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Energy loss in large-angle scattering of slow, highly charged Ar ions from a Au surface
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Energy loss of slow ~0.06 a.u), highly charged A¥" ions scattered from a Ali11) single-crystal
surface has been investigated for different incident angles§° 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 ang|8°) 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 interactiongS1050-2947®8)09609-7

PACS numbdss): 34.50.Dy, 79.20.Rf

[. INTRODUCTION creasing velocities. Another finding in these studies is a
weak influence of the initial charge state of the projectile on
The interaction of slow, highly charged iondCls) with ~ the energy los$16,17. This is interpreted by a full neutral-
solid surfaces has been extensively studied in the past feigation of the projectile on the incoming trajectory to the
years [1]. Information on HCl-surface interactions was Surfacel16l.

mainly obtained by measuring the emitted electrfhs3)] In the present experiment we found measurable inelastic
and x rayg1,4,5. Some measurements of the angular distri.ENeray loss also for I_arge scattering angles when the qugnt
P angle was small. This was the case even for very low inci-

butions and the final charge-state distributions of the scaigent yelocities. We studied also the relationship between the
tered ions in small angld$—11] and in large anglefl2,13  gegree of neutralization, i.e., the final charge state and the
were done. Information on HCI-surface interactions may alsenergy loss when the HCls scatter from the surface. By vary-
be obtained from the energy loss occurring in transmissioling incident angle and analyzing the energy loss of the scat-
[14,15 and scattering of ion$16,17. Since energy loss, tered ions accurately we can decompose the contributions of
especially inelastic energy loss, depends mainly on the prdhe energy loss from different mechanisms such as single
cesses of electron capture and recapture, electron excitatiopinary scattering, double binary scattering and inelastic pro-
and surface and bulk plasmon excitation, the measurement 6SS€S. The experimental results will be quantitatively inter-

energy loss can therefore provide additional information orPréted by combining the modified Firsov model with a model
the neutralization during the HCl-surface interaction. calculation that takes into account the processes of electron

: capture, recapture, and Auger transitions. This shows in the
The measurements of energy loss of HCI _prowdg, hOWcase of a small incident and large exit angle that the inelastic
ever, only integral information on the whole interaction of

th iactile al its traiect ith at th tace ENEray loss mainly stems from the incoming trajectory of the
€ projectiie along I1s trajéctory with atoms on € Surfaceq, The interaction time gets short and therefore the inelas-

The situation gets somewhat clearer for large-angle scattefic gnergy loss small when the ion leaves the surface at large
ing, since the ion is scattered by one or two atoms on thengje |n particular, we found that the inelastic energy loss of
surface[12,13 and the energy loss is almost exclusively duetne scattered ions can be mainly ascribed to the contributions
to kinematics and almost independent of charge-exchangst the valence electrons of atoms in highstates and the
processe$18]. In the case when the ion approaches the surinner-shell populations of the ion, which are strongly depen-
face at a small angle, it is scattered by many atoms on thgent on the neutralization processes during the ion-surface
surface in more distant interactions. Electron flux from thejnteractions. Atomic units are used throughout in this paper,
atoms in the solid and the valence and conduction bandsnless otherwise specified.

occurs into differenn states of the ion. The friction due to

the acceleration into the ion moving frame can cause mea- Il. EXPERIMENTAL METHOD

surable energy logd 6]. Only a few studies of inelastic en- The experiments were performed using the 14-GHz Elec-

ergy loss of HCIs have been reported in the literature ooy cyclotron Resonance ion source facility at the Hahn-

transmissiori14,19 and scattering16,17. These scattering  jeitner-Institute in Berlin. The ion source provides ions

studies were carried through in grazing-angle geometry angiih energies up to 2pkeV (whereq is the charge state of

it was demonstrated that the inelastic energy loss of scattergfle extracted ions The beam line is equipped with a decel-

ions disappears with increasing scattering angles and deration lens system. After a charge-state analysis and beam
transportation, the ions were decelerated to final energies of
4 keV (v~0.06 a.u), keeping the experimental setup on the

* Author to whom correspondence should be addressed. Electronground potential. The essential parts of experimental setup
address: Schuch@msi.se for low-energy ion scattering spectroscopy include an ion
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sputter gun, a low-energy electron diffractinEED) sys- 100 o
tem, and a tandem parallel-plate electrostatic anallze}: y=37.5%0=75" Q=1+
The analyzer can be rotated ©135° with respect to the )
primary beam direction and it can also be adopted to perforrr
the high-resolution Auger spectroscopy. A more detailed de-
scription of the system can be found elsewh@@]. 102
The Au11l) single crystal was mounted on &ry-z-i-¢
manipulator located in the ultrahigh vacuum chamber with a 19+
base pressure of %610 % mbar. The crystal quality was
controlled by a LEED system. The crystal surface was pre-
pared by repeating cycles of sputtering and annealing. Thez
cleanliness was verified by means of electron-induced Auger;
spectroscopy. The surface remained clean during the mee§ 10° g——
surement due to the high incident ion current, typically 100 g
nA. The beam current measured on the target was taken fos
on-line normalization. 10% 5
The AP* beam was collimated to a diameter of about 2 ]
mm and was directed onto the crystal surface with incident 1
anglesy=5° and 37.5°. The crystal was aligned in a planar 10° 4
channeling direction with respect to the @11 crystallo- : / ‘
graphic plane. The primary beam energy was calibrated by ST
directly passing the primary beam through the analyzer. The = 10* 3 M TN, WINL i
variation of the primary beam energy caused by the instabil- ] !
ity of the source plasma is less than a few eV. A systematic B
error in the energy calibration should be of the same order.  10° == == =" ==
For the measured energy loss this error plays a minor role. Ir £V
the plots and tables statistical error bars are given. The azi-
muthal orientation was determined by measuring the yield of FIG. 1. Energy spectra of 4-keV AF ions scattered from a
scattered ions as a function of the azimuthal anfjleéScat-  Au(111) surface with incident angles af=37.5° (top diagram,
tered particles were detected at an angl@ef75°. #=5° (bottom diagrany and the scattering angle 6t=75°. E and
The acceptance angle of the analyzer was about 1° and @ denote the energy and final charge states of scattered ions, re-
had an overall energy resolution of about 50~ 2. In order spectively E, andE,;, are the primary beam energy and the energy
to ensure high-resolution measurements, a set of high-qualilg the scattered ions calculated by kinematics assuming single
power supplies with mV accuracy were used for the ana’ r-Au coII|S|on§ (marked by arrows respectlvely. The_ solid lines
lyzer. The energy width of scattered particles due to the ﬁmtéepresgnt the fits to the data by Gaussians and the inset shows the
acceptance angle is small compared to the overall resolutioJ°te"ng geometry.

The ions selected by the analyzer were detected by means ghergy spectra for each outgoing charge states consists of a
a channeltron detector. Another channeltron detector was P@wo-peak structures: a main peak and a quite well resolved
S|t|o_ned at the back of the analyzer to measure the neutrglyg| peak or a shoulder at higher energies side. One finds
particles that passed through a hole on the outer plate of thgat the main peak in the spectra is very well aligned with the
analyzer. Eyin mark. This indicates that the energy loss can be pre-
dominately attributed to the momentum transfer between the
Il. RESULTS ion and a single Au atom on the surface. According to a
Marlowe simulation of scattering trajectorig®l], the peak
Figure 1 shows six typical kinetic-energy spectra obtainedht higher energy can be ascribed by two sequential binary
from a primary beam of A" incident aty=37.5° and 5°,  collisions at two neighboring Au atoms with scattering
scattered into the same detection angledef75° (inset of  anglesd, + #,=75°, e.g., a sequence of two collisions with
Fig. 1). The spectra witlQ=+1, +2, and+3 correspond to 9, =18° and#,=57° in the case ofy=25°.
Ar ions leaving the surface in single, double, and triple ion-  |n order to extract some detailed information from Fig. 1,
ized states, respectively. They are transformed into the sameleast-squares fitting procedure is carried through to decon-
energy scale by multiplying the spectrometer voltage withvolute the spectra. Here it is assumed that the spectra can be
the spectrometer constant a@d Particularly fory=5° the  deconvoluted into three main contributions: single collisions,
spectra for highe® have a background on their high energy- double collisions, and noise background. The spectral distri-
side from the low-energy tail of th@ — 1 spectrum, due to a bution of scattered ions is assumed to be a superposition of
large variation of the intensities. Gaussians. A constant background is used in the fitting pro-
The arrows marked bE,;, indicate the calculated kinetic cedure. The quality of the fitting curves are evaluated by the
energies by assuming a single binary Ar-Au collisidor-  so-calledy? test, i.e., searching fog?~1. The fitting curves
mula(2) in Sec. IV], while the arrow markeé, denotes the are included in Fig. ¥solid lineg to compare with the ob-
primary beam energy. In the cases of large incident angleerved data. The fitting parameters are summarized in Table
=37.5° (see the upper diagram in Fig). 4 relative yield of | and they will be discussed in the forthcoming sections. The
neutralization was found to be around 65%. The kinetic-error bars given are due to statistics.
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TABLE I. Fitting results for the scattered &F ions as shown perience along their trajectory can be decomposed into three
in Fig. 1, whereE; andE; represent the energetic positions of the major contributions, i.e.,
peaks for single and double scatterings, respectively. Herd&the
loss is equal t&Ey— E; (whereE, is the primary beam energy Eiotai= Ec1+ Ein— Eim » (1)

Q E; (eV) E, (eV) X E loss(eV) whereE,, stands for elastic energy lods;, inelastic energy
loss, andE;,,, the image charge energy gain.

For scattering, the interaction tim&t is typically At
~b/v (b being the impact parameter, e.g5=1 a.u. at the
distance of closest approgchThus At is on the order of
femtoseconds, which is much shorter than the vibration time
(picosecondsof the target atoms. The transfer of energy to

$=5°, §=75° the target atom thus is much larger than the binding energy
1+ 2880.4c1.2  3002.351 09 1119612 of the atoms to the crystal lattice. The Au target atoms be-
2+ 2895.9-14 31357197 1.1 1104.t14 have as if they were free. Here the elastic energy Egss
3+ 2902.0:3.7  3356.200 11  1098.637 described by the kinetic enerdsyi, assuming a single bi-
nary ion-atom collisionE,, can therefore be expressed by
the formula[22]

Y=375°, 9="75°
1+ 2051.4-0.4 3265526 3.3  1048.60.4
2+ 2954.7-0.3  3272.81.8 3.4  1045.30.3
3+ 2047.4-0.6  3261.6:2.6 1.4  1052.60.6

For a y=5° incident angle(see the bottom diagram in
Fig. 1), a higher degree of neutralizatigaround 90% was + J(2_airZay )2
observed. The decreasing fraction of charged, scattered par- Exin=Eo c0s 0= V(p”~sirro) ,
ticles relative to the neutralized particles is not very surpris-
ing as a decreasing incident angle increases the interaction
time and the number of close interactions that may lead to Eei=Eo— Exin. 2
more efficient neutralization when the ion approaches the i o L
surface. At a close inspection one finds two interesting phe/Nereé Eo is the initial energy of the projectilen
nomena: first, the main peak is at a lower energetic position- ™/Mp (M, and m; are the mass of the projectile and
than that calculated by kinematics of single binary scattering@'9et atom The choice of the minus sign in E(R) holds
(see the mark in Fig.)land second, the double-scattering Oy for my>m;, whereas form,<m; only the plus sign
peak is not as well resolved as at larger incidence angles arfg2y be applied. In the present studies, one gefs- 1050
almost disappears. The first point indicates that an addition&V _for the detection angle af=75° using expressio(®).
energy loss due to inelastic processes may be involved. It s The amount of the image-charge energy gajp in ex-
very likely that the Ar ions observed at=5° and §=75° pression(1) is directly related to the degree of neutralization
stem from collisions at surface steps or other surface impei@nd to the distances where electron capture od@8s25.
fections. We considered then the possibility that the energy? the present study, the energy géip, for different outgo-
shift of the single collision peak is due to projectiles that!Nd charge state is evaluated by the classical over-barrier
have partially penetrated the surface at such step edges pgBodel [24] assuming a staircaselike charge-state evolution
fore being scattered. However, these would experience §0m g to Q:
largely varying additional inelastic energy loss from different ,  q-(14Q) )
penetration depths. The peaks @t=5° would thus be a- . 3 (-1 1 1

1+u

smeared out. They would be considerably broader than the Eim(Q)= 4d, 4 \dj djiq)
peaks aty=37.5°, which is not the case. This was therefore
excluded as an obvious reason for the additional energy shift 2(q—j+1)

and we assume the Ar ions gt=5° scatter at single Au dj~
atoms like in the case af=37.5° but have different trajec-
tories relative to the surface that are treated below. . . o : .

To the second point of a vanishing doubIe—scatteringWhere d; is the distance Where stgpin the_stalrcasellke
peak, we found in previous investigatiof&l] that the yield chargg transfer takes pladd.is thg work function of Au. An .
and the energetic position of a double collision can chang volution of the charge state via a cqmplete neutralization
drastically, depending on the scattering trajectories and cry: ack 10Q WOL;Idhno_t changeEim(Q) ”‘;}“C?‘b'% | d
tal orientation. The intensity of the double-scattering peakh Bec%use 0 the m(;e(ljge alttraCt'gTjt eéon IS acce erated on
was strongest in channeling direction. Scattering at large oufh€ Incident path and decelerated by a decreasing amount on
going angles and small incoming angles could occur prethe outgoing path,.dependlng.on the degree of neutralization.

The gain in velocity perpendicular to the surface leads to a

dominantly at dislocations or steps in the surface. Doubleb di £ . ds th » d Its |
scattering could thus be reduced at small incidence angles2€NdiNg ot 1on trajectory towards the surface and results in

an increased effective scattering anf2é] 6+ A 6;,,

W @

IV. MODEL CALCULATIONS 1/2
Afn=sin"?

¢ 4

E.
. o Sirfy+——
In order to give further insight into the energy loss of Eo
HCls at surfaces and to give a quantitative interpretation of
experimental results a model simulation was carried out. Th&ince elastic energy lo$s,; depends on the scattering angle

model assumes that the total energy lgs, that ions ex- 6 [see expressiof2)] it has to be corrected as well by re-
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TABLE Il. Energy loss calculated in terms of elastic energy IBss, the corrected elastic energy loss
EZ . the image change energy gdif,,, the inelastic energy loss;, (see the tejt and E,y5= E5 + Ei,

"y .
Q Eel (8V) Ed (eV) Eim (€V) Ein (€V) Eiotal (8V)
$=37.5°, 9=T75°
1+ 1050 1058 27 13 1044
2+ 1050 1058 27 13 1044
3+ 1050 1058 26 13 1045
$y=5°, 6=T75°
1+ 1050 1089 27 58 1120
2+ 1050 1088 27 58 1119
3+ 1050 1088 26 58 1120

placing 6 with 6+A6;,. One gets the increased effective =2r{[Z./(wyj)n] is the argument for the integré), (7, ;)

scattering angled 6;,,~1.85° for ¢4y=5° andA6;,,~0.39° andr; is a parameter and has to be determined later.

for y=37.5°, respectively. For small impact parametersp/n,;=1), the integral
In Table Il we summarize the calculated energy loss inl,(7,;) in Eq. (5) can be reduced to

terms of elastic energy lods,,, the corrected elastic energy

lossEZ, by taking into account the increased effective scat- 1 pPt3R L,

tering angle, the image-charge energy daig, the inelastic Ln,i(7n,i) 222 T(p+2) e — (6)

energy los<E;,, and the total energy logs,,;, . To calcu-

late the inelastic energy loss,, different models have been

employed in the literaturésee[1,16]). HereE;, is calculated

based on the modified Firsov modegl7]. The model has orbital [29]. In the case of large impact parameteps

been used quite successfully by Winegiial. [16] to ex- ; \
- ) X . < 1) the integral can be expressed as an exponentially de-
plain inelastic energy loss observed in grazing-angle scatter-

ing of Ar%" on graphite. We extend the modified Firsov caying function

wherel'(p+2) is the Gamma functiorp=2n* — 1, andn*
is the effective principal quantum number given by the Slater

model by taking into account the neutralization processes 3
when ions approach and scatter from the surface. The model Lo i(70)= [Z e mil 1+ P ] 7
for neutralizatior[ 12,13 includes processes of electron cap- ’ ’ i 270,

ture into Ar inner shellsi{=3), recapture to the surface, and
Auger transitions during the ion-surface interaction. A con- In order to describe the electron flux that causes inelastic
tribution from the excitation of surface and bulk plasmons toenergy loss, a dividing surfacs is used in the modified
the energy loss is neglected here. Firsov model. The surfac8 intersects the internuclear axis
In the modified Firsov theory, inelastic energy loss is de-of two colliding partners where the electron density has a
termined for collisions with every individual atom at a given minimum. In other wordsS separates the potential attraction
impact parameter and for the population of the differentfrom the two colliding partners. It is assumed that an electron
shells in the colliding partners. The model utilizes thewill lose temporarily its initial momentum and acquire a new
Hartree-Fock-Slater approximati§@8] to evaluate the elec- momentum centered around the velocity of the other particle
tronic potential and to determine the contributions to the enwhen it passes throug®. In such a way, the ion loses en-
ergy loss from different shells. The energy loss due to ergy. The ratior/r; in Eq. (5) is used to characterize the
particular shell with the principal quantum numbecan be fraction ofr between the target atom aSdand between the
analytically expressed 487] ion andS (wherer, the distance of the ion to the surface
atom, is assumed equal to the impact parametédre values
. of r; (i=1 and 3 are determined by the relatiof30]
Eni=7Mv —wn iUnilni( 7ni), 5
n,i Uri n,iln,i n,|(77n,|) ( ) Zg/fzfl{dl[Hl(erlldl—l)+1]+Hler1/d1I’1}

o . X dor % Hy(e"2/92— 1) 4 1152
where the indices=1 and 2 represent the Ar ion and Au 22" THal J+1]

atom, respectivelym is the electron massy,, ; is the popu- :zg/fzfz{dz[Hz(erz/dz_1)4r 1]

lation in different shells for two colliding partners, ang;

=Zq1(wn i)/ is the average electron velocity of the shell. +H,e'2/%r hdyr Y Hy (et — 1)+ 177,
Zet1(wp i) is the effective nuclear charge depending on the

populations in different shells, which is determined by Slater r=ri+ry, 8

rules as shown in various handbooks, e.g., in Raf].
Ihi(7ni) is an integral depending on the overlap of wavewhereZ.¢;; andZ¢s, are the effective nuclear charges for
functions for the shells under considerationy, ; the Ar ion and Au atom, respectivelyH,=2.677, d,
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=0.862,H,=3.753, andl,=0.657 can be found in R€i28] 107 5
describing the potential of two colliding partners. ] — =
It has been pointed out by several auth@%,32 that the 1 O shell (Au) /
physical state of the target atom does not have a perceptibl ] 3
effect on energy loss. Within the framework of this model, 19" 3
we assume that the change of populations in different shells
of the target atom is negligible. The populations in the Au
atom are therefore set to the ground state and do not vars ;
during the interaction. For the Ar ion, the time evolution of 3 % 3 / :
the populations of different shells is described by a neutral-; ] J / /
ization model[12,13 mentioned below. Here only a short 1
overview of the model is given. ;
It is assumed that the major process responsible for th
neutralization is electron capture into M, N, andO shells
during the approach to the surface. The capture process i
known as ‘“side feeding’[24,25,33,34 The capture rates
I'sF (n=M,N,O) are described by a function that exponen-
tially decays with the distance to the surfd®@. The direct
capture into the. shell is excluded in the simulatiof.e.,
I'tF=0) due to the large energy level mismat@f, e.g., 10% 41— SR A5 SR () S
about 160 eV between®of Ar and 4f of Au). The capture 45 30 A5 0.0 15
rates contain three fitting parametdtrs) for theM, N, and £ (10™ sec)
O shells. These parameters are determined by the compari-
son of the mean outgoing charge st@téetween the experi- FIG. 2. Time evolution of the inelastic energy loss of Arion
ments and simulations. The electron capture into higher during interaction with Au atoms on the surfacg=<5°, §=75°)
states is represented by teshell. The contribution of high- 25 predicted by a modified F!rsov model including electron capture,
n states to neutralization is small due to the fact that Augef€capture, and Auger transitions.
cascades are rather slow, typically in the ¥8sec time do (1)
scale for each stef85,36]. WL\ sF
During the appir%ach to the surface, the potential barrier dt P+ ot Font Fivo+ Funnt Fuvo
between the ion and surface drops. The inner-shell levels of
Ar below the conduction band are shifted upward due to the
image interaction. Electrons fromN and higher shells are o g =
lost into the conduction band of the solid or into empty states '
above the Fermi edge. For simplicity, we describe the elec- wy (1)=0, (9)
tron loss by completely depleting the shells when the dis-
tancer between the incoming ion and the crystal surface getyvheren=L,M,N,O andn’=N andO are the indices rep-
smaller than the shell raditR,. Coster-Kronig transitions resenting thel, M, N, andO shells of Ar. We follow the
within the subshells are not included. Furthermore, sincgonvention of the indices used in Auger rates, elgww
transition probabilities for radiative deexcitation are at leasdescribes the rate for LMM Auger transitions, i.e., one elec-
two orders of magnitude smaller than those of Auger protron drops from the initiaM shell to theL shell and another
cesses, the radiative deexcitation is omitted in the preserlectron in the samé! shell is ejectedwith an analogous
model. description for the otheysThe Auger transition rates needed
The time-dependent populations,(t) in different shells to solve the rate equations are extrapolated from known tran-
for Ar ions are obtained by numerically solving the rate sition rates by semiempirical expressions that average spe-
equations along the ion trajectof¥2]. For R,<r, cific shell and subshell populations previously used in Ref.
[12]. The initial populations for the shells are set to the
dwg(t) SF ground states. The projectile motion is approximated by two
gt 1o ~Timo~T'ino~Tmno~ 200~ 2 Moo straight-line trajectories with constant velocities obtained
from the experiment. The total flight tim@bout 1 wsec)
—2I'voos used in the simulation is estimated according to the geometry
of the experimental setup.
dwy(t) SE The inelastic energy loss is evaluated by summing up the
gt N tEnvoo Fumn =20 ian=Tinvo =2 unn contributions of different shells in each individual collision
for the two colliding partners and then adding up the contri-
—T'mnos butions for all collisions the ion experiences along its trajec-
tory. An average distance of a=5.5 a.u. for two neighbor-
dwy(t) oF ing Au atoms along the ion trajectory is used in the
dt =I'w +unnt Funot Tvmoo— 20 Lum—'imn simulation.
In Figs. 2 and 3 we present the time evolution of the
—T'mos inelastic energy loss and the electron population number

L shell (Ar)

M shell (Ar)

N shell (Ar)

O shell (Ar)

N shell (Au)

stic energy

10-1 -

Inla

K shell (Ar)
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O shell i N0 shell =75° from a AW111) surface plotted as a function of the outgoin
0 En p going

T charge stat&). The data for two different incident angles=5°
45 -3.0 15 0.0 1.5 (dotg and 37.5°(triangles are compared to the energy loss ob-
£ (10™ sec) tained from the model simulation represented by the solid line and

) . dotted line, respectively.
FIG. 3. Time evolution of the&K-, L-, M-, N-, and O-shell

electron population numbers for Ar scattered from a A@11)
surface withyy=5° andf=75° (lower par}. The corresponding ion
trajectory is shown in the upper part.

tributions of outer shellge.g., theO and N shellg to the
inelastic energy loss are rather sm@tound 1 eV. This is
due to a weak overlap of wave functions between the ion and
Au atoms because of the large impact parameters. Significant

. . N . e
\ia;'gf'og S|m|ulz?1ttedtr:‘or_ 4—kte\/_ '&; on Aul W't.h l’Iijsd, _I‘? contributions to inelastic energy loss from flux to inner shells
=75°. For clarity, the ion trajectory is also included. Time J...\- ot close interactions €5 a.u).

zero is selected at the distance of closest approach to the
crystal surface. The fitting parametd?ﬁc',: used in the simu-
lation were derived from the measured mean outgoing V. DISCUSSION

charge state @=0.33+0.10). With Q=0.33 we obtained

I'>f=4.1x10"% (n=M,N,O), which is close to the values Figure 4 shows the measured energy loss as a function of
in Refs.[9,12]. Using this parameter, the model predicts aoutgoing charge states for both incident anglesyef5°

total inelastic energy loss d;,=58 eV for ¢y=5°. (circles and =237.5° (triangles together with the calcu-

As shown in Fig. 2, the inelastic energy loss increasesated energy l0sE;y, as a full line and dashed line, respec-
steadily when the ion approaches the surface. The contribdively. This plot shows again clearly the different energy
tion from the outgoing trajectory is rather small. This is duelosses for different incident angles at the same scattering
to an almost completely deexcited projectile when it reacheangle of#=75°. One can see that the simulation results are
the distance of closest approach to the surface as shown in fair agreement with the experimental data for the large
Fig. 3. Nearly 95% of the vacancies in the Ar ion are alreadyincident angle of 37.5°. The model predicts an energy loss
filled on the incoming way terminating flux of electron den- that is only slightly lower than that obtained from the experi-
sity between the ion and target atoms. Therefore, the increaseent(see also values in Tablg If we neglect a dependence
of inelastic energy loss is stopped on the outgoing trajectoryon the outgoing charge state, the predicted average energy

The different, shell-specific contributions to the inelasticloss of E;y,= 1044 eV agrees with the experimental mean
energy loss along the ion trajectory are also shown in Fig. 2value of 1048.8 0.8 eV.

When the distance to the surface is large-6 a.u), inelas- In the case of a small incident angle ¢&=5° good ab-

tic energy loss is mainly due to flux to highstates in the Ar  solute agreement is obtained only f@e=1+. An increasing

ion (e.g., higher than th® and theN shel). The flattening discrepancy between the experimental data and the model
after the rapid increase in the inelastic energy @& Fig. simulation is found for increasing outgoing charge states.
2) can be directly correlated to the fast filling and recaptureThe energy loss calculated by the model can not reproduce
in highn states. One can see that the recapture process ke experimental results of a decreasing energy loss with
very important because it opens the possibility for flux intoincreasingQ. This has to be due to a simplification in the
inner shells of the ion during the close interactions. The conmodel. A disregard of the plasmon excitation, however,
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cannot be used to explain this discrepancy. Plasmon excita- VI. CONCLUSION
tion results in an increase of inelastic energy loss with in-

coming and outgoing charge states. Since the experimental . - : ;
value of energy loss is already lower than that calculated b? ss of 4-keV AP " ions interacting with the ALL1Y) surface

the model a strong contribution of plasmon excitation would. as mv_estlgated. Our Investigation has shown a number of
increase the discrepancy. interesting features. First, inelastic energy loss has been

It is clear that the simplifications of the neutralization pro- found for large-angle scattering, which can be correlated to

cess in the model cannot give an inelastic energy loss depeﬁ.—ee l;trgﬂfi?]tlog %ﬁg‘;isfnizgégsxagae%g? dOftlr?Qesri_riE?alllti\(/)?\(;ag}
dent on the outgoing charge state. First, the present modg|elastic egner loss rocess. usin tr,1e modified Firsov
treats the neutralization with average population numbers i 9y P 9

the shells. In order to study quantitatively the behavioEgf model by including th? processes of electron capture, recap-
. ) S . ture, and Auger transitions are in good agreement with the
with different Q, an individual shell-dependent population

should be taken into consideration. Second, in the preser(la&xpenmental results, which reveals that energy loss is

model we simplify the ion trajectories by straight lines de.> rongly dependent on neutralization processes when ions ap-

; . ; roach and scatter from the surface. Third, a variation of the
termined only by the large-angle single scattering event. Th%elastic energy loss with the outgoing charge state of the

small-angle scattering events and therefore also the enerqy - iered ions is found. This suggests that the outgoing
loss are much more dependent on the degree of neutraliza;

) PR ; Charge state is determined already on the incoming part of
tion because of the variation in the screening and conse; ) .
; . , ; : he scattering trajectory.
quently the interaction potential. The trajectories vary ac-
cording to the degree of neutralization and therefore also
E;, . Itis, however, still an open question where the outgoing
charge state is determined: by a statistical process on the We would like to thank L. Hgg for many helpful discus-
outgoing trajectory or by different scattering trajectories. Thesions. This research was supported by the Human Capital
variation of the energy loss with the outgoing charge stateand Mobility Program under Contract No. CHRT-CT93-
Q favors quite clearly the latter one. 0103.

The angle and outgoing charge-state-dependent energy
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