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Strong shell effects in the scattering of slow highly charged Ar ions from a A(L11) surface
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Slow (Ey,=4 keV) highly charged AY" (6<qg=13) ions were incident at 25° on a ALl1) single crystal
surface. The ions scattered at an angle of 75° were analyzed in energy and charge state. When electrons are
removed from the_-shell (q=9) of the incoming Ar ion the yield of multiply charged scattered iQM<SI)
increases by about 3 orders of magnitude. The yield of MCSI increases monotonously with an increasing
number of initialL-shell vacancies. The experimental results are compared with and interpreted by a model
calculation including a side-feeding process into Ar inner shells, recapture to the surface and Auger transitions
after the ion-surface interactiof§1050-294{®7)00611-2

PACS numbeps): 34.50.Dy, 79.20.Rf

The process of neutralization of highly charged ionsgoing charge stateg=2 increases by almost 3 orders of
(HCls) at solid surfaces has been of considerable interest imagnitude when the Ar ions carry initial-shell vacancies.
recent years. Most of the studies were performed measuringhis result will be explained quantatively by a cascade
the emitted electrons and x rajy§. The unique phenomenon model involving electron capture and loss and Auger pro-
that arises from these investigations is the so-called “hollowcesses above the crystal lattice. Dealing with single colli-
atom” [2—4]. Charge transfer starts at relatively large dis-sions avoids the difficulty in the description of neutralization
tances [5] from the metallic surface atd.(a.u.) in small-angle scattering that the particle undergoes several
~29/W (a.u.), when the potential barrier decreases belovglose collisions(~30 [7]) with surface atoms, with varying
the value of the work functioW, into high n levels of impact parameter and distance of closest approach. It is
n~gq/\2W(a.u.) (Ar®" on Au: d;=22 a.u.,n=15). Auger found that in single collisions the direct inner-shell filling is
cascades allow inner levels of the “hollow atom” to be filled Not strong enough, and the interaction time is not sufficient,
if it spends a long time at the surface. These cascades cdar inner-shell vacancies of the ions to be completely filled.
also lead to charged ions scattered from the surface. In this case shell effects appear very pronounced.

Only a few measurements of charge state fractions of The experiments were performed using the 14-GHz elec-
scattered HCIs from metal or quasimetallic surfaces are relfon cyclotron resonancéECR) ion source facility at the
ported in the literaturg6—9]. In these measurements an al- Hahn-Meitner-Institut in Berlin. Multiply charged Af ions
most complete neutralization of the scattered ions was found6<q=<13) of energy 1Q keV were extracted from the
A small fraction of a few percent emerges at small scattering=CR ion source and then decelerated to 4 ke (.06 a.u.)
angles from the surface as charged particles. On top of thaif) front of the target. The incident ion beam was collimated
only a weak increas@up to factor of 2 of the yield of mul-  to a diameter of about 2 mm. The beam current measured on
tiply charged scattered ions is seen in these studies when &he target was 130 nA for Af and was taken for on-line
inner shell in the incoming ion is not completely filled. From normalization. The ions hit a clean ALl single-crystal
the observation of the almost complete neutralization angurface atyy=25° incidence angle; and scattered ions were
this weak increase of charge state fractions it is concludedetected at a scattering angle 6&75°. The target was
that, within typically 30 fs surface interaction time and manymounted on arx-y-z--¢ manipulator located in an UHV
collisions with surface atoms, the inner-shell vacancies havehamber with a base pressure ot 30~ ° mbar. The crystal
been efficiently filled. was surface sputter cleaned with ar’Abeam. The surface

A motivation for the present investigation was thereforecleanliness was verified by means of electron-induced Auger
to study neutralization when highly charged ions scatter fronmspectroscopy. The surface remained clean during the mea-
a single surface atom. In order to make our results compasurement due to the high incident ion current. It should be
rable with those for small-angle scattering, we decreased theoted that the surface quality is not of the same importance
incident velocity so that the interaction time, i.e., the time thein these measurements as in the aforementioned grazing in-
ion spends inside a distanak, is of the same order of cidence studies, as the interaction is localized to one or two
magnitude as in small-angle scattering experiments. By sesurface atoms. The kinetic energy distributions of scattered
lecting large scattering angles and analyzing the energy dbns in a well-defined outgoing charge st&ewere mea-
the scattered ions accurately we can ensure single collisiorsired using a tandem parallel-plate electrostatic analyzer
with surface atoms. [10] with an acceptance angle of about 1°. The overall reso-

In these experiments we find a strong shell effect in muldution of the setup was about 5%. The energy width of scat-
tiply charged scattered iofMCSI) yields. It is observed that tered particles due to the finite acceptance angle is small
the yield of Ar ions leaving the clean Au surface with out- compared to the overall resolution. The crystal orientation
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FIG. 1. Energy spectra of the scattered Ar ions fof Afower
lines and A" (upper line$ incident at 25° on a clean Alill)
surface;q, Q, andE denote initial and final charge states of the
projectiles and the energy of the scattered ions, respectively.

FIG. 2. Yield of scattered Ar ions wittQ=1+ (circles), 2
+ (triangles), 3+(squares), and 4 (diamonds) obtained from 4-
keV Ard* jons incident at 25° on a At11) surface.

with respect to the incident ion beam was determined by In Fig. 2 the scattered ion yields are plotted as a function
measuring the yield of scattered ions as a function of thef the initial charge state. Various features can be noted. The
azimuthal anglep. yield of singly charged scattered ions appears to be constant
Figure 1 shows typical kinetic energy spectra obtainedn this scale. For incident ions with a completely filléd
from primary Af* and AP' ions scattered off a A411l)  shell (q=<8) the yield of MCSl(basically onlyQ=2 is de-
surface along a planar channeling direction with respect téected is about 3 orders of magnitude lower than that of
the Au011) crystallographic plane. The kinetic energy spec-singly charged scattered ions. However, when the incident
trum for each of the outgoing charge states consists of #n carries one or more-shell vacanciesq=9) the yield of
two-peak structure: a main peak and a well-resolved smalleMCSI increases by nearly three orders of magnitude. This
peak at higher energies. The main peak can be energeticalthange is much higher than observed in previous measure-
assigned to Ar ions elastically scattered into the detectiomnents at small or grazing incident ang[€s-9], which show
angle of#=75° in a single collision with a Au atom on the a change of up to a factor of tw@ee discussion abokeA
surface(E; mark in Fig. 2. The peak at higher energy is measurement with At was omitted because of metastable
ascribed to two sequential binary collisions with two differ- states ($°3s 3P, o) in the primary beam. Fay=9 the yield
ent scattering angles with; + 6,=75°. An estimate using increases approximately linearly with increasing number of
scattering kinematics shows that these scattering events le@dtial L-shell vacanciesFig. 2).
to a higher final kinetic energy than the single collision Increasing yields of MCSI with the opening of an inner
events. A Marlowe simulation of scattering trajectoriesshell in the incoming ion is not very surprising as it opens
yields that the main contributions are found at an energyhe possibility of additional Auger cascades. This has already
position indicated byE, in Fig. 1 describing a sequence of been pointed out ifi6] to explain their(rather weak charge
collisions with 6;=18° and#,=57°. We plan to describe state dependence. The astonishing facts are, on the one side,
[11] the effects of scattering trajectories and crystal orientathe strong increase of the yield of MCSI and, on the other
tion, i.e. the two-collision process, the influence of the ex-side, the strong neutralization of the projectile ions. The ma-
tended interaction time and the occurrence of two close injority (about 75% of the scattered particles are neutral. This
teractions on the neutralization of scattered ions. is very high, considering that the projectile scatters at only
For Ar’* incident, mainly ions witrQ=1 were detected. one Au atom on the surface. As pointed out before, in the
At the energy in the spectrum where scattered Ar ions witttlassical over-the-barrier model the transfer of electrons
Q=2 are expected only a small peak was observed. Thetarts at large distances and in higlstates. Auger cascades
inclined background of this peak originates from the low-from these levels are too slow to fill inner-shell holes effec-
energy tail of Ar ions withQ=1. Forq=9, a completely tively, so other processes have to be found. It was seen ex-
different behavior of charge state distributions was observederimentally before that inner-shell filling rates are higher
In contrast to the A¥" measurement, the spectra show athan predicted for Auger cascades from higlstateq 1].
significant increased yield of MCSI with outgoing charge A mechanism has been proposgé@ide-feeding” [12—
states as high @@=4. It was not possible to measu@e=5, 14]) for filling inner-shell holes directly by electron transfer
because the yield was too low. in close encounters of less than a few atomic units. This side
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feeding is needed to describe the high neutralizatoore  Auger transition rated“gl’”z’”3 were derived according to

thgn 90% in grazing_anglg scatterinig—9]. A clear quanti-_ Ref. [18] from Fgl,nz,ngzrsMM/AnSAG' where theL MM
tative explanation with filling rates for the inner shells with A i ii @ LMM be obtained f Ref19
large binding energies, which demonstrates that transition uger r.an5| |or? fate o~ can e_o .ame rom Ref19]
rates are sufficiently fast to yield this high degree of neutral-"’m.dAn is the d|ffe'rence .Of the principal quantum numbers.
ization in small-angle scattering, is still missing. For Iarge-WIth .the he!p of t.h's scaling rule the rate; can be derlyed for
angle scattering at a single Au atom, the integrated probabif—ranSItlons n Wh'CPMEAhe tv'\\mNelec;[lrgns involved are in -the
ity of inner-shell filling could be reduced, which would ex- S@me shelle.g., I'e""=I'g""=I'g ). For those transi-
plain the observed strong shell effects. It should be pointed©NS in which the two participating electrons are not in the
out that the distance of closest approach is with 1.3 a.u. for@Me initial shell, atomic structure calculatlon_s show that the
the grazing angle scattering geomeftiy9] at most a factor ra_te Qecreases by about a fgctor of 3 or 9 if the elect_rons’
of 2 larger than for the large angle geometry of 0.7 F18]. principal quantum numbers differ by one or two, respectively

The corresponding interaction times are of the same order dP-g-’FéMM =3FI6MN a”dréMM = 9F(LJMO)-
magnitude. Near the distance of closest approach electrons from Ar

In order to verify these qualitative arguments we calcu-and higher shells are lost into the conduction band of Au or
lated the change of the outgoing average charge state Hjto empty states above the Fermi edge. For simplicity, we
using a similar side-feeding model as previously employedSsume that this is described by an instantaneous charge
by Winecki et al. [9]. We extended the model by including transfer from Ar ions into Au. The model assumes that
additionally to the filling of the ArM-shell theN andO ~ Ny=0 forn=N,O, if r,=R, wherer,=(n*)/(Zes) andZes
shells, followed by Auger cascades and recapture processedging the effective charge. The projectile motion along the
Since cascades from highstates give a small contribution scattering trajectory is approximated by two straight-line tra-
to inner-shell filling, we assume that the contribution of all jectories with constant velocities. The velocities for incom-
outer shells can be represented by @wshell population. ing and outgoing trajectories are obtained from the initial

The side-feeding ratesl“EF) are described by a function energy of projectiles and the energy of the scattered ions.
exponentially decaying with the distanBeof the ion to the  Energy gain by the image charge accelerafits] (~30 eV)
surface[9]: I'SF=T"3fQ exd —R/(a/2+r,,)], wherea is the  is neglected. The total flight timg@bout 1useg of the ion
distance between two neighboring Au atonas<(5.4 a.u.), along the trajectory is estimated according to the geometry of
and Q is the average charge state of the Ar itQ=18 the experimental setup. For the initial populations the ions
—3N,, N, is the number of electrons in the shejl Arigid ~ are assumed to be in the ground state.
theoretical justification of this formula would be useful in the ~ The model contains three free parameters, describing the
future. We assume here that the A shell is the lowest side-feeding rate§'S; (n=M, N, and O), which were set
shell into which side feeding can occur. The electron bindingequal, as our measurement presently allows only determina-
energies of thevl shell(e.g., 3 or highey is around 20 eV. tion of one free parameter. This value was determined by the
Energy matching between the M shell and levels in the comparison between simulated and experimental valu€s of
Au atoms is quite possible because there are many migh-for Ar%*. Assuming that ions scattered from below the first
states of Au in this region. However, the smallest energy gagtomic surface layer are totally neutralized, the average out-

between the AL -shell (e.g., 2) and atomic levels of Au :
) C o . going charge state for above surface scattehgan be
(e.g., &) amounts to 160 eV. Fast side feeding into this She"derived from the experimental data. We use

is therefore unlikely and was excluded from our model. — . . .
With electrons being transferred inkd, N, andO shells, Q= (1+B)/(1+A), whereA is the fraction of yields of the

cascade processes via autoionization take place. The timgeutral scattered particles to.the charged scatte.red particles
dependent populations, (t) of thenth shell (L,M,N,O) are that can t_)e measured experimentally. The fraction of scat.-
described by rate equations. Since transition probabilities fotered particles below the surface to those above the surface is
radiative deexcitation are at least two orders of magnitud®= 1.8, obtained using the Marlowe cof{E5].
smaller than those of Auger processes, the radiative deexci- The time evolution ofL-, M-, N-, and O-shell popula-
tation is omitted in the present model. tions is shown in Fig. 3 for A and Ar*. One sees a
Since most of the Auger transition rates necessary fosignificant difference of the occupationlofandM shells for
solving the rate equations are unknown, semiempirical exAr’" and Ar'* in the outgoing part of the trajectory. For
pressions for calculating the Auger rates were used. Lineafr’" around 90% of thé/l shell is filled when the ion leaves
scaling weight factors are adopted instead of the quadratithe surface, since the shell is completely filled. Therefore,
factors suggested by Larkif46]. This modification is sup- the Q(Ar’*) can be mainly attributed to autoionization pro-
ported by recent model calculatior[#,17. The Auger cesses into th& shell. For APT, theL shell is not com-

transition rates are thus given byFﬁlanVnB(t) pletely filled when the ions leave the surface. A significant

— T2 N N (O1UNN® _ Followin (jecr_ease of the pop_ulation !n tIh_Aa shell due to autoioniz_a-

0 [ 11X f‘l(. ?] M2V s "2 PWINI ion is seen after an interaction time of 3 fs, corresponding to
the conventional definition of the indices used in Augery gigtance from the surface of 6 a.u. At this large distance,
rates,n,,n,,Nn3 stands for, e.gL.MM. The maximum num-

! . . side feeding of theM shell becomes negligible. Uncom-
b_er of aIIowed.eIectrons in the, s_hell_ ISNn, ,max- A modi- pleted filling of theL shell causes, due oMM Auger pro-
fied step functior®,_ , was applied in order to accommo- cesses, a decrease of theshell population. Therefore the
date the fact that average shell populations were used. THaal charge state increases. The significant difference of the
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10 agreement with the experimental datA@=0.32+0.15).
However, the model overestimat€swhen the incident ion
L shell has moreL-shell vacancies, e.g., faj=13 the calculated
value is Q=2.4 compared to the experimental value of
T T T Q=0.5£0.2. This disagreement may be explained by direct
5 / L-shell filling, which would contradict the above discussed
assumption of supressed Arshell filling due to the large
Mshe"/ : energy difference to the atomic Au levels. A necessity for
4 / direct inner-shell filling has been postulated bef2—-14.
In conclusion, the studies of MCSI arising from single
/ N shell collisions during interaction of 4-keV multiply charged Ar
5 / - . ions with a AY111) surface have shown important features.
First, the selection of a large scattering angle geometry re-
sults in a huge enhancement of the MCSI yield when open-
05 T ! r : ——rm—m—=m——m  iNg an inner shell compared to the grazing angle geometry.
45 -0 08 00 05 10 100 M7 10°  10' Gecond, the striking difference of the shell effect between
Time (10 sec) large and grazing angle collisions can be attributed to the
uncompleted filling ofL-shell vacancies during the ion-
FIG. 3. Time evolution oL-, M-, N-, andO-shell populations  surface interaction. By solving rate equations for the neutral-
calculated from the cascade model for 4-keVPAtfull lines) and  ization of Ar ions in front of the surface, using side feeding,
Ar’* (dashed linesincident at 25° on a A{i11) surface and scat- autojonization, and recapture processes, quantitative inter-
tered at 75°. Th\- and O-shell populations for A" are shown  hretations of the experimental results are given. Discrepan-
only, as they do not differ significantly for AT. cies with data for multiple inner-shell holes are found that

population evolution in. and M shell for A®* and AF* point to additional direct filling of inner-shell vacancies in
gives rise to the strong shell effect. front of the surface.

With Q(Ar’")=0.26 we QOTESZ_ 0.012, which is close We would like to thank S. Datz and L. igg for many
to the value obtained in Ref9]. Using this parameter, the helpful discussions. This research was supported by the Hu-
model results in the difference of the mean outgoing chargenan Capital and Mobility Program under Contract No.
states AQ=Q(Ar**)—Q(Ar’*)=0.47. This is in good CHRT-CT93-0103.
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