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Within a semiclassical model, we investigate the dynamic neutralization and relaxation of Elgw (
<100 eV) multiply charged ions which are reflected on metal surfaces. Special emphasis is devoted to near-
surface interaction mechanisms. Our model includes a Monte Carlo sampling over projectile parameters and
detailed ionic structure calculations of projectile energy levels. In a full trajectory simulation, our results
simultaneouslyomply with measured trends in projectile kinetic energy gains and final charge-state distribu-
tions of the reflected ions as well as total electron yields and spectra. Recently discovered characteristic
features in the electron spectra can be uniquely assigned to distinct above-surface regions of the projectile
trajectory.[S1050-29479)03009-7

PACS numbefs): 34.50.Dy, 34.70+e, 79.20.Rf

[. INTRODUCTION description of the projectile neutralization, the so-called clas-
sical overbarrier modelCOM), became available which is
In slow collisions with complex targets, multiply charged able to reproduce measured image energy gains of the in-
ions (MCI's) capture many electrons into excited states,coming projectiles. Owing to the intricate interaction dynam-
thereby forming unstable, multiply excited projectiles whichics involved, more sophisticated descriptions can presently
are commonly referred to as “hollow ions.” These hollow deal with only selected aspects of the scattering process, and
ions partly relax by emitting Auger electrons and, to aa full gquantum-mechanical treatment of the complete course
smaller extent, photons, and get destroyed in close encouf interaction is still out of reach.
ters with the target. Over the past decade, both the formation The present work employs a refined and extended version
and decay of hollow ions have been a subject of numerougf the COM to simulate projectile energy gains, final charge-
experimental and theoretical investigations. These studiegtate distributions, and the emission of projectile Auger elec-
used a variety of targets, such as large atpmst], clusters ~ rons along a yvhple reflection trajec_tory. In Sec. Il, we de-
[5-8], and meta[9—16] or insulator[17—24 surfaces. Ben- scribe the basic ingredients of our simulation. Based on our

efiting from this comprehensive collection of experimentalﬁndings combined with the recently discovered signatures of

data and theoretical work, the knowledge in this field hagnetastable_electrons in m@Auger spectr§43], an interac-
made rapid progress in the past decp2f. tion model is worked out in Sec. Ill. Section IV presents the

At present, the most important mechanisms of ion neutralgalCUlated results which are compared to different experi-

ization and relaxation have been identified and assigned tments. In Sec. V, the variation of several simulation param-
9ned Qiers is discussed. Finally, in Sec. VI, we summarize our

distinguished interaction zones. Typically, at 20 to 30 atomic ¢ its Throughout this paper, we use atomic uréts
units (a.u) in front of the surface, the potential barrier be- =ﬁ=1.) unless stated otherwi’se €

tween the ion and the target drops below the target Fermi
level, triggering the onset of efficient neutralization via reso-
nant electron capturéRC), which prevails the competing
resonant los$RL) in the inverse direction.

Close to the surface, projectiles are reflected or they pen- Our calculations are based on the “standard” COM for
etrate into the bulk region depending upon the beam energabove-surface charge exchange between incident MCI's and
and its angle of incidence. Several experiments have beametal surfacef9,23]. This model has been refined in the past
designed to investigate processes taking place above and li®y improved screening model$2,44] and adapted to colli-
low the surfacg15,16,26—38 These measurements analyzesions with insulator$22,23. These modified COM versions
emitted-electro10,11 and x-ray yield§34—37, as well as  have been shown to provide good estimates for measurable
the final charge-state distributioh1,38, the projectile en- quantities, e.g., total electron yieldl&5], above- and near-
ergy loss[13,39,4Q, and the angular deflection of the pro- surface Auger emissioh15,16,43, and final charge-state
jectile [18,41,42. distributions[44]. However, this success has been achieved

With the work of Burgddfer et al. [9], a semiclassical mostly by concentrating oone particular observable for a

distinct collision system. In the present simulation, which
focuses on metal surfaces and hyperthermal incident energies
*Corresponding author. Electronic address: thumm@phys.ksu.edt,;;<<100 eV, we will eliminate this severe restriction.

II. OUTLINE OF THE SIMULATION MODEL
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The simulation begins near the first capture distaRgg, its lower binding energy. With increasing occupatibrshell
is continued through the vertex region, and ends when theelaxation viaLLM Coster-Kronig(CK) and LLL super-CK
neutralized MCI has receded so far from the surface thatsCK) transitions becomes energetically possible and pro-
further exchange becomes impossible. For this full trajecceeds by one and two orders of magnitude faster, respec-
tory, a model covering all interaction regions, in particulartively, than other Auger processgk0].
the region near the vertex, is required. However, the validity The so-evaluated vector of asymptotic configuration ener-
of the standard COM becomes questionable when the projegjies e”({a,}) relates to hydrogenic radiir),=n/\[2&7].

tile approaches the first bulk layer to within a few atomic g, e, and(r), decisively affect the course of interaction,
units. On the other hand, mechanisms taking place deep in " ugide

side the bulk electron have been studied in dei4H,46. which is governed by RC, RL, "peeling offPO),

L A feeding (SP,” and “continuum promotion(CP)” of elec-
The lack of a soph|st|_cated priori treatment for the com- trons, and therefore determine the shape of the simulated
plicated near-surface interaction zone has therefore led us

smoothly interpolate between the long-distance and the su Sguger spectra(A detailed discussion of PO, SF, and CP

surface domains. The modeling of this interface region will rocesses wil follow in Sec. 1D 1, 11D 2, and I E below.
prove to be of crucial importance for the outcome of our
simulation. In contrast to previous approaches which consid-
ered only a two-shell projectile and static interaction rates In order to explain particular features in emitted electron
along the MCI path16], the present model, referred to as spectra, such as the sharp and tikyV,, peak and the
“extended dynamical COMEDCOM),” includes all projec- KL,L; shouldef43,33, we have to take a closer look at the
tile levels for the relevant interactions. sequence of projectile autoionization steps on the incoming
As a further extension to the standard COM, we includetrajectory. Vaeck and HansdA9] have shown that typical
detailed atomic structure calculations, a Monte Carlo samlifetimes of hollow N'* ions critically depend on the differ-
pling, and we allow for arbitrary incident angles, covering ence of the quantum numbers between neighboring atomic
normal and grazing incidence. In this manner we are able tghells. As a rule of thumb, Auger processes producing the
explain structures and intensities in autoionization spectrasmallest energies of the free electron possess the fastest rates
such as, e.g., the exclusive occurrence of the so-callefb0]. As a consequence for our simulation, decay channels
KLV peak andKL,L, shoulde43] in the spectra of meta- with the smallest change in the principal quantum number
stable He-like projectiles in (&2s) configurations(Sec. and with no variation in the angular momentum quantum
IVE1 below). Other quantities, such as energy gains anchumberl are favored over channels with largén and Al.
secondary electron yields, which have already been modelefis long as Rydberg levels host the majority of captured elec-
successfully, are monitored to agree with the experimentakons, sCK transitions witAn=0 and CK transitions with
data to a reasonable extgi®ec. IV A and IV C below. An=1 are suppressed because the potential energy gain due
In what follows, we refer tR as the distance of the pro- to the vacancy filling is insufficient to eject an electron above
jectile nucleus perpendicular to the first bulk layerRat 0.  the vacuum threshold.
Values for the jellium edge located gtand the image plane In our original COM progranj23], we had used autoion-
at z;,, are taken from Refl47]. The distinction between the ization rates that were obtained as an analytical fit to Hartree-
(R=0) and thez; plane is important for the simulation of Fock ionic structure calculations based on the Cowan code
spectra originating from reflected MCI beafiis$]. [9,48],

B. Auger autoionization rates

Al 5.06<10°3
A. Atomic energy levels N Min (Nipi— nﬁn_)s.46- @

In the present work we significantly improved the model-
ing of autoionization by integrating the calculation of bind-
ing energiegat the Hartree-Fock levelnto our simulation. These are still used in the EDCOM for all transitions other
For any projectile configuration vectda,} occurring along thanKLL Auger processes.
the course of the ion-surface interactita, designates the KLL rates for nitrogen ions are now taken froffl]
number of electrons in projectile sheal), we employ the Where these values are tabulated for &2&2p” configura-
Cowan codd48] to generate the corresponding average totations of (6—x—y)-ionized nitrogen. For other projectilésf
configuration binding energies of the undistorted projectilenuclear charge,,J), we use the samiLL rates, except that
ion e({a.}) and each of its shell&, ({a,})}. For the mod- the values are interpolated for an effectivepopulationay,
erate charge states considered in this work, it is sufficient te=6a,/qn,c— 1. In this way, theKLL rates for maximum
keep track of the shella=1, ...,10since no higher-lying L-shell populationg, =q,,.— 1, around the & core coincide
levels are involved in the interaction dynamics. The 10-for all projectiles. We also employ constakiM rates
dimensional vectors are stored to accelerate the evaluation 6¥-M=5.06x 107>,
recurring configurations. Since good estimates for théLV,, rates are not known,

In general, we do not resolve the populations in particulathe ratio betweel Auger andKLV,y intensities is not well
projectile subshells. For thie shell, however, we calculate represented. Due to this lack of data, we adopted(Edfor
the 2s and 2p binding energies and keep track of the respec-Al and accounted for the nonequivalence of the two electron
tive subshell populations. We assume that thelével is  states in theL shell and theV,, shell ny, by scalingAn
preferentially populated via Auger ionizatigAl) and side- =ny—2 with a factor of 1.5 and the overall rate with 0.25,
feeding processes, as suggested by its higher degeneracy dred,
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rKVw= g 25x 5. 06x 1073/(1.5An)346 2) and the surfageis possible. This area is parallel to the sur-
" face at the distancez, given by the condition —W

Forny=4, these rates are of the order of .80 5 and thus = Vei(z,R). D(E) =v2/mw?\E—V, represents the electronic
about two orders of magnitude slower than the fastest AHensity of valence-band states per unit volume in an ideal
transitions. This velocity ratio corresponds to the experimeniree-electron-gas metal.
tally observed intensity of thiLV,y peak, which amounts to Resonant loss from occupied ionic levels into empty band
about 1% of the totaK-Auger intensity[43]. In view of the  states is quantified by
much faster processes governing the evolution of projectile

level occupationgcf. Eq. (10) below], the impact ofkK LV, TR = v P(£0)O (W+2,(R))

transitions on the overall interaction dynamics is negligible.

However, by implementingkKLV,y, processes in the ED- qﬁﬁ,n

COM, we will be able to reproduce the measui€tV,y Y'nT o ®)

peak positions in a dynamic simulation. As a characteristic

signature of the above-surface dynamics of the hyperthermathe RL mechanism is driven by the frequengyof an elec-
ion-surface collisions investigated by our semiclassical intertron in an atomic orbit withe ,(R) > —W and the probability
action model, the verification of th&LV\,, peak energy P(eg,) for a random orbit to hit the saddle.

poses a crucial test for our simulation. In contrast to our previous COM versid@3], the ED-

We also include.LM-CK andLLL-sCK processes with  COM employs a “truly resonant” charge transfer, where
fixed ratesT'°K=0.05 andI'**=1.0, respectively, in the resonance requires the initial binding energy of the target
simulation. Accordingly, CK transitions are about one orderlevel to coincide with the binding energy of the projectile
of magnitude faster than the autoionization rates specified itevel after capture. In comparison with our previous COM
Eqg. (1) and sCK processes proceed almost instantaneouslyersion, this means that projectile levels are shifted upwards
with respect to the other rates. However, CK and especiallguch that deeper-lying levels are more likely to be populated
sCK processes are inhibited if the transition energy does nafia RC due to the additional intra-atomic screening by for-
lead to emission above the continuum threshold. Both promerly captured electrons.
cesses basically redistribute theshell population from the
preferentially populated 2 level into the & level. The ex-
istence of an intens&L,L,; component in measured auto- _ o _
ionization spectrd43,10,16 provides strong evidence for Interactions within the near-surface zone are strongly in-

this L-shell relaxation channel. We shall return to a detailedfluenced by the target band electrons pouring into the Cou-
discussion oK-Auger electron emission in Sec. IV. lomb well around the projectile core. The most prominent

near-surface interaction mechanisms are the direct transfer of

electrons from target states into inner shells of the Nt&H)

) [44,45,52,53 and the loss of loosely bound projectile elec-
In the model of Burgdder et al. [9], charge transfer is trons due to additional screening enforced by the tightly

described in terms of &ontinuouscurrent of electronic  packed induced charge clogg0) [9,54.

charge over the potential barrier formed by the effective po-

tential 1. Side feeding

D. Interactions near the surface

C. Resonant charge transfer

Vei(Z,R) = Vpri(8,2— R) + Vi p(0, 2+ R) + Vi o(2) For incident ion energies of up to several hundred keV
’ ' (3) and for a wide range of initial ion charge states and target
materials, experiments on the final charge distribution of re-
governing the motion of an active electron in the field of theflected projectiles reveal that the vast majority of MCI's
projectile and a conducting surface. The contribution¥dp  emerges in a neutral charge stétd,55,58. It is also well
are the projectile Coulomb potentidl,;, the image poten- known that a mere above-surface autoionization cascade
tial of the projectile (considered as a point chargeq) faces the “bottle-neck problem,” i.e., the interaction time on
Vim,p,» and the self-image potential of the active electronthe incoming path falls below the overall projectile relax-
Vime- These potentials depend on the electronic coordinatetion time. Therefore, it has been suggested that tightly
perpendicular to the surface along an axis through the prasound projectile levels may predominantly be filled with

jectile nucleusgz, and, parametrically, oR. valence-band electrons in a region of strong overlap with the
In modeling the resonant transfer processes, we followarget electron distributiori16,38,44,52,57,98 The short
[9,23]. The resonant capture rate passage time through this region and the high degrees of
RC ] inner-shell occupation which have been identified by means
I (R)=a(R)jn(R), of high-resolution Auger spectroscopy6,32,33 imply fill-
1 fminw : (4) ing rates for SF processes that lie about one order of magni-
. . mint=W.en+ 172 I YT—EEVEY tude above the fastest intra-atomic Auger rates.

J”(R)_ZJmMvasn_m dED(E)V2(E=Vp) We introduce such an additional inner-shell population

mechanism on the basis oXCGClike processes X
is given by the product of the current densjty and the  e{K,L,M,...}). These two-electron processes are similar to
minimum geometrical cross sectior{R) of the area through regular Auger processes. However, the participating two
which classically allowed electron transfer across the potenelectrons initially belong to the induced valence-band charge
tial barrier (of heightV,, situated between the projectileRt  cloud (C) surrounding the projectile ionic core near and be-
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low the surfaceLCC ratesT'SF have been approximated by 2. Peeling off
LCV processe$45] Wher_e_a charge cloud electrg@) fills With the onset of charge transfer Bt,;,, mainly outer
the L vacancy while exciting a plasmon or an electron-holejgpjc |evels are populated. These Rydberg orbitals with typi-
pair in the valence bandV). SinceC electrons remain IFo— cal radii (r),=R; are increasingly disturbed as the MCI
calized around the ionic core, approxim€cC ratesI'y approaches the bulk. In contrast to previously implemented
can be derived in analogy to ordinary intra-atomic Augerinstantaneou$O mechanisms which become effective at the
rates[59]. moment when the MCI enters the bulk regifib,54, we

For all collision systems and all localized atomic |eV€|Sexamine the influence ofdynamicPO on the speed of elec-
1<n<=nyq, we assume a single base ré&fgf=0.01. In our  tron transport from Rydberg states into inner levels along the
dynamic simulation, we found that theCV rates specified in  whole interaction phase.
[45] for N embedded into Al are too slow to explain mea- By testing various PO model rates, it became evident that
sured final charge-state distributions of reflected projectilesa mere geometric criterion triggering the instantaneous loss
In [16], simulations and experiments have been conductedf an electron as soon as a certain fraction of the MCI orbital
for N®* projectiles impinging on gold targets where, in ordervolume overlaps with the bulk jellium has to fail. For the
to reproduce the measured data, a const&W base rate case of instantaneous loss, we observed that levels which are
according tg45] has been used along the whole ion trajec-replenished by RC may immediately be lost due to peel-off.
tory. However, the calculatedCV rates for Au[45] exceed  This leads to simulation results for the final charge-state dis-
the rates on Al by a factor of4, which appears to be in tributions of the projectile in disagreement with experiment
contradiction to the similarity of the observ&@Auger spec- [11,40,55.
tra, in particular, regarding the high degree of inner-shell Our modeling for PO smoothly interpolates between the
filling at the time ofK-Auger decay observed for both target remote region and the bulk limit. We assume that near the
surfaceg16,33. The sensitivity of observable results B§~  surface, forR<(r),+ Zj— N, When the electron has “lost
will be discussed in Sec. V below. touch” with the ionic core due to screening, the outermost

For each shelh, 'S is multiplied by the charge of the orbital is likely to move to the valence-band continuum if its
induced charge cloud; g, balancing the core charggand  radius(r), exceeds the screening lengkh.,. This model
by the number of-shell vacancie®y*°. Accounting for the —assumes that the occupied orbitals are either spherically sym-
strong (1An)3“8 scaling of Auger ratefﬁf _ with the dif- metric or oriented towards the surface. This assumption com-

ferenceAn between participating Ieve@] [Eq. (1], we plies with the RC mechgnism, which requires a certain over-
apply anotherAn-dependent factor for the Auger-like SF lap b?twee” atomic qrblt_als and band states.

process. This factor rapidly decreases from the most loosely Guu_jed by the derivation of the resonant loss rat¢oih
bound localized leveh,,, and becomes unity for the shell. W€ arrive at the PO rate

This way, the base ratE5"™ can be compared to theCV NO(R
rates which have been calculated for various ion and target I'P9R)=a, n(R) 27(r)n
specieg45]. We arrive at the side-feeding rate " Tn  La(R)

®(<r>n_)\scr(R))r (8)

3.46 which is composed of several constituents. The base rate is
, (6) given by the inverse orbiting tim&, of an electron in an
unperturbed orbital. As in Eq6), we reduceT , by a volume

Nget1—n

SF, _ 1 SF, nvacy ol
I (R=I'gaN; CNn<R>( -

Vo(R) factor NJ(R).
k if R>z—(r) The termL,(R)/(2(r),) correctsT, to yield the “reac-
ol _ \V/ ] n . . A
Np(R)= n (7)  tion time” for an atomic electron. We assume that an elec-
1 otherwise tron which is captured a@&R—z;=(r), and enters an atomic

orbital does not get perturbed by the target electron gas until
for each projectile shelh. The spatial variation ol’fF is it has covered the distande,(R). This period decreases
represented by the factdt®(R). It is expressed in terms of Wwith the ratio of the vacuum sectidn,(R) of the classical
the quotient of the orbital volum¥®' overlapping with the orbital abovez; and its circumference&(r),. The unit step
metal electron distribution and its undisturbed orbital volumefunction ® in Eq. (8) disables PO for levels with radji ),
V,=4m/3(r)3. If the projectile has penetrated the jellium Smaller than the screening length.(R).

edge by more than the orbital radi{ry,,, we assum&l2(R) We model the screening length in E@),
to remain constant at the value I\lﬂ'(R) obviously vanishes
. . . max R,0)
for distanceR>(r),+z;. For the small impact energies far =0/ =7
1 . ; Nsel R) =N g +1], 9
below 100 eV studied in this work, no velocity dependence j

of the SF rate is taken into account.

The assumption of a fixed and planar jellium edge;as to reach its bulk value)\gc, at R=0. Above the first bulk
certainly a crude simplification. An ionic core near the sur-layer, \s(R) increases linearly iR and equals RSC, at the
face significantly disturbs the electronic surface potential angellium edgeR=z;. Due to the nonlinear response of the
attracts valence-band electrons. Within the present modesurface electron distribution to the nearby MCI, the linear
this effect could be represented by a shiftzpftowards the scaling inR, the neglect of a variation with, and the par-
projectile nucleus. Within the overall accuracy of our ap-ticular choice of the slope, E¢8) can represent only a crude

proach, however, we may neglect this effect. estimate for the dependencelaf,, onqg, n, andR.
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We note that the introduction of PO in addition to the RL the Kronecker symbol. For the present investigation, we
channel is motivated by mere technical reasons. In a precideave added the terms in the third and fourth line. The rates
theory, both effects could not be distinguished and representSF, 70, 14 [tYw K PsCK and KM account for
resonant electron flow into empty band states in the spirit o5g  po, Al KLV,,, LLM-CK, LLL-SCK, andKLM pro-
the model underlying RL. However, the artificial distinction cagses.

between these two electron loss mechanisms in the EDCOM
is essential since the calculation of ionic level binding ener-
gies described in Sec. Il A is incomplete. lonic levels are not
only subject to shifts by the image potential leading to RL.  With respect to our previous wollR3], we have refined
While the MCI approaches the surface, levels are also inthe potential that governs the classical motion of the projec-
creasingly elevated by the screening of the induced chargéle. We replaced the planar averaged Thomas-Fermi-violie
cloud which eventually strips off loosely bound outer shell(TFM) potential which satisfactorily describes grazing inci-
electrons. The evaluation of these additional level shifts indence collisions under surface channeling condit{G§ by

the highly inhomogeneous region shortly above the surfacene sum over binary TFM potentials for the interaction of the
is far beyond the scope of the present theory. In order t®rojectile with individual surface atoms. Recoil effects in
account for this electron loss mechanigreferred to as PD  close encounters with individual target atoms are included by
in a quantitative manner, we therefore employ simple geoswitching to a binary collision mode at distances below one-

G. Projectile motion

metric arguments. half of a lattice constartl6]. The kinematics is first calcu-
lated in the center-of-mass system in terms of the reduced
E. Continuum promotion mass and a vector keeping track of the internuclear distance

. . L of the MCI and the target atom, and is later translated back
Due to the action of the repulsive projectile image potenyniq the |aboratory system. Doing so, we assume the target
tial Vi p and the mutual screening of projectile electrons,iqm 1o he unbound and at rest at its lattice site. The inclu-
atomic levels are shifted upwards with respect to theilion of target recoil leads to a closer approach of the projec-
asymptotic values, as the MCI approaches the surface. Asijjes to the first bulk layer as compared to a rigid crystal. It
the orbital energiese,=e,+ iy, reach the ionization allows us to cover a larger range of incident angles and per-
threshold, electrons in shellare detached from the projec- mits a more detailed description of the crystal surface orien-
tile, i.e., promoted to the continuum. For the low projectile tation.

velocities considered in this work, we assume immediate The projectile consequently moves according to Newton’s

electron loss due to CP as soone&s> 0. equation
F. Evolution of projectile level populations F ﬁ
proj > pop | | Av= (q )At’ 11
For MCl—metal-surface collisions, we obtain the dynami- Mnue
cally varying populations,, of projectile shells with princi-
pal quantum numben as solutions of the system of rate where the force
equations of the formp23]
da, F(q,R)=— _9® 2@ +Frem(R) (12)
Sp = OA—a)Re-a IRt & 2(R=z)) 2 T

is composed of the self-induced image force and the TFM

fin Al ini__ ini Al fin
w2 T e —2wy! X T W force including the kinematic recoil effect. Due to the depen-

n’,n"'n’ n

men men dence on the net projectile charge-q,,.—2,a,, the pro-
_ SF_ PO_ _ KLV At PR : ; ;
+0(A—a)l—a ' —o(n—4)a,I' jectile motion is coupled to its occupation evolutifay,(t)}.
oK oK Mass and charge of the projectile nucleus are designated as
— Sl "=, I® Mnue aNd e
+(Sp k= OnL— Onm)a anl M. (10

H. Monte Carlo sampling

The “traditional” COM developed by Burgdter et al. [9] The use of atomic structure calculations within our simu-
mcIudesRCt;he terms in the two first lines of this equation|aion requires that the continuous charge current of the
wherel' 7™ andI' ™ are the resonant capture and loss ratesgriginal COM [9,23] is related to transitions of electrons
The (empirica) statistical factow}'=1/(1+1.5a,) corrects  (charge discretization The time integration over the multi-
for the decrease in Auger transition ra@ﬁ! , due to in- dimensional parameter space composed of the integer level

creasing populationa, of the final shell. As in Ref[9], we  occupations{a,(t)}, the projectile trajectoryR(t), and the
only include the fastest Auger processes with equivalent adocations of the surface atorpef. Egs.(10) and(11)] is done

tive electrons in the initial statg23] for the relaxation of based on random walks for an ensemble of 5000 incident
outer shells. The statistical factet]' = 3a,(a,— 1) takes the particles. Starting at a random position shortly above the
equivalence of electrons in the initial shell into account. The(R=R;;) plane, the MCI propagates with finite time steps
degeneracy of sheti is given byA,=2n?. Hydrogenic sub- At; from one point in timet; to the nextt;,, along its tra-
shells are not resolved! is the unit step function and, / jectory.
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At each timet;, separate valueat; for each transition T T L
km=80eV,G)=45 ]

T T T
type X e {Al,RC,RL,SF,PQ are drawn from a negative ex- 8.0 N on Al(111), E

ponential random number distribution = 60F _
o -1 O 40 B i
E(At)=(f eX[:(—FXT)dT) exp(—T*At) (13 % |
0 201
1 I
with a mean value equal to the average decay tirfié.1The =230

physical process supplying the smallddf is chosen to take  £200
place, and all variable parameters, such as configuration erE 15.0
ergies and occupations, are updated according to the chan§,§ 10,0
in {a,(t)}. The projectile, in an electronic configuration =
given by Eq.(10), is then moved fronR(t;) to R(t,.;) by % .
the force in Eq.(12). Now the same procedure starts over
again leading to time stefp, ,, etc. Our code limita\t; toa & 800
maximum value of 1 in order to avoid large numerical steps § 60.0
in the integration yieldingR. If the smallestAt; turns outto 2 49
be greater than 1, the projectile is moved with =1 with-
out letting any electronic process take place.

I T I '

ii

g
© 20.0
0.0 1 | !

=)
[
'S
=)

[ll. POPULATION EVOLUTION
OF THE HOLLOW ATOM

RC step

Before comparing our simulation results with experimen- FIG. 1. Resonant-captuf®C) statistics for an ensemble ofN
P 9 P ions incident on an AlL1l) surface under®=45° with E,

tal data, we look at the evolution of nonobservable quantities

. . . . - . - =80eV. The horizontal axis applies to all upper graphs and marks
during the MCl-surface interaction. This will greatly assist successive RC events. From bottom to top, the three subplots dis-

us in the interpretation c_)f the expe_rimerjtal data in Sec._lvp|ay average values of the beam fraction undergoingitheRC
The Monte Carlo sampling as outlined in Sec. Il H implies gte, the corresponding distance from the first lattice l&y@nd

that one first of all has to define and keep track of physicallyaiomicn shell involved, together with their statistical spread.
meaningful event types. For each particle within the Monte

Carlo sampling, a certain event, e.g., iilte resonant elec- 2 (e
tron capture, may take place at different projectile locations erfo(x) = \/—_f exp(— B%)dg,
T Jx

R and may occur only for a small fraction of the particle

runs. We stress that in this context the term st_ati.stical doe\?/ith a standard deviation af=4.55 from the mean value
not imply that the standard deviation o . _530 This means that the distribution is of Gaussian
= V(IN)=} (&~ €)? attached to the simulated quantily type, as expected for a large number of random number
approaches zero if the number of particle rishdecomes events. The small error in the fit shows that we have chosen
very large. Instead, the error of the estimation for the width a sufficiently large number of particle runs in the Monte
of the probability distribution converges to zero fdr— . Carlo sampling. For the following plots, we will only men-
Due to its strong dependence on the particle history along thgon the value of the standard deviatienfor each event
preceding trajectory, this distribution of simulated valdgs type.
may significantly deviate from the Gaussian shape or even The central plot in Fig. 1 shows the average location of
possess several maxima. the ith RC step and the error bars show their statistical
Accounting for the statistical interpretation, we display spreads. For all particles, the first capture distarRg; lies
the corresponding results for each electronic transitionin a tiny interval around 24.9 above the uppermost bulk
emission mechanism in three subplots. Figure 1 shows thiayer. The simulate®®,; is in close agreement with the ana-
resonant capture statistics for £'Nbeam and an Al11) lytical formula R;= 1/2W+/8q+ 2+ z;,,= 25.8 with the im-
surface for an angle of incidend®@=45° and an incident age plane located af,,=3.19. On the average, about 10 RC
kinetic energyE,,=80eV. This will also be our model sys- steps take place in the remote interaction region wtre
tem for the remaining plots in this section. The horizontal>10. Due to our restriction of RC to orbitals which do not
axis counts successive RC steps and acts @somlineay  fulfill the PO condition, RC events are limited R>3.8.
pseudotime axis to all three subplots. The upper plot in Fig. 1 illustrates which atomic shells are
The bottom plot describes the average fraction of particlesnvolved in the RC sequence. The first capture populates the
for which theith RC still takes place. Virtually the whole {=n_,=8.0 shell and successively proceeds to lower-lying
en_semble of MCI"?‘ respnantly captures Melve electronsgpa s The sixth electron goes into the=5.9 shell atR
This curve can be fitte@with the relative error in the sum of _ 14.9. RC seldom reaches shells witk 3. This makes the

squares below 0.001o the function accumulation of a significant-shell population via RC

) highly unlikely.
#(i)=50 erfc( - VRc)’ (14) The reverse electron transfer \{ia RL is shown in Fig. 2.
V2o RL sets in atR=16.2 and mostly involves levelsdn<38.
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2.6 electrons are lost to the :
i found that the interplay of resonant electron exchange and
target by RL while 23 electrons are passed from the valenc pay g

band(VB) to the MCI by RC. The course of PO is displayed
in Fig. 3. The onset of PO &= 7.7 from then=6.4 level is

fevel shifts due to intra-atomic screening and image poten-
tials leads to a partial relaxation of the MCI before bulk
penetration. These “screening dynamics” are interrupted at

located closer to the surface than the alternative RL |OS$|:4 when the level shift due the image potentia| and the

channel. However, this process retums,="7.7+3.3 elec-
trons to the target. Contribution to PO are shells with4,

5, and 6.

mutual screening of the electrons fail to overcome the energy
gap to theM shell. Resonant charge transfer is therefore cut
off at this point. Due to the implementation of intra-atomic

A similar above-surface scenario termed ‘“screening dy-screening via Cowan code calculations in the EDCQifA

namics” has been portrayed by Anded al. [26]. It was
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FIG. 3. Peel-off(PO) statistics for an ensemble of®N ions

14 15

hitting an A(111) surface unde® =45° andE,;,=80eV.

Sec. Il A), this massive migration of electrons framgy;; into
n=4, which is catalyzed by the metal surface, could be dem-
onstrated in a dynamic simulation. In Sec. IVE 1, we will
show that theK LV, peak[43] is a characteristic signature of
this phase.

Side feeding from the induced charge cloud into still lo-
calized atomic levels is initiated when the overlap with the
target electron distribution below the jellium edgat z))

becomes significant at average distan&es3.7 (Fig. 4).
While approaching the high-electron density near the sur-
face, the transfer switches from tiv shell to theL shell,
which is efficiently populated withygg=5.4+1.9 electrons.
This phase embodies the transition from a very weak intra-
atomic screening by the resonantly captured electrons to-
wards the more efficient bulk screening when a tightly
packed, induced charge cloud, resembling Mhshell of an
unperturbed atom, has formed. In Sec. IVE1, the recently
discovered foothill on the low-energy side of tké& L, Au-

ger peak[43] will be associated with emission from this
vacuum-bulk interface region.

With only ycp=1.3£1.2 electrons reaching the con-
tinuum threshold after PO and RL have depleted outer pro-
jectile levels, continuum promotiofFig. 5 plays a minor
role in the electron loss. However, it is known that a large
number of electrong/, =(q is ejected by the projectile via
autoionization(Al) processe$15,61].
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FIG. 5. Continuum-promotiofCP) statistics for an ensemble of an Al(111) surface unde®=45° with E,;,=80eV. Theg-axis
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Figure 6 gives details on the mean distance and the Ou%_rons towards the MCI. Subtracting,, it is found thatq

ermost level involved in the corresponding Auger transition:6 electrons eventually stay with the MCI to attain a high

(including CK, sCK, andKLV,y processes The EDCOM degree of neutralization.

redicts that a mean number 9f,—8.8+2.9 elecirons are Due to the late onset of the loss mechanisms and the
P! . Ph = ©.0= 2. effective replenishment of atomic levels via RC and SF, the
ejected by Auger emission. The charge balance from RC

RL, PO, SF, and CP amounts to a net transfer of 14.8 elechoiectlle 'S r?eutrallzed b_etweﬂ”‘ and the tenth RC §tep
at R=10.3 (Fig. 7). It basically stays neutral or only singly

charged at smaller distances to the surface. EQ,

WOFETT T T T T T T T T T ™ —80eV, 99.5% of the projectiles bounce back from the sur-
. 3'3: N on Al(111), E,; =80eV,®=45° ]| face at a distance dR;,=0.9 from the first bulk layer ac-
3 6'0_ | cording to our Thomas-Fermi-Molie modeling of the sur-
- 520_ i face potential. Reducing,;, to 10 eV while keeping®
< ol T - =45°, the vertex moves away from the bulk Ry,,=2.0.

300 ooy T J|_ J|_ JI_ + I

= Y N Y Y N RN N BN B NN B BN BN b IV. COMPARISON WITH MEASUREMENTS

2150 - In this section we employ the EDCOM to simulate vari-
5 i ] ous experimentally observable quantities within a single,
2 100 . . L
g i i fixed set of model parameters for all projectile and target
2 sob TTT T4 species and conditions of incidence. Due to our simplifying
< - 2 approach, perfect agreement with the measurements cannot

0.0 —— ] be expected, especially for quantities like théuger elec-
= 800 — tron spectra, which quite sensitively depend on a set of tran-
£ 6001 N sition rates which are only known as rough estimates. Nev-
E - . ertheless, our simulation results will demonstrate reasonable
el ] agreement with all relevant experiments and reveal valuable
S 200 — information about the above-surface interaction dynamics.

ool 1 11 ]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

A. Energy gains

Al step For projectile charges< q< 25, the projectile kinetic en-

FIG. 6. Autoionization(Al) statistics for an ensemble ofSN  €rgy gain due to its image charge attraction was observed to
ions hitting an A(111) surface unde® =45° andE,;,=80eV. The agree with the traditional COM formula Egyy,
upper graph represents the outermost level, which is depleted by thie W*%/ (3v2) [9,23,41,61, where W is the target work
corresponding Auger transition. function. For high charge states>25, energy gains falling
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TABLE |. Comparison of projectile energy gairidivided by the substrate work functiof¥) resulting
from the COM formulak g,/ W= q*?4/3v2 and our simulation resultgight column for hydrogenlike and
metastable heliumlike second-row ions in configuratios2s) at E,;,=100eV and®=45°. v, is the
asymptotic projectile velocity component perpendicular to the surface.

Energy gairwv
COM prediction: Present simulation:
q3/2 Egain
MCI Target v, (10%a.u.) 32 W
Al(112) 0.12 1.9
+

ct Si(100) 0.12 1.9 2.1
c5* Al(112) 0.13 26 2.9
NS* Al(112) 0.12 ' 3.0
0.13 4.1

N6+ Al(112) 0.38 3.8
1.00 35 4.0

o5+ Al(112) 0.13 3.9
Si(100) 0.12 4.0
o't Al(111) 0.13 4.4 5.5

short of theq®? scaling have been observédll,41] and fractions of ionized particles far after reflection in obvious
attributed to intra-atomic screening effe€i®]. We refer to  contradiction to the experiment. Burgdler et al. [44] have

the term energy gain as the kinetic energy gain of the proincluded a resonart-shell filling mechanism to comply with
jectile on its way towards the surface, resulting from themeasured final charge states. Our study aims to reproduce the
interplay of all forces acting on the projectile. For metals, strong trend towards neutrality in tiog,, distribution while,
these forces are given by the long-range self-image potentigh addition, keeping agreement with other observables.

and the short-range surface potenfi2]. In Fig. 8 we plot the simulated charge fractions for 0

. We have confirmed that energy gains obtained with oucq <5 in the final charge-state distributions for ground-
improved simulation still agree with the commonly accepted

. X Yo state (gs9) H-like ions and metastablémt) He-like second
COM_res_uIts and expenm_er{t%]. Regar_dlng the significant ow ions G, N9*, and O in (1s2s) configurations, im-
modifications to our original code, this agreement cannoE

. . = inging with E,;,=13g eV and a grazing angle & =5° on
necessarll_y b? expected. I—_|ov_vever! itis facilitated by the fac [(111. The gli%uI:?ed fractions are recorded for reflected
fchat the kinetic energy gain 1s mainly accg_mul_ated at larg rojectiles which have passed the first capture distége
ion-surface separations, whereas the modifications discuss er this point, less than 0.1% of the beam still exhibits the
in Fh|s paper.focus on closg_lnteractlons. Table | lists energ%riginal K-shell’ vacancy w.hich eventually causes reioniza-
gains according to the traditional COM formula and our NeWiion. The remaining widely relaxed configurations lie below

s_,|mu_lat|on output for hydrogenlike as well as metastab_le he'Ehe autoionization threshold and may deexcite only via radia-
liumlike projectiles. It can be seen that all values are in th

S o L > < ... tive processes without further electron emission.
x;:r'irgmo;;hgrzﬁgmg? ! ﬁ%’;{l predictions and coincide with Also shown is the measurement by Folkeatsal. [55] for
P e 0" (3=q=8) at E,,=3.75keV/amu on A(L10 under

surface channeling conditions. Note that the simulation deals
with different projectile types containing a single-shell

For slow highly charged ion beams scattering off sur-hole while the experiment refers only td'Oprojectiles with
faces, high fractions of completely neutralized projectiles K-shell vacancies foq=7. Running our code for projectiles
typically well above 90%, have been observed after reflecpossessing a fille® shell leads to slightly higher degrees of
tion, even on insulating targefd1,55,54. The remaining neutralization. Our Monte Carlo evaluation of thg,,=2
fraction overwhelmingly consists of singly charged positivefraction has a statistical error of about 40% while thg,
and negative ions. As far as we know, no measured finak 1 fraction is given within an error of 1.4%.
projectile charge-state distributiofgs,,} are available for We observe that the experimental and simulated data
the incident energy regime below 100 eV. However, theagree well for the H-like ions. Shifting the final charge-state
measured high-energy Auger spectra in Sec. IV D will showfractions of the metastables kyqg= +1 towards the right,
that even for very slow projectileaery smallv, ) electron the data points for the H-like and He-like counterparts
emission occurs predominantly out of neutral, mostly relaxedoughly coincide with each other f@j,,=<1 and also with
configurations. the experiment. This means that the distribution ogfy

In view of this lack of data, we compare our simulation mostly varies with the nuclear charge and is rather insensi-
output with measurements of other collision systems. It igive to the initial L electron. For all initial charge statep
important to stress that the traditional COMI|, applied to  under consideration, the neutral contribution lies well above
the full reflected trajectory of the ion, would lead to large 90%. Under the assumption of a weak influence of the pro-

B. Final charge-state distributions
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jectile kinetic energy, the measured charge-state distributionsident energies. One can recognize additional structures in

in Fig. 8 agree well with our simulation results. the simulated spectra which are most likely caused by our
simplified evaluation method of transition energies which
C. Low-energy electron emission considers only ground-state configurations for shalts2

and neglects angular momentum coupling and the perturba-
tion and hybridization of ionic levels near the surface
62,63. Figure 9b) displays the contributions of Al and SF
the simulated 80-eV spectrum. While the SF mechanism

Along the complicated interaction dynamics, electron
emission originates from various sources. Apart from auto
ionization setting in as soon as more than two electrons ha
been captured, SF and CP contribute to the total electron
yield. Other electron loss channels include PO, RL, and Au- .
ger emission into empty conduction-band states which do no E"'"\i;'i'\\ — Expt: B, =80eV

A/ :

contribute to measured electron yields. o S =Sy
-—-. Expt: B, =10eV

In Fig. 9a) we show experimental and simulated low- — 45"k N | Simus B e 10V
energy electron spectra for®N interacting with an Al111) %, B [ kin
surface undef =45° for incident energieg,;,=80 and 10 &

eV. For these two systems, the image energy gains amount t § {42
Egain=17.1 and 16.3 eV, respectively. The vanishing spec- =
trometer transmission and stray magnetic fields aggravate th
detection of electrons at the lowest displayed energies. Ex 4¢3[
perience with our apparatus shows that the portion altove
>20eV is easily reproducible. The spectra in Fig. 9 and all

the following plots are normalized to the integt&lAuger 10
intensity. For the experimental data which have also beer">
corrected by the spectrometer transmission, this is equivalen

1 PR 1 o
- Simu: E, =80eV

Simu.: E, =80eV(A])
Simu.: Ekin =80 eV (SF)

1|

ty [

to a rescaling from emission into the acceptance solid angle 2 02k ‘\—_’
of the spectrometef0.031 sy to emission into a full 4 = E
. — _ ) . r 6 :
sphere ata de'tectlon ang‘[¢ (¢ 9Q with respect to the T N on Al(111), © = 45°
surface if a unityK-Auger yield and isotropic emission are W0k | | | | | | |
assumed. The integral of the intensities over the energy axi 0 10 20 30 40 50 60 70 80 90 100

therefore supplies the estimated total numpef electrons
per incident ion which are ejected into the vacuum. The
simulated data have been convoluted with the spectrometer |G, 9. Low-energy electron spectra of Nincident under®
resolution of 0.7%. =45° on an A(111) surface. Experimental and simulated spectra

For electron energieS>10 eV, the simulated spectra ex- for incident energie€,;,=80eV and 10 eMa). Subplot(b) also
hibit reasonable agreement with the experiment for both inshows SF and Al contributions to tig;,=80 eV spectrum.

Electron Energy E [e¢V]
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/\‘ energies, th&LL region extends between thd_ L, peak at
v/ E=352eV and theKL,4l 55 peak atE=378eV. The peak

! widths reflect the possibility of different initidl-shell popu-
lations n_ at the time of K-Auger decay. The broad
KLM/KLC peak is situated on the high-energy side of the

N** on Al(111) |
© = 45° I
[/

f \\ KLL region.
JE. _=80eV \ Figure 10 also displays the corresponding simulation re-
kin \ sults. In general, th&LL subpeak intensities sensitively de-
340 350 360 370 380 390 pend on the ratio between theshell filling rateT™ =T,
. +TI'7F [given by Egs(1) and(6)] andKLL decay rateg™' .
T peperent We can give only crude estimates fof" in the relevant

T T T T i ; i Al
310 350 360 370 380 390 mterfictlon regioricf. Sec. IID 3, andI'y’ is known only for
Electron Energy E [eV] free iong[51,69 (cf. Sec. Il A). Forn>2, we have neglected
L the fine structure of tha shell in our simulation. The devia-
FIG. 10. KLL spectra of ’q incident under® =45° on an tion on the |ow_energy end of th&LlLl peak Originates
Al(11D) surface. Experimental and simulated spectra are displayegqom an energy-loss backgrouri@0] in the experimental
for the incident energieBy=10 and 80 eV. spectra which is not taken into account in the simulation.

These considerations indicate that some deviations between

produces a comparatively smooth spectrum in the refion Simulation and experiment must be expected. .
<90eV, Al transitions generate structures below 20 ey, However, the changes iBy, should affect the result in
which we associate with the early stage of projectile relaxin® same manner, i.e., the intensity ratios between different
ation above the surface when smalh steps between Ryd- KLL subpeaks should shift similarly. Indeed, the EDCOM
berg states prevail. In the same interaction phase, highly ex0!lows the experimental trend: towards increastg,, the
cited configurations may also entitAuger electrons which KLiLa peak loses intensity, which is transferred into the
enhance the high-energy region. Integrating the spectralPPer part of thekLL spectrum. This can be understood in
yields in Fig. 9 above 20 eV leads to yieldspf5.7 and 5.8 View of stronger side feeding into thep2orbital when the
emitted electrons per incident ion for the simulated spectry€rt€x Of the trajectory moves closer to the first lattice layer
and toy=4.9 and 4.3 for the experiments wiky,,= 10 and with increasingg,;, [16]. Near this turning point, the projec-
80 eV, respectively. tile is very slow and the exponentially decaying SF rates in
Niemannet al. [15] have recently published low-energy Eq.(6) re_ach their maximum amplitude. The deviation in the_
Auger spectra for R impinging on Au withE,;, ranging peak region below 350 eV between th_e simulated and experi-
from 90 eV to 60 keV and perpendicular incidence. Integrat-me”tal difference spectra may be attributed to secondary ef-

ing the total double-differential spectrum in energy and angld€Cts such as the enhanced energy loss of the outgoing elec-
of detection to a full 4 solid angle, they observe total emis- Ons with increasing,;, [30,66 (not accounted for in our

sion yieldsy=8.6+3.4 for E,,,=90 eV, which agrees well Simulation. _ o
with their simulated yield ofy, =9.8 for mere autoioniza- | "€ Upper edge of the experimenidl 3l »; peak is situ-
tion. With a different measurement technique, Eeegl. ated at a higher energy than in the simulation. In order to

64] measured a vield of= 9.8 under similar scattering con- €stablish such &LL energy, all six neutralizing electrons
Ejitig)ns. yield of g have to be present in theshell. This might indicate that the

For the same collision system, our EDCOM simulation SF ratel’s" in Eq. (6) which yields an average-shell popu-
including dynamic PO, CP, and SF mechanisms provide§ition a =4.6 at the time ofK-Auger decay forEy,
electron yieldsy, =7.6 for Auger emissiorfincluding the =80V might be slightly underestimated. TH& M/KLC
K-Auger electrons yse= 6.6 due to SF, angcp=1.2 due to peak can be found around 401 éibot shown. The simula-

CP. These values add up to a total yielet 15.4 including tion reproduces its position and enhancement for the lowest
contributions fromE<20eV. The discrepancy with Eder incident velocities more clearly than the experiment.

et al.and Niemanret al. might be rooted in the experimental o

difficulty to measure low-energy electronEE{20eV), E. Auger spectra of metastable projectiles

which produce the greatest contribution fpas well as in In two recent publicationp43,67], we discussed two char-
the necessary simplifications embedded in our simulation. acteristic signatures of the initialsZlectron in theK-Auger
spectra of (%2s)-metastable He-like €, N°', and &
D. K-Auger spectra of ground-state projectiles (and also N&") incident undei® =5° with E,;,=13q eV on
K-Auger spectra for H-like and @@s)-metastable He- Al(111). The first feature is the tinlK LV, peak on the upper
like incident ions can be subdivided into a well-structuredSide of theKLM region, which will be the subject of Sec.
KLL region, a broad, less intense peak consistingbt |V E 1. The second feature is a low-energy shoulder of the
andKLC transitions, and small contributions frokxY tran- ~ KLiLa peak, which will be discussed in Sec. IVE 2.
sitions with X,Y e{M,N,...}. Figure 10 shows measured
and simulatedLL electron spectra for & colliding with an
Al(111) surface unde® =45° with E,;,= 80 eV (upper right Guided by transition energy considerations, eV,
par) and E,;,=10¢eV (lower left parj. For both projectile peak could be identified as an above-surface process involv-

1. The KLV, peak
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adjacent to th&/\y level with n\,=4, subsequerKLV,y pro-
cesses do not have to “wait” long for the accumulation of a
sufficient population in the,, shell. This effect disappears
as higher-lying levels are resonantly populated with increas-
. ing Qnuc-
e} Proceeding from & to O°", the EDCOM tells us that
the KLV line is emitted at an average ion-surface distance
, moving fromR=9.6+=3.7 down to 5.5-2.7. This decrease is
3 again correlated with the shell, which is populated by the

Intensity [arb. units]
tn

first RC increasing fronm ;=6 to 8. Therefore, the popula-

0 -"' -
520 540 KLV, tion of the statistically preferretKLV,y levels with n<5
o — a1 takes longer. Note that the small increase of the initial charge
260270280 KLV,, 310 veee Si(100) g from 4 to 6 cause®;; to grow from 21 to 25. However,

the resulting prolonged above-surface interaction time

ATqi=ARg/v, =10 ®s™! does not compensate for the
FIG. 11. KLV,y peak in the spectra of metastable, He-like additional steps on the relaxation, even when neglecting the

MCI's impinging under® =5° andE,;,=13geV on Al(11) and increase of the image acceleration towards CHence, the

Si(100. The vertical line marks the experimentally obser¥ddvy,  width of the KLV, peak which is correlated with the frac-

peak position. The occurrence and transition energy olth¥\, tion of KLV,y decays frorn,y=4 increases towards O.

peak as well as the measured enhancemenrt%for tHéS100)

collision system and its broadening towards t rojectile are .

qualitative)I/y reproduced by the EDgCOM simulatio(rpL J 2. The KLy, foothill

Electron Energy E [eV]

In a recent publicatiofi33], it was pointed out that a tiny

ing the K vacancy, the initial 8 electron, and an occupied foothill on the low-energy side of thiL,L, peak is gener-
atomic state(labeled vy’ ), which is resonant with the 2ated afterKLVy, emission but prior to plunging into the jel-
target work functionW, preferentially in the N or O shell. lium where most of th&LL transitions occur. It was argued

This finding is consistent with the strong dependence of thdhat in this region SF into the shell has already set in but is
KLV, rates onAn in Eg. (2). still too slow to provide more than oreelectron. This ex-

In Fig. 11, we display the EDCOM simulation of the par- plains the more pronounced appearance of the foothill in
tial KLV,, spectrum omitting all otheK-Auger contribu- spectra of (%2s)-metastable .p.rOJecers. The energy sh|ft_ of
tions. The simulation is carried out for an (A1) and a this near-surfac&L,L, transition with respect to the main
Si(100 surface, primarily different in their work functions KLil1 peak is caused by the induced electron cloud, which
W=4.25 and 4.91 e\/68], respectively. The slightly deviat- 'S more loosely packed than within the target glectron gas.
ing Fermi energies and lattice constants only have a mino®" the other hand, the presence of the screening cloud cuts
impact on the simulation. Note also that the same scaling ha&f KLV emission. This is due to much fast&tL and
been applied to energy and intensity axes of all three projed<LM transitions and the fact that,, levels are peeled off.
tiles to illustrate the increasingL V., peak width from ¢* In Fig. 12 we distinguish betwedt-Auger emission from
to O°*, which coincides with the measuremdd]. This  the remote R>5), close g;+1<R<5), and “subsurface”
widening from about 6 eMC**, N°%) to about 10.2 eV (R<z+1) interaction region for (42s)-metastable inci-
(O%*) can be explained by the quantum number of the inj-dent O ions. The plot confirms that the dominating contri-
tially populated projectile shelh.;, which increases with bution to theKLL foothill stems from the zone just above the

e This implies that electrons captured byf'Oneed to  Jellium edge aizj=2.19. Note that the vertex &y,=2.4 is

descend more steps down the Auger-deexcitation ladder @POVve the jellium edge. Therefore, the true subsurface con-
the statistically preferre&LV,, configuration withg,.— 2 tributions to theK-Auger spectrum remain comparatively

electrons in the=4 shell[43] than if they were captured by small in this grazing incidence geometry where the “subsur-

C**. This statistical spread of contributions to the.\,,  [aC€” region is restricted to 24R<3.19.

peak translates into an energy spread which is also amplified Fguré 13 examines the occurrence of the foothill for the
with increasingg,,c. same projectiles as in Fig. 11. Similar to k& V,y peak, the

4 +
The vertical line marks the experimentally observegShoulder broadens from“C to O on an absolute scale

KLV peak position, which is in all cases very close to the(Note the differences in the scaling in Fig. 13 As for the
simulation output. We also find the suppression ofthav,, KL Vw peak, this effect can be related to the increasg,ip
peak in the spectra of H-like MCI's in the EDCONhot because the shift in th€L ;L ; transition energie&ue to the
shown. In [33,43 it was demonstrated that theL V, peak attenuated screening compared to the jellium regisram-
position is widely unaffected by switching from the(a1) ~ Plified by the effective nuclear charge. In summary, the pro-
to the S{100) target. However, th&LV,, peak appeared posed locations and order of the emission ofkhev\, peak
much stronger for & projectiles on Si100) as compared to  @nd theKL,L, foothill are confirmed by the EDCOM.
Al(111) complying with the EDCOM results in Fig. 11. This

can _be under_stood by the g_reater work funcWrmf Si(100 V. VARIATION OF MODEL PARAMETERS
guiding RC into deeper-lying levels. Considering that the
low g, 0f C*" implies an initial population of a mean shell In this section we study how the outcome of our simula-

Ngi:=5.6 for Si (compared ton.;=6.0 for Al), which is tion is affected by switching off or by changing the speed of
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FIG. 14. Reshaping of thKLL region due to parameter varia-
tion for N®" ions colliding with an A{111) surface unde® = 45°
andE,;,=80eV. In the lower left plot, the implementation of the

FIG. 12.KL,L, foothill emission zones in the simulated spectra tabulatedXCV rates[45] is compared to the present simulation. The

of metastable, He-like & impinging underE,;,=80eV and®
=5° on Al(111). The solid line shows the total Auger spectrum.
The three following lines represent tikeAuger spectrum emitted
in the remote R>5), close ¢;+1<R<5) and “subsurface” R
<z;+1) interaction region.

certain interaction mechanisms foP Nions on A(111). The

upper right plot displays thKLL regions for rescaled PO base rates
I'5°. By either fueling PO or SF, thKL ,5L 5 intensity is clearly
enhanced. Our choice of a unity scaling factor leads to the best
agreement with the experimental structure.

value as for the full simulation most projectiles stay neutral
unless they are reionized by the rather slow autoionization

modeling of interaction rates has been guided by semiclassf@scade. Since SF near the jellium edge is linked to a non-
cal arguments. It has been justified by the consistent agre&@nishing projectile charge that induces the VB electron
ment of our simulation output with several observables for &loud [cf. Eq. (6)], the filling of inner projectile levels is

variety of collision systems, which are characterizedsy,
and® as well as the projectile species and target type.

strongly suppressed.
Thus, by disabling PO, we find that tlheshell cannot be

By completely disabling PO, electron loss is restricted to€fficiently filled, in contrast to the high degree bfshell
the less efficient RL and CP; see Figs. 2 and 3. After thdilling at the moment ofKLL decay observed in all experi-

projectile has been neutralized Rt=14.9 (this is the same

X @=5°

440 450 460 470

— He-like metastable
— = H-like ground state

+ H-like (rescaled)

320 330 340 350

235 240 245 250 255
Electron Energy E [eV]

FIG. 13. KL,L, foothill in the spectra of metastable, He-like
MCI's impinging under® =5° andE,;,=13q eV on Al(111) and
Si(100. The occurrence of thi€L ;L ; shoulder in the spectra of all

ments, e.g., in Ref.33]. In addition, a high fraction of pro-
jectiles emerges from the target region still containing their
initial K vacancy. This leads to a renewed ionization due to
the pendingKLL transition on the outgoing path. The simu-
lation indeed shows that neglecting PO lets only 65.0% of
the incoming ions emerge as neutrals in the asymptotic limit.
The modified fraction of ionized projectiles would predict
KLL energies in disagreement with experiment. Good agree-
ment of the measured and simulated high-energy spectra and
final projectile charge states thus appears to require the in-
clusion of PO.

Deactivating CP leaves the simulation output mostly un-
affected. This can be understood by its minor impact on the
electron transfer with an average number of 1.3 electrons lost
to the continuum along the whole trajectory.

As mentioned before, SF is closely linked to PO because
the charge content of the induced VB cloud matches the
charge surplus of the projectile cdr&d]. By merely switch-
ing off SF, similar effects as for disabled PO can be ob-
served. For instance, the fraction of particles which are ion-
ized far after reflection increases to more than 50%. At the

three He-like projectiles as well as the measured enhancement f&me time, the mean numberlokhell electrons at the time

its broadening towards the®0 projectile are qualitatively repro-

of KLL decay drops from 4.6 to 3.0. These changes lead to

duced by the simulation. The dotted line denotes the H-like groundsignificant disagreement with measurements.

state spectrum, which is renormalized to Kie, L, intensity of the
metastable projectiles.

In Fig. 14, the reshaping of thi€LL region following a
variation of PO and SF rates is examined. The plot on the



3042 J. DUCR,EE, H. J. ANDRA AND U. THUMM PRA 60

lower left displays the simulation output taken from Fig. 10.surface atoms, thereby allowing for arbitrary angles of inci-
It is compared to a simulation which implements thev  dence.

rates for the N/AI system as listed j45] instead of the SF Our results exhibit good agreement with various experi-
rate in Eq.(6). TheseLCV rates seem to be too slow to mental observables for different combinations of projectiles,
account for a high degree tfshell population at the time of target types, incident angles, and beam energies. This has
KLL decay. The upper right part of Fig. 14 exhibits separatd?€en achievewithoutadapting the code and the free param-
program runs with the peel-off ratBF° given in Eq.(6)  Sters involved to a particular collision system. The occur-

rescaled by factors of 0.1 and 10. A redudéff leads to a  '€"'C€ Of theKLVy, peak and thekLL foothill could be ex-
similar effect as we have just seen for slowed down SF. Fa lained within the framework of a quantitative approach. Our

: . ) imulations confirm the main aspects of a previously pub-
PO enhances the intensity on the side of K&yl o3 peak.  |ished interaction modéi33]. P P yp

As in the preceding paragraph, this behavior can be attrib- 1he sensitivity of our results to the particular implemen-

uted to the interlaced operation of PO and SF, which stronglyiion of the added interaction mechanist8&,PO has been
influences the population of theshell. Note that the signifi-  gy,gied by disabling them or varying their rates in separate
cant changes in the spectra of Fig. 14 are introduced by grogram runs. It could be shown that the interplay between
small shift of the mearL. population at the time oKLL  nee| off and side feeding plays a vital role in the relaxation of
decay of magnitudén, =0.5. the projectile and thus for the reproduction of experimental
data. Many of the quantities which enter the simulation are
VI. SUMMARY AND OUTLOOK known only approximately. For the future we intend to refine

We have presented a semiclassical model for collisions oﬁhe modeling of rates and energies as presented in this work.
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