardment. Only a small
fraction of the total intensity appears as elastically scattered
electrons. The total intensity is dominated by secondary pro-
cesses.

are forced, therefore, to approximate the actual function
by the ‘“source function” and determine « in the above
equation at an available beam energy, then use this scal-
ing relation to estimate the contribution to our spectra of
such processes. The result of such an analysis for N*
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FIG. 7. Comparison of the measured ion-induced electron
energy distribution for bombardment of Au(metal) with 70-keV
O’* and the arrangement of Fig. 2, and calculated spectra
which could arise alone from projectile KLL electrons emitted
either from decay of the K-shell vacancy outside the target,
whereby only half of the Auger electrons strike the metal sur-
face (curve 2) or by assuming the projectile has penetrated the
surface before decay of the K-shell vacancy (curve 1). Further
details of the simulation can be found in the text. The normali-
zation of the spectra is arbitrary, and designed to demonstrate
the maximum possible contribution of such KLL electron
features to the observed ion-induced spectrum. The intensity in
the shaded regions must therefore arise from other processes,
not related to projectile KLL transitions.

in the collision of O’*, Ar’®*, N+, and N* projectiles with
Au(metal). The 10-keV N* spectrum is used to determine the
coefficient a in Eq. (1), which in turn was used to estimate the
contribution of quasi-elastic-scattering processes (N(’*qes) to the
experimental N®* spectrum. The experimental spectra are all
normalized to the low-energy peak, and collected for the ar-
rangement of Fig. 2.

bombardment of Au is shown in Fig. 8. Clearly, the ma-
jor portion of the electron emission in the energy region
0-100 eV can be attributed to secondary-electron cas-
cades and quasi-elastic-scattering of bound electrons of
the projectile or target. Apparently, the only major
structures which remain to be explained are broad struc-
tures centered at about 20 and 70 eV for Au (Fig. 8), and
15 and 60 eV for Cu (Fig. 9).

Let us return to the possible mechanisms for electron
emission in the multicharged-ion—metal interaction. The
mechanism of Arifov et al. invokes transitions from the

T T T T T T T T ]
x3*+Cu (METAL), 10g keV

ELECTRON YIELD (arbitrary units)

¢} 20 40 60 80 100
LAB ENERGY (eV)

FIG. 9. Low-energy portion of the electron spectra emitted
in the collision of O+, Ar’*, and N®* projectiles with
Cu(metal). Normalization and experimental arrangement as in
Fig. 8.
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TABLE II. Auger electron peak positions in the energy
range 0-300 eV in electron-induced emission spectra of
Cu(metal) and Au(metal). The energy-level nomenclature is
that used in Ref. 16.

Peak Lower state
position® lifetime (s)
Metal (eV) Transition (Ref. 18)
Au 24 Nyu/NviOmOss.s 4%10° 15
43 Om104s 4104541 5% 1071
69 Nyt /NviO4s. 10454 4x107"
95 010451045,
141 NyNy, Ny, 4x10-10
150 NyNyyvuNvi 4x107"°
160 NNy Ny, 4x101
165 NwNyiNvn 4%10°1
184 NyNyuOm 4%1071
200 NwNyiOm 4% 10716
216 NyO1O4s 4x107"
239 NyNyuOus 4%10-10
255 NiyNyiOgs,y 4x10°1'¢
Cu 58 M MMy, 81016
60 M,M M 81016
105 MMM 810~

#Position of minimum of differential spectrum feature (Ref. 17).

valence band of the metal either directly to projectile core
levels, or via higher-lying discrete projectile states in res-
onance with the valence band. Since the Fermi energies
of Cu and Au are similar, this model predicts, to first or-
der, that the low-energy electron emission be characteris-
tic of the projectile, but not the target type. This is con-
trary to our observations (Figs. 8 and 9). We therefore
explore the possibility that the remaining low-energy
emission arises principally from the decay of excited tar-
get vacancies.

Electron-induced Auger emission spectra of Cu and Au
exhibit peaks at the energies shown in Table II. The ion-
induced spectra from Au(metal) (Figs. 8 and 10) exhibit

| | | | [ [
35 — x%*+ Au(METAL), 10q keV -
T o
O 34 ]
i
>
=
v
[e]
& 33— .
o
55 L | | [

180 200 220 240 260 280
LAB ENERGY (eV)

FIG. 10. Evidence for Au(metal) NNV transitions induced by
bombardment of Au(metal) with O’* and N®* projectiles. The
symbol € refers to the electron yield.
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clear structures around 20, 70, and 220 eV, suggesting
from Table II the creation of Nyy, Ny, and Ny holes.
The spectra from Cu(metal) (Fig. 9) for N®+ and O’*, on
the other hand, contain only a very broad structure near
60 eV, suggesting the possible creation of My and My
vacancies, whose decay is perturbed by some factor not
present in the electron excitation spectrum. These
features do not arise principally from bombardment of
target atoms by energetic projectile-Auger electrons. If
this were the case, both the 43 and 69 eV Au peaks would
be observed with comparable intensity (Fig. 1). We see
no evidence for a discrete feature at 43 eV in any of our
ion-induced electron distributions from Au. The origin
of the peaks we do observe can be easily understood in
terms of vacancy transfer to the target. A necessary con-
dition for this is the existence of coupling of the relevant
inner-shell levels via molecular-orbital pseudocrossings or
quasiresonant Demkov processes at internuclear separa-
tions exceeding the distance of closest approach. We will
discuss the origin of these peaks for the case of hydrogen-
like projectiles (N®+,07) interacting with Au. Applying
the rules for construction of correlation diagrams, ' it is
found’ that the strongly promoted 5f 0 molecular orbital
(MO) correlated to the projectile 1s level) and the weakly
demoted 4po MO (correlated to the Ny v levels in Au)
exhibit a pseudocrossing (Fig. 11). Charge transfer at this
crossing leads to creation of AuNy y vacancies which
subsequently relax. The primary decay path is via Auger
transitions of the type NNV leading to the emission of

UNITED ATOM SEPARATED
LIMIT ATOM LIMIT
Au+ N Au : N
L= N
10 - 6p 154
]
_/ |
6s :
|
|
= -
_

2s

BINDING ENERGY (eV)
o o
o ©

FIG. 11. Correlation diagram for the interaction of N®* with
Au, constructed using the diabatic correlation rules of Eichler
et al. (Ref. 19). The correlation diagram for O’* + Au is quali-
tatively similar, and also exhibits the pseudocrossing of the 5f o
and 4po MO’s.
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electrons with energies near 239 eV (Table II), and
creation of Ny yy; vacancies. The latter subsequently de-
cay, leading to the emission of the 24- and 69-eV features.

Further direct evidence that the peaks at 69 and 239
eV in the O’* and N®* spectra arise from transfer of K-
shell vacancies which survive well into the interaction,
and not from electron promotion in Au-Au collisions in
the subsequent collision cascade, is provided by the elec-
tron energy spectra corresponding to projectiles in which
the K shell is filled, namely, Li-like N and O. The 69-
and 239-eV peaks are absent from such spectra. Further,
Fig. 12 shows that the K-shell hole is not responsible for
the remainder of the low-energy emission. This must
arise then fram the presence of the L-shell holes on the
projectiles O and N, or other processes, such as that de-
scribed by Eq. (1).

By considering the Coulomb interaction for this two-
state vacancy transfer reaction and the asymptotic energy
difference between initial and final states, the pseudo-
crossing is estimated to occur in the range 0.2-0.4 A,
which is well outside the distance of closest approach of
0.1 A calculated for these collision systems. The lifetime
of the initial Au Ny y vacancy created in the collision is
410716 s (Ref. 18) (Table II). The time scale ¢ for the
hard collision can be estimated using the relation
t~b(M/2E,)""?, where b is a measure of the size of the
collision region, and M and E, are the projectile mass
and kinetic energy, respectlvely For b=~04 A,
t=~4x10""s for 70 keV O’*. Clearly then, this decay
occurs after the projectile has left the collision region,
and provided that secondary collisions of the target atom
with other metal atoms involve on the whole significantly
larger impact parameters, and sputtering is of minor
significance, the decay spectra of perhaps the Nyy v, and
certainly the Ny yy; vacancies (lifetime 4 X 10~ s, Table
II), will be characteristic of an undisturbed Au atom in
the solid state, and will therefore resemble electron-
impact-induced spectra, as indeed we observe (Figs. 8 and
10).
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FIG. 12. Comparison of the electron energy spectra for bom-
bardment of Au(metal) with hydrogenlike and lithiumlike pro-
jectiles, demonstrating the role of L-shell vacancies in the
remaining low-energy electron emission.
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Our observation of structures near 20, 70, and 220 eV
from Au, and the absence of a peak at 43 eV, is consistent
with this interpretation in terms of correlation diagrams.

It is noted that while projectile-Auger electron emis-
sion during multicharged-ion—surface collisions has been
observed also by Delaunay et al.?® and by de Zwart,?!
neither group was able to discern ion-induced target
Auger electron emission. Both the measurements of De-
launay et al., who studied N°* and Ar’* incident on W
and Au, and those of de Zwart, who studied Ar’* in-
cident on W, were performed at significantly lower pro-
jectile energies. Delaunay et al. attribute the absence of
ion-induced target Auger electrons in their spectra to al-
most complete filling of the projectile inner-shell vacan-
cies at large internuclear separations before vacancy
transfer can occur. Alternatively, it is possible that at the
lower energies investigated the molecular pseudocross-
ings lie inside the distance of closest approach, and thus
are no longer accessible in the collision. In the case of
the W target, an additional possibility is that no favorable
pseudocrossings exist to facilitate vacancy transfer. This
may be the reason that de Zwart does not observe target
Auger lines in his electron spectra acquired at 20 keV, at
which energy most of the projectile L-shell vacancies are
inferred to have survived the initial large-distance ion-
surface interactions.

Let us now return to a consideration of Figs. 8 and 9.
We have shown that the low-energy spectral features
seem to be related to target emission. While we can ex-
plain the origin of several discrete features, and provide
a qualitative estimate of the contribution of electron
cascades and quasi-elastic-scattering processes to the
remaining continuumlike background, we cannot exclude
other emission processes. In particular, we have provid-
ed no explanation for the structure around 15 eV from
Cu (Fig. 9). Before doing so, we wish to discuss the ex-
treme width (up to 40 eV!) of such target features. Direct
creation of target vacancies on the outer shells may easily
result in shifted and broadened Auger “line” features.
The perturbation may have two possible origins, namely,
the possibility of multiple vacancy creation on a single
target atom, and possible similar time scales for the col-
lision and Auger decay. Thus both single or multiple va-
cancy transfer between higher-lying projectile and target
discrete states via molecular-orbital pseudocrossings may
in principle result in nondiscrete low-energy electron
emission spectra. In this work the vacancy lifetimes are
too long, so multiple vacancy transfer would appear to be
responsible for, for example, the extreme width of the
60-eV structure which appears to exist in the spectra for
O’* and N®* bombardment of Cu (Fig. 9).

To study the proposal that a portion of the almost
structureless low-energy electron emission spectra corre-
lates with the transfer of specific projectile inner-shell va-
cancies to target atoms, we performed a series of mea-
surements, at constant projectile kinetic energy, for a
range of charge states. We chose the series Ne’+, Ne®+,
Ne’*, which has vacancies in the energy region close to
that of the upper Ss, 4f, and Sp levels of Au. Auger de-
cay of these Au levels leads directly to electron emission
in the energy region 0—100 eV. The results are shown in



2302

Fig. 13, while in Fig. 14 the contribution to the electron
emission of the Ne’* and Ne®* deepest-lying vacancies
are derived by taking the difference of the curves for
Ne’* and Ne®t, and Ne®t and Ne’*+. These difference
spectra exhibit features in this region which must be due
to the presence of these specific projectile holes, in addi-
tion to the secondary and quasi-elastic-scattering emis-
sion (which is, of course, absent from the difference spec-
tra). Some evidence for a component around 3 eV can
also be seen, which corresponds to the energy region for
capture to the projectile continuum. Due to the energy-
dependent transmission function of the analyzer, howev-
er, this extreme low-energy region is very sensitive to an
accurate determination of the background contribution
to the spectrum for each projectile. The positions of the
strongest transitions in the electron-induced Auger spec-
tra from Au are shown in Fig. 14. One might thereby
tentatively associate the observed structures with produc-
tion of specific target vacancies on the 5s, 4f, and 5p
shells. Such identifications, however, would be far from
conclusive. Uncertainties in the rules for construction of
correlation diagrams for the upper states of such an
asymmetric collision system make a detailed analysis very
difficult, and we do not attempt to do so. If the above in-
terpretation is correct, however, such an analysis must
show only a weak coupling of the lowest-lying Ne’* pro-
jectile vacancy to the Oy level of Au, this level being re-
sponsible for 43-eV Auger electrons.

We can apparently provide a consistent explanation of
all features of the electron emission from Au under
multicharged-ion bombardment without invoking men-
tion of the Arifov mechanism. This mechanism supposes
that the projectile neutralization proceeds via a sequence
of resonant and Auger captures of electrons from the
metal valence band. If we compare the Fermi-surface pa-
rameters of Cu and Au (Table III), we observe that Cu
has both a higher electron concentration and larger
Fermi wave-vector magnitude. These factors lead for Cu
to an enhanced tunneling probability between metal and
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FIG. 13. Low-energy portion of the electron spectra emitted
in the collision of Ne’+, Ne®+, and Ne** projectiles, at an ener-
gy of 70 keV, with Au(metal), for the experimental arrangement
of Fig. 2.
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FIG. 14. Difference of the spectra of Fig. 13 for Ne’* and
Ne®*, and Ne®* and Ne’*. These spectra show the contribu-
tion to the total electron spectrum of the respective vacancies
on Ne’* and Ne®*. The positions of observed transitions in
electron-induced Auger spectra of Au(metal) are indicated
(from Table II).

projectile, and enhanced transition rate over that expect-
ed for Au. Thus we would expect to see more evidence
for the Arifov mechanism in the spectra from Cu. Arifov
et al.’ predict Auger decay steps of order 15-30 eV.
This leads, for filling of the projectile outer shells, to ob-
served Auger electron energies of order 15-30 eV minus
twice the metal work function. The data from both Cu
and Au indeed exhibit a structure in this energy region
(5-20 eV). While that from Au may be explained as
above (at least in part) by decay of an Ny;; or Ny; vacan-
cy on Au atoms, we can provide no similar explanation
for such a peak from Cu (see Table II). We propose that
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FIG. 15. Comparison of the low-energy electron spectra
emitted in the collision of Ar’* with Cu(metal) at normal in-
cidence. The angular aperture for the spectrum “with slit” cov-
ers the range 0°-8° to the surface plane, and “without slit” the
range 0°~48°. The experimental geometry is shown in the inset.
The spectra have been normalized to the same effective analyzer
solid angle.
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TABLE III. Calculated free-electron Fermi-surface parameters for metals (Ref. 22).

Electron Fermi
concentration energy Fermi wave vector
Metal Valency (cm~?) (eV) (cm™1)
Cu 1 8.45x 102 7.0 1.36 < 10
Au 1 5.90x 102 5.51 1.2 108

at least this peak arises from Auger decay of projectile
vacancies via the Arifov mechanism.

To study this hypothesis in more detail, we examine in
Fig. 15 the angular dependence of the low-energy elec-
tron emission from Cu under Ar’* bombardment. We
have normalized the spectra in Fig. 15 to the same
effective detector solid angle. Features of the emission
spectrum characteristic of electrons emitted from the tar-
get will be strongly depressed at ejection angles near
parallel to the surface, due to the cosine angular depen-
dence of such emission.!®!! The peak at 15 eV indeed
does not reduce in the same proportion as the secondary-
electron emission peak at 2 eV. This suggests that elec-
trons in the 15-eV peak have not been ejected over a pla-
nar potential barrier. We propose these electrons arise
from one-center Auger decay of excited projectile ions
above the surface. The angular dependence thus provides
evidence that capture of metal valence electrons to pro-
jectile excited states does occur in some instances, fol-
lowed by Auger decay of these states, before the projec-
tile penetrates the surface layer.

It is noted that the spectra of Fig. 15 were taken with
the ion beam at normal incidence, and consequently at
significantly higher perpendicular velocities than the
grazing incidence spectra discussed earlier. Due to this
difference in experimental conditions, the conclusion
reached on the basis of Fig. 15 may not apply to grazing
incidence bombardment.

IV. CONCLUSION

We have measured electron kinetic energy distribu-
tions arising from the interaction of =~10g-keV mul-
ticharged ions with metal surfaces. At these energies, the
major contribution to the total yield arises from emission
from the target. The spectra at low energies contain a
contribution which we identify with secondary-electron
emission and quasi-elastic-scattering processes (electron
promotion to the target or projectile continuum). Super-

imposed on this is emission correlating with decay of pro-
jectile vacancies, and emission correlating with decay of
both unperturbed and strongly perturbed target vacan-
cies. The creation of target vacancies implies that a
measurable fraction of projectile vacancies survives until
small-impact-parameter collisions with a surface or sub-
surface target atom. Our data imply that the neutraliza-
tion proceeds via two channels, viz., capture of valence-
band electrons to projectile excited states, followed by
one-center Auger decay, and at pseudocrossings of
molecular orbitals correlating with discrete inner-shell
levels of the target and projectile. We have insufficient
information to permit an estimate of the relative impor-
tance of these two neutralization paths. The initial va-
cancies, if transferred to target atoms, decay, leading to
electron spectra characteristic of the target. Depending
on the vacancy lifetime, such vacancies decay either un-
perturbed, or in the field of the projectile, leading to
discrete or broadband emission, respectively. Line shifts
will also arise if multiple vacancy transfer to a single tar-
get atom occurs. Deep-lying projectile vacancies may
also be transferred via this mechanism. Conclusive evi-
dence for this was presented for K-shell vacancies of N
and O. We recommend that future experiments be per-
formed using lower-Z target materials, which are more
amenable to quantitative theoretical analysis.
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