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Energy loss in large-angle scattering of slow, highly charged Ar ions from a Au surface

W. Huang, H. Lebius, and R. Schuch*
Department of Atomic Physics, Stockholm University, S-104 05 Stockholm, Sweden

M. Grether and N. Stolterfoht
Hahn-Meitner-Institut, Glienicker Strasse 100, D-14109 Berlin, Federal Republic of Germany

~Received 13 March 1998!

Energy loss of slow (v'0.06 a.u.!, highly charged Ar91 ions scattered from a Au~111! single-crystal
surface has been investigated for different incident angles (c55° and 37.5°) and a fixed scattering angle of
75°. The energy position of the elastic peak agrees well with the value expected for the binary elastic
scattering. At small incidence angle(5°) anadditional inelastic energy loss was identified in spite of the large
scattering angle. This additional energy loss is found to compare well with a combination of a modified Firsov
model with processes of electron capture, recapture, Auger transitions, and image charge acceleration during
the ion-surface interactions.@S1050-2947~98!09609-7#

PACS number~s!: 34.50.Dy, 79.20.Rf
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I. INTRODUCTION

The interaction of slow, highly charged ions~HCIs! with
solid surfaces has been extensively studied in the past
years @1#. Information on HCI-surface interactions wa
mainly obtained by measuring the emitted electrons@1–3#
and x rays@1,4,5#. Some measurements of the angular dis
butions and the final charge-state distributions of the s
tered ions in small angles@6–11# and in large angles@12,13#
were done. Information on HCI-surface interactions may a
be obtained from the energy loss occurring in transmiss
@14,15# and scattering of ions@16,17#. Since energy loss
especially inelastic energy loss, depends mainly on the
cesses of electron capture and recapture, electron excita
and surface and bulk plasmon excitation, the measureme
energy loss can therefore provide additional information
the neutralization during the HCI-surface interaction.

The measurements of energy loss of HCI provide, ho
ever, only integral information on the whole interaction
the projectile along its trajectory with atoms on the surfa
The situation gets somewhat clearer for large-angle sca
ing, since the ion is scattered by one or two atoms on
surface@12,13# and the energy loss is almost exclusively d
to kinematics and almost independent of charge-excha
processes@18#. In the case when the ion approaches the s
face at a small angle, it is scattered by many atoms on
surface in more distant interactions. Electron flux from t
atoms in the solid and the valence and conduction ba
occurs into differentn states of the ion. The friction due t
the acceleration into the ion moving frame can cause m
surable energy loss@16#. Only a few studies of inelastic en
ergy loss of HCIs have been reported in the literature
transmission@14,15# and scattering@16,17#. These scattering
studies were carried through in grazing-angle geometry
it was demonstrated that the inelastic energy loss of scatt
ions disappears with increasing scattering angles and
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creasing velocities. Another finding in these studies is
weak influence of the initial charge state of the projectile
the energy loss@16,17#. This is interpreted by a full neutral
ization of the projectile on the incoming trajectory to th
surface@16#.

In the present experiment we found measurable inela
energy loss also for large scattering angles when the incid
angle was small. This was the case even for very low in
dent velocities. We studied also the relationship between
degree of neutralization, i.e., the final charge state and
energy loss when the HCIs scatter from the surface. By va
ing incident angle and analyzing the energy loss of the s
tered ions accurately we can decompose the contribution
the energy loss from different mechanisms such as sin
binary scattering, double binary scattering and inelastic p
cesses. The experimental results will be quantitatively in
preted by combining the modified Firsov model with a mod
calculation that takes into account the processes of elec
capture, recapture, and Auger transitions. This shows in
case of a small incident and large exit angle that the inela
energy loss mainly stems from the incoming trajectory of
ion. The interaction time gets short and therefore the ine
tic energy loss small when the ion leaves the surface at la
angle. In particular, we found that the inelastic energy loss
the scattered ions can be mainly ascribed to the contribut
of the valence electrons of atoms in high-n states and the
inner-shell populations of the ion, which are strongly depe
dent on the neutralization processes during the ion-sur
interactions. Atomic units are used throughout in this pap
unless otherwise specified.

II. EXPERIMENTAL METHOD

The experiments were performed using the 14-GHz El
tron Cyclotron Resonance ion source facility at the Hah
Meitner-Institute in Berlin. The ion source provides ion
with energies up to 20q keV ~whereq is the charge state o
the extracted ions!. The beam line is equipped with a dece
eration lens system. After a charge-state analysis and b
transportation, the ions were decelerated to final energie
4 keV (v'0.06 a.u.!, keeping the experimental setup on th
ground potential. The essential parts of experimental se
for low-energy ion scattering spectroscopy include an
ic
2962 © 1998 The American Physical Society



or
de

h

re
Th
g
e

0

t 2
en
a

b
Th
b
at
e
.
a
o

nd

al
na
it

tio
ns
p
tr

f t

e

n
am
it

y-

c

g

tic

of a
ved
nds
the
re-
the
a

ary
g

th

1,
on-
n be
ns,
tri-

n of
ro-

the

able
he

, re-
gy
ngle

s the

PRA 58 2963ENERGY LOSS IN LARGE-ANGLE SCATTERING OF . . .
sputter gun, a low-energy electron diffraction~LEED! sys-
tem, and a tandem parallel-plate electrostatic analyzer@19#.
The analyzer can be rotated 0°2135° with respect to the
primary beam direction and it can also be adopted to perf
the high-resolution Auger spectroscopy. A more detailed
scription of the system can be found elsewhere@20#.

The Au~111! single crystal was mounted on anx-y-z-c-f
manipulator located in the ultrahigh vacuum chamber wit
base pressure of 5310210 mbar. The crystal quality was
controlled by a LEED system. The crystal surface was p
pared by repeating cycles of sputtering and annealing.
cleanliness was verified by means of electron-induced Au
spectroscopy. The surface remained clean during the m
surement due to the high incident ion current, typically 1
nA. The beam current measured on the target was taken
on-line normalization.

The Ar91 beam was collimated to a diameter of abou
mm and was directed onto the crystal surface with incid
anglesc55° and 37.5°. The crystal was aligned in a plan
channeling direction with respect to the Au~011! crystallo-
graphic plane. The primary beam energy was calibrated
directly passing the primary beam through the analyzer.
variation of the primary beam energy caused by the insta
ity of the source plasma is less than a few eV. A system
error in the energy calibration should be of the same ord
For the measured energy loss this error plays a minor role
the plots and tables statistical error bars are given. The
muthal orientation was determined by measuring the yield
scattered ions as a function of the azimuthal anglef. Scat-
tered particles were detected at an angle ofu575°.

The acceptance angle of the analyzer was about 1° a
had an overall energy resolution of about 531022. In order
to ensure high-resolution measurements, a set of high-qu
power supplies with mV accuracy were used for the a
lyzer. The energy width of scattered particles due to the fin
acceptance angle is small compared to the overall resolu
The ions selected by the analyzer were detected by mea
a channeltron detector. Another channeltron detector was
sitioned at the back of the analyzer to measure the neu
particles that passed through a hole on the outer plate o
analyzer.

III. RESULTS

Figure 1 shows six typical kinetic-energy spectra obtain
from a primary beam of Ar91 incident atc537.5° and 5°,
scattered into the same detection angle ofu575° ~inset of
Fig. 1!. The spectra withQ511, 12, and13 correspond to
Ar ions leaving the surface in single, double, and triple io
ized states, respectively. They are transformed into the s
energy scale by multiplying the spectrometer voltage w
the spectrometer constant andQ. Particularly forc55° the
spectra for higherQ have a background on their high energ
side from the low-energy tail of theQ21 spectrum, due to a
large variation of the intensities.

The arrows marked byEkin indicate the calculated kineti
energies by assuming a single binary Ar-Au collision@for-
mula ~2! in Sec. IV#, while the arrow markedE0 denotes the
primary beam energy. In the cases of large incident an
c537.5° ~see the upper diagram in Fig. 1! a relative yield of
neutralization was found to be around 65%. The kine
m
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energy spectra for each outgoing charge states consists
two-peak structures: a main peak and a quite well resol
small peak or a shoulder at higher energies side. One fi
that the main peak in the spectra is very well aligned with
Ekin mark. This indicates that the energy loss can be p
dominately attributed to the momentum transfer between
ion and a single Au atom on the surface. According to
Marlowe simulation of scattering trajectories@21#, the peak
at higher energy can be ascribed by two sequential bin
collisions at two neighboring Au atoms with scatterin
anglesu11u2575°, e.g., a sequence of two collisions wi
u1518° andu2557° in the case ofc525°.

In order to extract some detailed information from Fig.
a least-squares fitting procedure is carried through to dec
volute the spectra. Here it is assumed that the spectra ca
deconvoluted into three main contributions: single collisio
double collisions, and noise background. The spectral dis
bution of scattered ions is assumed to be a superpositio
Gaussians. A constant background is used in the fitting p
cedure. The quality of the fitting curves are evaluated by
so-calledx2 test, i.e., searching forx2'1. The fitting curves
are included in Fig. 1~solid lines! to compare with the ob-
served data. The fitting parameters are summarized in T
I and they will be discussed in the forthcoming sections. T
error bars given are due to statistics.

FIG. 1. Energy spectra of 4-keV Ar91 ions scattered from a
Au~111! surface with incident angles ofc537.5° ~top diagram!,
c55° ~bottom diagram!, and the scattering angle ofu575°. E and
Q denote the energy and final charge states of scattered ions
spectively.E0 andEkin are the primary beam energy and the ener
of the scattered ions calculated by kinematics assuming si
Ar-Au collisions ~marked by arrows!, respectively. The solid lines
represent the fits to the data by Gaussians and the inset show
scattering geometry.
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For a c55° incident angle~see the bottom diagram i
Fig. 1!, a higher degree of neutralization~around 90%! was
observed. The decreasing fraction of charged, scattered
ticles relative to the neutralized particles is not very surp
ing as a decreasing incident angle increases the intera
time and the number of close interactions that may lead
more efficient neutralization when the ion approaches
surface. At a close inspection one finds two interesting p
nomena: first, the main peak is at a lower energetic posi
than that calculated by kinematics of single binary scatter
~see the mark in Fig. 1! and second, the double-scatterin
peak is not as well resolved as at larger incidence angles
almost disappears. The first point indicates that an additio
energy loss due to inelastic processes may be involved.
very likely that the Ar ions observed atc55° andu575°
stem from collisions at surface steps or other surface im
fections. We considered then the possibility that the ene
shift of the single collision peak is due to projectiles th
have partially penetrated the surface at such step edge
fore being scattered. However, these would experienc
largely varying additional inelastic energy loss from differe
penetration depths. The peaks atc55° would thus be
smeared out. They would be considerably broader than
peaks atc537.5°, which is not the case. This was therefo
excluded as an obvious reason for the additional energy
and we assume the Ar ions atc55° scatter at single Au
atoms like in the case ofc537.5° but have different trajec
tories relative to the surface that are treated below.

To the second point of a vanishing double-scatter
peak, we found in previous investigations@21# that the yield
and the energetic position of a double collision can cha
drastically, depending on the scattering trajectories and c
tal orientation. The intensity of the double-scattering pe
was strongest in channeling direction. Scattering at large
going angles and small incoming angles could occur p
dominantly at dislocations or steps in the surface. Dou
scattering could thus be reduced at small incidence angl

IV. MODEL CALCULATIONS

In order to give further insight into the energy loss
HCIs at surfaces and to give a quantitative interpretation
experimental results a model simulation was carried out.
model assumes that the total energy lossEtotal that ions ex-

TABLE I. Fitting results for the scattered ArQ1 ions as shown
in Fig. 1, whereE1 andE2 represent the energetic positions of t
peaks for single and double scatterings, respectively. Here thE
loss is equal toE02E1 ~whereE0 is the primary beam energy!.

Q E1 ~eV! E2 ~eV! x2 E loss ~eV!

c537.5°, u575°
11 2951.460.4 3265.562.6 3.3 1048.660.4
21 2954.760.3 3272.861.8 3.4 1045.360.3
31 2947.460.6 3261.062.6 1.4 1052.660.6

c55°, u575°
11 2880.461.2 3002.365.1 0.9 1119.661.2
21 2895.961.4 3135.7619.7 1.1 1104.161.4
31 2902.063.7 3356.9620.0 1.1 1098.063.7
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perience along their trajectory can be decomposed into th
major contributions, i.e.,

Etotal5Eel1Ein2Eim , ~1!

whereEel stands for elastic energy loss,Ein inelastic energy
loss, andEim the image charge energy gain.

For scattering, the interaction timeDt is typically Dt
'b/v (b being the impact parameter, e.g.,b'1 a.u. at the
distance of closest approach!. Thus Dt is on the order of
femtoseconds, which is much shorter than the vibration ti
~picoseconds! of the target atoms. The transfer of energy
the target atom thus is much larger than the binding ene
of the atoms to the crystal lattice. The Au target atoms
have as if they were free. Here the elastic energy lossEel is
described by the kinetic energyEkin assuming a single bi-
nary ion-atom collision.Eel can therefore be expressed b
the formula@22#

Ekin5E0S cosu6A(m22sin2u)

11m D 2

,

Eel5E02Ekin , ~2!

where E0 is the initial energy of the projectilem
5mt /mp (mp and mt are the mass of the projectile an
target atom!. The choice of the minus sign in Eq.~2! holds
only for mp.mt , whereas formp<mt only the plus sign
may be applied. In the present studies, one getsEel51050
eV for the detection angle ofu575° using expression~2!.

The amount of the image-charge energy gainEim in ex-
pression~1! is directly related to the degree of neutralizatio
and to the distances where electron capture occurs@23–25#.
In the present study, the energy gainEim for different outgo-
ing charge statesQ is evaluated by the classical over-barri
model @24# assuming a staircaselike charge-state evolut
from q to Q:

Eim~Q!5
q2

4d1
1 (

j 51

q2~11Q!
~q21!2

4 S 1

dj
2

1

dj 11
D ,

dj'
A2~q2 j 11!

W
, ~3!

where dj is the distance where stepj in the staircaselike
charge transfer takes place.W is the work function of Au. An
evolution of the charge state via a complete neutralizat
back toQ would not changeEim(Q) noticably.

Because of the image attraction the ion is accelerated
the incident path and decelerated by a decreasing amoun
the outgoing path, depending on the degree of neutralizat
The gain in velocity perpendicular to the surface leads t
bending of ion trajectory towards the surface and results
an increased effective scattering angle@26# u1Du im ,

Du im5sin21F S sin2c1
Eim

E0
D 1/2G2c. ~4!

Since elastic energy lossEel depends on the scattering ang
u @see expression~2!# it has to be corrected as well by re
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TABLE II. Energy loss calculated in terms of elastic energy lossEel , the corrected elastic energy los
Eel* , the image change energy gainEim , the inelastic energy lossEin ~see the text!, andEtotal5Eel* 1Ein

2Eim .

Q Eel ~eV! Eel* ~eV! Eim ~eV! Ein ~eV! Etotal ~eV!

c537.5°, u575°
11 1050 1058 27 13 1044
21 1050 1058 27 13 1044
31 1050 1058 26 13 1045

c55°, u575°
11 1050 1089 27 58 1120
21 1050 1088 27 58 1119
31 1050 1088 26 58 1120
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placing u with u1Du im . One gets the increased effectiv
scattering anglesDu im'1.85° for c55° andDu im'0.39°
for c537.5°, respectively.

In Table II we summarize the calculated energy loss
terms of elastic energy lossEel , the corrected elastic energ
lossEel* by taking into account the increased effective sc
tering angle, the image-charge energy gainEim , the inelastic
energy lossEin , and the total energy lossEtotal . To calcu-
late the inelastic energy lossEin different models have bee
employed in the literature~see@1,16#!. HereEin is calculated
based on the modified Firsov model@27#. The model has
been used quite successfully by Wineckiet al. @16# to ex-
plain inelastic energy loss observed in grazing-angle sca
ing of Arq1 on graphite. We extend the modified Firso
model by taking into account the neutralization proces
when ions approach and scatter from the surface. The m
for neutralization@12,13# includes processes of electron ca
ture into Ar inner shells (n>3), recapture to the surface, an
Auger transitions during the ion-surface interaction. A co
tribution from the excitation of surface and bulk plasmons
the energy loss is neglected here.

In the modified Firsov theory, inelastic energy loss is d
termined for collisions with every individual atom at a give
impact parameter and for the population of the differe
shells in the colliding partners. The model utilizes t
Hartree-Fock-Slater approximation@28# to evaluate the elec
tronic potential and to determine the contributions to the
ergy loss from different shells. The energy loss due to
particular shell with the principal quantum numbern can be
analytically expressed as@27#

En,i5pmv
r

r i
vn,iun,i I n,i~hn,i !, ~5!

where the indicesi 51 and 2 represent the Ar ion and A
atom, respectively;m is the electron mass,vn,i is the popu-
lation in different shells for two colliding partners, andun,i
5Ze f f(vn,i)/n is the average electron velocity of the she
Ze f f(vn,i) is the effective nuclear charge depending on
populations in different shells, which is determined by Sla
rules as shown in various handbooks, e.g., in Ref.@29#.
I n,i(hn,i) is an integral depending on the overlap of wa
functions for the shells under consideration.hn,i
n

-

r-

s
el

-

-

t

-
a

e
r

52ri@Zef f /(vn,i)n# is the argument for the integralI n,i(hn,i)
and r i is a parameter and has to be determined later.

For small impact parameters (p/hn,i>1), the integral
I n,i(hn,i) in Eq. ~5! can be reduced to

I n,i~hn,i !.
1

2A2p

pp13/2

G~p12!
e2p

1

hn,i
, ~6!

whereG(p12) is the Gamma function,p52n* 21, andn*
is the effective principal quantum number given by the Sla
orbital @29#. In the case of large impact parameters (p/hn,i
,1) the integral can be expressed as an exponentially
caying function

I n,i~hn,i !.A2p

hn,i
e2hn,iS 11

3p

2hn,i
D . ~7!

In order to describe the electron flux that causes inela
energy loss, a dividing surfaceS is used in the modified
Firsov model. The surfaceS intersects the internuclear ax
of two colliding partners where the electron density has
minimum. In other words,S separates the potential attractio
from the two colliding partners. It is assumed that an elect
will lose temporarily its initial momentum and acquire a ne
momentum centered around the velocity of the other part
when it passes throughS. In such a way, the ion loses en
ergy. The ratior /r i in Eq. ~5! is used to characterize th
fraction of r between the target atom andS and between the
ion andS ~where r , the distance of the ion to the surfac
atom, is assumed equal to the impact parameter!. The values
of r i ( i 51 and 2! are determined by the relations@30#

Ze f f1
3/2 $d1@H1~er 1 /d121!11#1H1er 1 /d1r 1%

3d2r 2
5/2@H2~er 2 /d221!11#5/2

5Ze f f2
3/2 $d2@H2~er 2 /d221)11]

1H2er 2 /d2r 1%d1r 1
5/2@H1~er 1 /d121!11#5/2,

r 5r 11r 2 , ~8!

whereZe f f1 and Ze f f2 are the effective nuclear charges f
the Ar ion and Au atom, respectively.H152.677, d1
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50.862,H253.753, andd250.657 can be found in Ref.@28#
describing the potential of two colliding partners.

It has been pointed out by several authors@31,32# that the
physical state of the target atom does not have a percep
effect on energy loss. Within the framework of this mod
we assume that the change of populations in different sh
of the target atom is negligible. The populations in the
atom are therefore set to the ground state and do not
during the interaction. For the Ar ion, the time evolution
the populations of different shells is described by a neut
ization model@12,13# mentioned below. Here only a sho
overview of the model is given.

It is assumed that the major process responsible for
neutralization is electron capture into ArM , N, andO shells
during the approach to the surface. The capture proces
known as ‘‘side feeding’’@24,25,33,34#. The capture rates
Gn

SF (n5M ,N,O) are described by a function that expone
tially decays with the distance to the surface@9#. The direct
capture into theL shell is excluded in the simulation~i.e.,
GL

SF50) due to the large energy level mismatch~of, e.g.,
about 160 eV between 2p of Ar and 4f of Au!. The capture
rates contain three fitting parametersGn0

SF for the M , N, and
O shells. These parameters are determined by the com
son of the mean outgoing charge stateQ̄ between the experi
ments and simulations. The electron capture into highen
states is represented by theO shell. The contribution of high-
n states to neutralization is small due to the fact that Au
cascades are rather slow, typically in the 10214-sec time
scale for each step@35,36#.

During the approach to the surface, the potential bar
between the ion and surface drops. The inner-shell level
Ar below the conduction band are shifted upward due to
image interaction. Electrons fromN and higher shells are
lost into the conduction band of the solid or into empty sta
above the Fermi edge. For simplicity, we describe the e
tron loss by completely depleting the shells when the d
tancer between the incoming ion and the crystal surface g
smaller than the shell radiusRn . Coster-Kronig transitions
within the subshells are not included. Furthermore, si
transition probabilities for radiative deexcitation are at le
two orders of magnitude smaller than those of Auger p
cesses, the radiative deexcitation is omitted in the pre
model.

The time-dependent populationsvn~t! in different shells
for Ar ions are obtained by numerically solving the ra
equations along the ion trajectory@12#. For Rn,r ,

dvO~ t !

dt
5GO

SF2GLMO2GLNO2GMNO22GLOO22GMOO

22GNOO ,

dvN~ t !

dt
5GN

SF1GNOO2GLMN22GLNN2GLNO22GMNN

2GMNO ,

dvM~ t !

dt
5GM

SF1GMNN1GMNO1GMOO22GLMM2GLMN

2GLMO ,
le
,
lls

ry

l-

e

is

-

ri-
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r
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e
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-
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e
t
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dvL~ t !

dt
5GL

SF1GLMM1GLMN1GLMO1GLNN1GLNO

1GLOO .

For Rn8>r ,

vn8~ t !50, ~9!

wheren5L,M ,N,O and n85N and O are the indices rep-
resenting theL, M , N, andO shells of Ar. We follow the
convention of the indices used in Auger rates, e.g.,GLMM
describes the rate for LMM Auger transitions, i.e., one el
tron drops from the initialM shell to theL shell and another
electron in the sameM shell is ejected~with an analogous
description for the others!. The Auger transition rates neede
to solve the rate equations are extrapolated from known t
sition rates by semiempirical expressions that average
cific shell and subshell populations previously used in R
@12#. The initial populations for the shells are set to t
ground states. The projectile motion is approximated by t
straight-line trajectories with constant velocities obtain
from the experiment. The total flight time~about 1 msec)
used in the simulation is estimated according to the geom
of the experimental setup.

The inelastic energy loss is evaluated by summing up
contributions of different shells in each individual collisio
for the two colliding partners and then adding up the con
butions for all collisions the ion experiences along its traje
tory. An average distancea of a55.5 a.u. for two neighbor-
ing Au atoms along the ion trajectory is used in t
simulation.

In Figs. 2 and 3 we present the time evolution of t
inelastic energy loss and the electron population num

FIG. 2. Time evolution of the inelastic energy loss of Ar91 ion
during interaction with Au atoms on the surface (c55°, u575°)
as predicted by a modified Firsov model including electron captu
recapture, and Auger transitions.
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variation simulated for 4-keV Ar91 on Au with c55°, u
575°. For clarity, the ion trajectory is also included. Tim
zero is selected at the distance of closest approach to
crystal surface. The fitting parametersGn0

SF used in the simu-
lation were derived from the measured mean outgo
charge state (Q̄50.3360.10). With Q̄50.33 we obtained
Gn0

SF54.131023 (n5M ,N,O), which is close to the value
in Refs. @9,12#. Using this parameter, the model predicts
total inelastic energy loss ofEin558 eV for c55°.

As shown in Fig. 2, the inelastic energy loss increa
steadily when the ion approaches the surface. The contr
tion from the outgoing trajectory is rather small. This is d
to an almost completely deexcited projectile when it reac
the distance of closest approach to the surface as show
Fig. 3. Nearly 95% of the vacancies in the Ar ion are alrea
filled on the incoming way terminating flux of electron de
sity between the ion and target atoms. Therefore, the incr
of inelastic energy loss is stopped on the outgoing traject

The different, shell-specific contributions to the inelas
energy loss along the ion trajectory are also shown in Fig
When the distance to the surface is large (r .5 a.u.!, inelas-
tic energy loss is mainly due to flux to high-n states in the Ar
ion ~e.g., higher than theO and theN shell!. The flattening
after the rapid increase in the inelastic energy loss~see Fig.
2! can be directly correlated to the fast filling and recapt
in high-n states. One can see that the recapture proce
very important because it opens the possibility for flux in
inner shells of the ion during the close interactions. The c

FIG. 3. Time evolution of theK-, L-, M -, N-, and O-shell
electron population numbers for Ar91 scattered from a Au~111!
surface withc55° andu575° ~lower part!. The corresponding ion
trajectory is shown in the upper part.
he
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tributions of outer shells~e.g., theO and N shells! to the
inelastic energy loss are rather small~around 1 eV!. This is
due to a weak overlap of wave functions between the ion
Au atoms because of the large impact parameters. Signifi
contributions to inelastic energy loss from flux to inner she
occur at close interactions (r ,5 a.u.!.

V. DISCUSSION

Figure 4 shows the measured energy loss as a functio
outgoing charge states for both incident angles ofc55°
~circles! and c537.5° ~triangles! together with the calcu-
lated energy lossEtotal as a full line and dashed line, respe
tively. This plot shows again clearly the different ener
losses for different incident angles at the same scatte
angle ofu575°. One can see that the simulation results
in fair agreement with the experimental data for the lar
incident angle of 37.5°. The model predicts an energy l
that is only slightly lower than that obtained from the expe
ment~see also values in Table I!. If we neglect a dependenc
on the outgoing charge state, the predicted average en
loss of Etotal51044 eV agrees with the experimental me
value of 1048.860.8 eV.

In the case of a small incident angle ofc55° good ab-
solute agreement is obtained only forQ511. An increasing
discrepancy between the experimental data and the m
simulation is found for increasing outgoing charge stat
The energy loss calculated by the model can not reprod
the experimental results of a decreasing energy loss w
increasingQ. This has to be due to a simplification in th
model. A disregard of the plasmon excitation, howev

FIG. 4. Energy loss of Ar ions scattered by an angle ofu
575° from a Au~111! surface plotted as a function of the outgoin
charge stateQ. The data for two different incident anglesc55°
~dots! and 37.5° ~triangles! are compared to the energy loss o
tained from the model simulation represented by the solid line
dotted line, respectively.
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cannot be used to explain this discrepancy. Plasmon ex
tion results in an increase of inelastic energy loss with
coming and outgoing charge states. Since the experime
value of energy loss is already lower than that calculated
the model a strong contribution of plasmon excitation wo
increase the discrepancy.

It is clear that the simplifications of the neutralization pr
cess in the model cannot give an inelastic energy loss de
dent on the outgoing charge state. First, the present m
treats the neutralization with average population number
the shells. In order to study quantitatively the behavior ofEin
with different Q, an individual shell-dependent populatio
should be taken into consideration. Second, in the pre
model we simplify the ion trajectories by straight lines d
termined only by the large-angle single scattering event.
small-angle scattering events and therefore also the en
loss are much more dependent on the degree of neutra
tion because of the variation in the screening and con
quently the interaction potential. The trajectories vary
cording to the degree of neutralization and therefore a
Ein . It is, however, still an open question where the outgo
charge state is determined: by a statistical process on
outgoing trajectory or by different scattering trajectories. T
variation of the energy loss with the outgoing charge sta
Q favors quite clearly the latter one.
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VI. CONCLUSION

The angle and outgoing charge-state-dependent en
loss of 4-keV Ar91 ions interacting with the Au~111! surface
was investigated. Our investigation has shown a numbe
interesting features. First, inelastic energy loss has b
found for large-angle scattering, which can be correlated
neutralization processes and availability of inner-shell vac
cies during a close interaction. Second, the simulations
inelastic energy loss process using the modified Fir
model by including the processes of electron capture, rec
ture, and Auger transitions are in good agreement with
experimental results, which reveals that energy loss
strongly dependent on neutralization processes when ions
proach and scatter from the surface. Third, a variation of
inelastic energy loss with the outgoing charge state of
scattered ions is found. This suggests that the outgo
charge state is determined already on the incoming par
the scattering trajectory.
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