PHYSICAL REVIEW A

VOLUME 60, NUMBER 4

OCTOBER1999

Neutralization of hyperthermal multiply charged ions at surfaces. Comparison between the
extended dynamical overbarrier model and experiment

J. Ducre= andH. J. Andra
Ingtitut fur Kernphysik, Westfalische Wilhelms Universitat Munster, Wilhelm-Klemm-Strasse 9, D-48149 Munster, Germany

U. Thumnt
J. R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506-2604
(Received22 March 1999

Within a semiclassicaimodel, we investigatethe dynamic neutralizationand relaxation of slow (Ey,
<100eV) multiply chargedions which are reflectedon metal surfaces Specialemphasiss devotedto near-
surfaceinteractionmechanismsOur model includesa Monte Carlo samplingover projectile parametersand
detailedionic structurecalculationsof projectile energylevels. In a full trajectory simulation, our results
simultaneously comply with measuredrendsin projectilekinetic energygainsandfinal charge-statelistribu-
tions of the reflectedions as well as total electronyields and spectra.Recently discoveredcharacteristic
featuresin the electronspectracan be uniquely assignedo distinct above-surfaceegionsof the projectile

trajectory.[S1050-29479)03009-7
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I. INTRODUCTION

In slow collisionswith complextargets multiply charged
ions (MCI's) capture many electronsinto excited states,
therebyforming unstable multiply excitedprojectileswhich
are commonlyreferredto as “hollow ions.” Thesehollow
ions partly relax by emitting Auger electronsand, to a
smallerextent,photons,and get destroyedn closeencoun-
terswith thetarget.Overthe pastdecadepoththe formation
and decayof hollow ions havebeena subjectof numerous
experimentaland theoretical investigations.These studies
useda variety of targets,suchaslarge atoms[1-4], clusters
[5—8], andmetal[9—16] or insulator[17—24] surfacesBen-
efiting from this comprehensiveollection of experimental
data and theoreticalwork, the knowledgein this field has
maderapid progressn the pastdecadd 25].

At presentthe mostimportantmechanismsf ion neutral-
ization and relaxationhave beenidentified and assignedo
distinguishednteractionzonesTypically, at 20 to 30 atomic
units (a.u) in front of the surface,the potential barrier be-
tweenthe ion and the targetdrops below the target Fermi
level, triggeringthe onsetof efficientneutralizatiorvia reso-
nant electron capture (RC), which prevails the competing
resonanioss(RL) in the inversedirection.

Closeto the surface projectilesarereflectedor they pen-
etrateinto the bulk regiondependinguponthe beamenergy
and its angle of incidence.Severalexperimentshave been
designedo investigateprocessesaking placeaboveandbe-
low the surfac€[15,16,26-33]. Thesemeasurementanalyze
emitted-electroh10,11] andx-ray yields[34-37], as well as
the final charge-statelistributions[11,38, the projectileen-
ergy loss[13,39,4Q, and the angulardeflectionof the pro-
jectile [18,41,42.

With the work of Burgdafer et al. [9], a semiclassical
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descriptionof the projectileneutralizationthe so-calledclas-
sical overbarriermodel (COM), becameavailablewhich is

able to reproducemeasuredmage energygains of the in-

comingprojectiles.Owing to theintricateinteractiondynam-
ics involved, more sophisticateddescriptionscan presently
dealwith only selectedaspectf the scatteringorocessand
a full quantum-mechanicdateatmentof the completecourse
of interactionis still out of reach.

The presentwork employsa refinedandextendedversion
of the COM to simulateprojectileenergygains,final charge-
statedistributions,andthe emissionof projectile Augerelec-
trons along a whole reflectiontrajectory.In Sec.ll, we de-
scribethe basicingredientsof our simulation.Basedon our
findingscombinedwith the recentlydiscoveredsignatureof
metastablelectronsin the K-Auger spectrd 43], an interac-
tion modelis workedoutin Sec.lll. SectionlV presentghe
calculatedresults which are comparedto different experi-
ments.In Sec.V, the variationof severalsimulationparam-
etersis discussedFinally, in Sec. VI, we summarizeour
results.Throughoutthis paper,we useatomic units (e=m,
=h=1), unlessstatedotherwise.

II. OUTLINE OF THE SIMULATION MODEL

Our calculationsare basedon the “standard” COM for
above-surfacehargeexchangebetweenincidentMClI’s and
metalsurfaceg9,23]. This modelhasbeenrefinedin the past
by improvedscreeningmodels[12,44] and adaptedo colli-
sionswith insulators[22,23. Thesemodified COM versions
havebeenshownto provide good estimatedor measurable
quantities,e.qg., total electronyields [15], above-and near-
surface Auger emission[15,16,43, and final charge-state
distributions[44]. However,this succeshasbeenachieved
mostly by concentratingon ene particular observablefor a
distinct collision system.In the presentsimulation, which
focuseson metalsurfacesandhyperthermalncidentenergies
Ein<<100eV, we will eliminatethis severerestriction.
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The simulationbeginsnearthefirst capturedistanceR;;;,
is continuedthroughthe vertex region, and endswhen the
neutralizedMCI has recededso far from the surfacethat
further exchangebecomesimpossible.For this full trajec-
tory, a model coveringall interactionregions,in particular
the regionnearthe vertex, is required.However,the validity
of the standardCOM becomegjuestionablevhenthe projec-
tile approacheghe first bulk layer to within a few atomic
units. On the other hand, mechanismgaking placedeepin-
side the bulk electronhave beenstudiedin detail [45,46.
The lack of a sophisticateda priori treatmentfor the com-
plicatednear-surfacénteractionzonehasthereforeled us to
smoothlyinterpolatebetweerthe long-distanceand the sub-
surfacedomains.The modelingof this interfaceregion will
prove to be of crucial importancefor the outcomeof our
simulation.In contrastto previousapproachesvhich consid-
eredonly a two-shell projectile and static interactionrates
along the MCI path[16], the presentmodel, referredto as
“extendeddynamicalCOM (EDCOM),” includesall projec-
tile levelsfor the relevantinteractions.

As a further extensionto the standardCOM, we include
detailedatomic structurecalculations,a Monte Carlo sam-
pling, and we allow for arbitrary incident angles,covering
normalandgrazingincidence.ln this mannerwe areableto
explain structuresand intensitiesin autoionizationspectra,
such as, e.g., the exclusive occurrenceof the so-called
KLV,y peakandKL L, shoulde{43] in the spectraof meta-
stable He-like projectiles in (1s2s) configurations(Sec.
IV E1 below). Other quantities,such as energygains and
secondanelectronyields, which havealreadybeenmodeled
successfully,are monitoredto agreewith the experimental
datato a reasonablextent(Sec.lV A andIV C below).

In what follows, we referto R asthe distanceof the pro-
jectile nucleusperpendiculato the first bulk layer at R=0.
Valuesfor thejellium edgelocatedat z; andtheimageplane
at z;,, aretakenfrom Ref. [47]. The distinction betweenthe
(R=0) andthe z; planeis importantfor the simulation of
spectraoriginating from reflectedMCl beamd[16].

A. Atomic energy levels

In the presentwork we significantlyimprovedthe model-
ing of autoionizationby integratingthe calculationof bind-
ing energieqat the Hartree-FocKevel) into our simulation.
For any projectile configurationvector{a,} occurringalong
the courseof the ion-surfaceinteraction(a,, designateshe
number of electronsin projectile shell n), we employ the
Cowancode[48] to generatehe correspondin@verageotal
configurationbinding energiesof the undistortedprojectile
ion £ ({a,}) andeachof its shells{z, ({a,})}. Forthe mod-
eratechargestatesconsideredn this work, it is sufficientto
keeptrack of the shellsn=1, . .. ,10 sinceno higher-lying
levels are involved in the interaction dynamics. The 10-
dimensionalvectorsarestoredto acceleratehe evaluationof
recurringconfigurations.

In generalwe do not resolvethe populationdn particular
projectile subshellsFor the L shell, however,we calculate
the2s and2p binding energiesandkeeptrack of therespec-
tive subshellpopulations.We assumethat the 2p level is
preferentiallypopulatedvia Auger ionization (Al) and side-
feedingprocessesassuggestedby its higherdegeneracynd
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its lower binding energy.With increasingoccupation]-shell
relaxationvia LLM Coster-Kronig(CK) and LLL super-CK
(sCK) transitionsbecomesenergeticallypossible and pro-
ceedsby one and two ordersof magnitudefaster, respec-
tively, than other Auger processe$10].

The so-evaluatedrectorof asymptoticconfigurationener-
gies ¢, ({a,}) relatesto hydrogenicradii (r),=n//|2e,].
Both &, and(r), decisivelyaffectthe courseof interaction,
which is governedby RC, RL, “peeling off (PO),” “side
feeding (SP,” and “continuum promotion (CP)" of elec-
trons, and therefore determinethe shapeof the simulated
Auger spectra.(A detailed discussionof PO, SF, and CP
processesvill follow in Sec.lID1, 11 D2, andll E below)

B. Auger autoionization rates

In orderto explain particularfeaturesin emittedelectron
spectra,such as the sharp and tiny KLV,, peak and the
KL,L, shoulde{43,33, we haveto takea closerlook at the
sequencef projectile autoionizationstepson the incoming
trajectory. Vaeck and Hansen[49] have shownthat typical
lifetimes of hollow N9 ijons critically dependon the differ-
enceof the quantumnumbersbetweenneighboringatomic
shells. As a rule of thumb, Auger processegproducingthe
smallestenergief the free electronpossesshe fastestrates
[50]. As a consequencéor our simulation,decaychannels
with the smallestchangein the principal quantumnumbern
and with no variation in the angularmomentumquantum
numberl arefavoredover channelswith largerAn and Al.
As long asRydberglevelshostthe majority of capturecelec-
trons, sCK transitionswith An=0 and CK transitionswith
An=1 aresuppressetiecauseahe potentialenergygain due
to thevacancyfilling is insufficientto ejectanelectronabove
the vacuumthreshold.

In our original COM program[23], we hadusedautoion-
izationratesthatwereobtainedasananalyticalfit to Hartree-
Fock ionic structurecalculationsbasedon the Cowancode
[9,48],

Al 5.06<103
Iy = —)346 (1)

noNe _
iniMin - (A — A

Theseare still usedin the EDCOM for all transitionsother
thanKLL Auger processes.

KLL rates for nitrogen ions are now taken from [51]
wherethesevaluesaretabulatedfor all 182s*2pY configura-
tionsof (6 —x—y)-ionizednitrogen.For otherprojectiles(of
nuclearchargeg,,o, we usethe sameKLL rates,exceptthat
the valuesare interpolatedfor an effective L populationa,,
=6a,/g,,c— 1. In this way, the KLL rates for maximum
L-shell population.a; =¢g,,.— 1, aroundthe 1s corecoincide
for all projectiles. We also employ constantKLM rates
r“M=5.06x10"".

Sincegood estimatedor the KLV, ratesare not known,
theratio betweenK AugerandKLV,, intensitiesis not well
representedDue to this lack of data,we adoptedEq. (1) for
Al andaccountedor the nonequivalencef the two electron
statesin the L shell and the V\y shell ny, by scaling An
=ny—2 with afactor of 1.5 andthe overall rate with 0.25,
i.e.,
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K-Yw=0.25¢5.06x 1073/(1.500)34 2)
Forny,=4, theseratesareof theorderof 2.8x 10> andthus
abouttwo ordersof magnitudeslower than the fastestAl
transitions.This velocity ratio correspondso the experimen-
tally observedntensityof the KLV, peak,which amountgo
about1% of the total K-Auger intensity[43]. In view of the
much faster processegoverningthe evolution of projectile
level occupationgcf. Eq. (10) below], the impactof KLV,
transitionson the overall interactiondynamicsis negligible.
However, by implementing KLV,y, processesn the ED-
COM, we will be able to reproducethe measuredLV,y
peakpositionsin a dynamicsimulation.As a characteristic
signatureof the above-surfacelynamicsof the hyperthermal
ion-surfacecollisionsinvestigatedy our semiclassicainter-
action model, the verification of the KLV,, peak energy
posesa crucial testfor our simulation.

We alsoincludeLLM-CK andLLL-sCK processesvith
fixed rates T"°K=0.05 and I'S“=1.0, respectively,in the
simulation.Accordingly, CK transitionsare aboutone order
of magnitudefasterthanthe autoionizationratesspecifiedin
Eg. (1) and sCK processegroceedalmostinstantaneously
with respectto the otherrates.However,CK and especially
sCK processesareinhibited if the transitionenergydoesnot
lead to emissionabovethe continuumthreshold.Both pro-
cessedasicallyredistributethe L-shell populationfrom the
preferentiallypopulated2p level into the 2s level. The ex-
istenceof an intenseKL,L, componentin measuredauto-
ionization spectra[43,10,18 provides strong evidencefor
this L-shell relaxationchannel We shall returnto a detailed
discussiorof K-Auger electronemissionin Sec.IV.

C. Resonant charge transfer

In the model of Burgdafer et al. [9], chargetransferis
describedin terms of a eontinuous current of electronic
chargeover the potentialbarrierformedby the effective po-
tential

Vei(Z,R)= Vproj(Qaz_ R)+ Vim,p(qu+ R)+ Vim,e(z)
3

governingthe motion of an active electronin the field of the
projectileanda conductingsurface . The contributionsto V.
arethe projectile CoulombpotentialV;, theimagepoten-
tial of the projectile (consideredas a point charge —q)
Vimp» and the self-image potential of the active electron
Vime- Thesepotentialsdependon the electroniccoordinate
perpendiculatto the surfacealong an axis throughthe pro-
jectile nucleus,z, and, parametricallyon R.

In modeling the resonanttransfer processeswe follow
[9,23. Theresonantapturerate

I'RYR)=0o(R)ju(R),

. 4)
. 1 [min(—W,ep41/)
Jn(R)= Z J

dED(E)\2(E—V,)

maxVp ,ep—1/2)

is given by the product of the currentdensity j, and the
minimumgeometricatrosssectiono(R) of theareathrough
which classicallyallowed electrontransferacrossthe poten-
tial barrier (of heightV}, situatedbetweerthe projectileat R
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andthe surface is possible.This areais parallelto the sur-
face at the distance z, given by the condition —W
=Vei(zy.R). D(E)=v2/7%\E—V, representshe electronic
density of valence-bandstatesper unit volume in an ideal
free-electron-gametal.

Resonantossfrom occupiedionic levelsinto emptyband
statesis quantifiedby

TRY(R)=1,P(£,)O(W+e,(R))

2
. Qeff,n
2mn®

(5)

Vn

The RL mechanisnis drivenby thefrequencyy,, of anelec-
tron in anatomicorbit with &,(R)> —W andthe probability
P(e,) for arandomorbit to hit the saddle.

In contrastto our previousCOM version[23], the ED-
COM employsa “truly resonant” chargetransfer,where
resonancerequiresthe initial binding energy of the target
level to coincide with the binding energyof the projectile
level after capture.ln comparisonwith our previousCOM
version,this meanghat projectilelevelsare shiftedupwards
suchthatdeeper-lyingevelsaremorelikely to be populated
via RC dueto the additionalintra-atomicscreeningby for-
merly capturedelectrons.

D. Interactions near the surface

Interactionswithin the near-surfaceoneare strongly in-
fluencedby the targetbandelectronspouringinto the Cou-
lomb well aroundthe projectile core. The most prominent
near-surfacénteractionmechanismsarethe directtransferof
electronsfrom targetstatesinto inner shellsof the MCI (SP
[44,45,52,53 and the loss of loosely bound projectile elec-
trons due to additional screeningenforcedby the tightly
packedinducedchargecloud (PO) [9,54].

1. Side feeding

For incidention energiesof up to severalhundredkeV
and for a wide rangeof initial ion chargestatesand target
materials,experimentn the final chargedistribution of re-
flected projectiles reveal that the vast majority of MCI's
emergesn a neutralchargestate[11,55,58. It is alsowell
known that a mere above-surfaceautoionization cascade
facesthe “bottle-neck problem,” i.e., the interactiontime on
the incoming path falls below the overall projectile relax-
ation time. Therefore,it has been suggestedthat tightly
bound projectile levels may predominantlybe filled with
valence-banelectronsn aregionof strongoverlapwith the
target electron distribution [16,38,44,52,57,598 The short
passageime through this region and the high degreesof
inner-shelloccupationwhich havebeenidentified by means
of high-resolutionAuger spectroscopy16,32,33 imply fill-
ing ratesfor SF processeshatlie aboutoneorderof magni-
tude abovethe fastestintra-atomicAuger rates.

We introduce such an additional inner-shell population
mechanism on the basis of XCC-like processes (X
e{K,L,M,...}). Thesetwo-electronprocessesresimilar to
regular Auger processesHowever, the participating two
electrongnitially belongto the inducedvalence-bandharge
cloud (C) surroundingthe projectileionic core nearand be-
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low the surface LCC ratesI'?™ havebeenapproximatedoy

LCV processe$45] wherea chargecloud electron(C) fills

the L vacancywhile exciting a plasmonor an electron-hole
pair in the valenceband (V). SinceC electronsremainlo-

calized aroundthe ionic core, approximateXCC ratengF

can be derived in analogyto ordinary intra-atomic Auger
rates[59].

For all collision systemsand all localized atomic levels
1<n<n),, We assumea single baserateFOSF=0.Ol. In our
dynamicsimulation,we foundthatthe LCV ratesspecifiedin
[45] for N embeddednto Al aretoo slow to explain mea-
suredfinal charge-statelistributionsof reflectedprojectiles.
In [16], simulationsand experimentshave beenconducted
for N®* projectilesimpinging on gold targetswhere,in order
to reproducethe measureddata, a constantLCV baserate
accordingto [45] hasbeenusedalongthe whole ion trajec-
tory. However,the calculatedLCV ratesfor Au [45] exceed
the rateson Al by a factor of ~4, which appearso be in
contradictionto the similarity of the observed-Auger spec-
tra, in particular, regardingthe high degreeof inner-shell
filling atthetime of K-Auger decayobservedor bothtarget
surfaceg16,33. The sensitivityof observableesultson rgF
will be discussedn Sec.V below.

For eachshell n, FOSF is multiplied by the chargeof the
inducedchargecloud, — g, balancingthe core chargeg, and
by the numberof n-shellvacanciesN;*°. Accountingfor the
strong (1/An)34® scalingof Auger ratesl’:fyn with the dif-
ference An betweenparticipating levels [9] [Eqg. (1)], we
apply another An-dependentfactor for the Auger-like SF
processThis factor rapidly decreasefrom the mostloosely
boundlocalizedlevel n,,. andbecomesunity for the L shell.
This way, the baserate I'S"™ can be comparedto the LCV
rateswhich havebeencalculatedfor variousion andtarget
specied45]. We arrive at the side-feedingate

3.46
SF/ o _ 1SFvagyol, oy | Moct 1=
rn (R)_ro an Wn(R)< nloc+1_n ) (6)
Va(R)
if R>z;—(r
NJ(R)=4 Va i~ (7

1 otherwise

for eachprojectile shell n. The spatial variation of F,?F is
representedby thefactorN,‘;'(R). It is expressedn termsof
the quotientof the orbital volume Vg' overlappingwith the
metalelectrondistributionandits undisturbedrbital volume
V,=47/3(r)3. If the projectile has penetratecthe jellium
edgeby morethantheorbital radius(r),, we assumeNg'(R)
to remainconstantt the value 1. N%'(R) obviouslyvanishes
for distanceR>(r),+z;. Forthe smallimpactenergiedar
below 100 eV studiedin this work, no velocity dependence
of the SFrateis takeninto account.

The assumptiorof a fixed andplanarjellium edgeat z; is
certainly a crude simplification. An ionic core nearthe sur-
facesignificantlydisturbsthe electronicsurfacepotentialand
attractsvalence-bandelectrons.Within the presentmodel,
this effect could be representedy a shift of z; towardsthe
projectile nucleus.Within the overall accuracyof our ap-
proach,however,we may neglectthis effect.
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2. Peeling off

With the onsetof chargetransferat R.,;;, mainly outer
ionic levelsare populated TheseRydbergorbitalswith typi-
cal radii (r),=R.; are increasinglydisturbedas the MCI
approacheshe bulk. In contrastto previouslyimplemented
instantaneous PO mechanismsvhich becomeeffectiveat the
momentwhen the MCI entersthe bulk region [15,54], we
examinethe influenceof a dynamic PO on the speedof elec-
tron transportfrom Rydbergstatesnto innerlevelsalongthe
whole interactionphase.

By testingvariousPO modelrates,it becamesvidentthat
a mere geometriccriterion triggering the instantaneou$oss
of anelectronassoonasa certainfraction of the MCI orbital
volume overlapswith the bulk jellium hasto fail. For the
caseof instantaneoukss,we observedhatlevelswhich are
replenishedhy RC may immediatelybe lost dueto peel-off.
This leadsto simulationresultsfor the final charge-statelis-
tributions of the projectilein disagreementvith experiment
[11,40,59.

Our modelingfor PO smoothlyinterpolatesbetweenthe
remoteregion and the bulk limit. We assumethat nearthe
surface for R<(r),+z;— Asor, Whenthe electronhas“lost
touch” with the ionic core due to screeningthe outermost
orbital is likely to moveto the valence-bandontinuumif its
radius (r), exceedsthe screeninglength \g.,. This model
assumeshatthe occupiedorbitalsareeithersphericallysym-
metricor orientedtowardsthe surface This assumptiorcom-
plieswith the RC mechanismwhich requiresa certainover-
lap betweenatomic orbitals and bandstates.

Guidedby the derivationof the resonaniossratein [9],
we arrive at the PO rate

NS(R) 27(r),
Tn Ln(R)

FEO(R):an ®(<P>n_)\scr(R))1 (8)

which is composedf severalconstituentsThe baserateis
given by the inverseorbiting time T, of an electronin an
unperturbedrbital. As in Eq. (6), we reduceT, by avolume
factor N(R).

ThetermL,(R)/(2(r),) correctsT, to yield the “reac-
tion time” for an atomic electron.We assumehat an elec-
tron which is capturedat R—z;=(r), and entersan atomic
orbital doesnot get perturbedby the targetelectrongasuntil
it has coveredthe distanceL,(R). This period decreases
with the ratio of the vacuumsectionL,,(R) of the classical
orbital abovez; andits circumference€(r), . Theunit step
function ® in Eq. (8) disablesPO for levelswith radii (r),
smallerthanthe screeningength A ;(R).

We modelthe screenindengthin Eq. (8),

)\sm(R)zhgc +1

max R,0)
|l ?

to reachits bulk value A2, at R=0. Above the first bulk
layer, As.(R) increasedinearly in R and equalsZ)x‘S’Cr atthe
jellium edgeR=z;. Due to the nonlinearresponseof the
surfaceelectrondistribution to the nearby MCI, the linear
scalingin R, the neglectof a variationwith g, andthe par-
ticular choiceof the slope,Eq. (8) canrepresenbnly a crude

estimatefor the dependencef A, ong, n, andR.
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We notethatthe introductionof PO in additionto the RL
channelis motivatedby meretechnicalreasonsin a precise
theory,both effectscould not be distinguishedandrepresent
resonantlectronflow into emptybandstatesin the spirit of
the modelunderlyingRL. However,the artificial distinction
betweenthesetwo electronlossmechanismén the EDCOM
is essentiakincethe calculationof ionic level binding ener-
giesdescribedn Sec.Il A isincompletelonic levelsarenot
only subjectto shifts by the image potentialleadingto RL.
While the MCI approacheghe surface,levels are also in-
creasinglyelevatedby the screeningof the inducedcharge
cloud which eventuallystrips off loosely bound outer shell
electrons.The evaluationof theseadditionallevel shifts in
the highly inhomogeneousegion shortly abovethe surface
is far beyondthe scopeof the presenttheory. In order to
accountfor this electronlossmechanisnireferredto asPO)
in a quantitativemanner,we thereforeemploy simple geo-
metric arguments.

E. Continuum promotion

Dueto the actionof the repulsiveprojectileimagepoten-
tial Vi, p and the mutual screeningof projectile electrons,
atomic levels are shifted upwards with respectto their
asymptoticvaluese,, asthe MCI approachethe surface As
the orbital energies e,=¢,+In, reach the ionization
threshold,electronsin shell n are detachedrom the projec-
tile, i.e., promotedto the continuum.For the low projectile
velocities consideredin this work, we assumeimmediate
electronlossdueto CP assoonase,>0.

F. Evolution of projectile level populations

For MCl-metal-surfaceollisions,we obtainthe dynami-
cally varying populationsa,, of projectile shellswith princi-
pal quantumnumbern as solutions of the systemof rate
equationsof the form [23]

da,
<t = OB 2y C—a,l
+wﬁ“2 T Wi — 2w'”'2 T wh
n'>n n'<n
+6(Ay—a,) [5"—a,I"°- 6(n—4)a, i W
- ﬂ,MF _5n,LFSCK
+(Spk— On L= Opm)a ayl*M. (10

The “traditional” COM developedby Burgdafer et al. [9]

includes the terms in the two first lines of this equation
whereI'R¢ andT'}" are the resonantaptureand lossrates.
The (empirica) statisticalfactorwﬁ“— 1/(1+ 1 Ba,) corrects
for the decreasan Auger transition ratesF , dueto in-

creasingpopulationsa,, of thefinal shell. As |n Ref [9], we
only includethe fastestAuger processesvith equivalentac-
tive electronsin the initial state[23] for the relaxation of
outershells.The statisticalfactorw!" = 2a,(a,— 1) takesthe
equivalenceof electrondn the |n|t|al shellinto account.The
degeneracyf shelln is givenby A,=2n?. Hydrogenicsub-
shellsare not resolved.d is the unit stepfunction and 6, -
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the Kronecker symbol. For the presentinvestigation, we
haveaddedthe termsin the third andfourth line. The rates

I'SF PO, 1":' ., TREYw ek psCk and KM accountfor

SF, PO, Al, KLVyy, LLM-CK, LLL-sCK, andKLM pro-
cesses.

G. Projectile motion

With respectto our previouswork [23], we haverefined
the potentialthat governsthe classicalmotion of the projec-
tile. We replacedhe planaraveraged’homas-Fermi-Moliee
(TFM) potentialwhich satisfactorilydescribesgrazinginci-
dencecollisionsundersurfacechannelingconditions[60] by
thesumoverbinary TFM potentialsfor the interactionof the
projectile with individual surface atoms. Recoil effects in
closeencountersvith individual targetatomsareincludedby
switchingto a binary collision modeat distanceselow one-
half of a lattice constan{16]. The kinematicsis first calcu-
lated in the center-of-massystemin termsof the reduced
massand a vectorkeepingtrack of the internucleardistance
of the MCI andthe targetatom,andis later translatedback
into the laboratorysystem.Doing so, we assumethe target
atomto be unboundand at restat its lattice site. The inclu-
sion of targetrecoil leadsto a closerapproactof the projec-
tiles to the first bulk layer ascomparedo a rigid crystal. It
allows usto covera largerrangeof incidentanglesand per-
mits a more detaileddescriptionof the crystalsurfaceorien-
tation.

The projectileconsequentlynovesaccordingto Newton’s
equation

F(g,R
ag=OR) (10
mnuc
wherethe force
F R)——ﬂzéHE (R) (12)
(qa - Z(R_Zim) Z TFM

is composedof the self-inducedimage force and the TFM
forceincludingthe kinematicrecoil effect. Due to the depen-
denceon the net projectile chargeq=¢,,c— =,a,, the pro-
jectile motionis coupledto its occupationevolution{a,(t)}.
Massand chargeof the projectile nucleusare designatedas
Minyc andqnuc-

H. Monte Carlo sampling

The useof atomicstructurecalculationswithin our simu-
lation requiresthat the continuouscharge current of the
original COM [9,23] is relatedto transitionsof electrons
(chargediscretization. The time integrationover the multi-
dimensionalparameteispacecomposedf the integerlevel
occupations{a,(t)}, the projectiletrajectoryﬁ(t), and the
locationsof the surfaceatomg|cf. Egs.(10) and(11)] is done
basedon randomwalks for an ensembleof 5000 incident
particles. Starting at a random position shortly above the
(R=R;) plane,the MCI propagatewith finite time steps
At; from one point in time t; to the nextt;, ; alongits tra-
jectory.
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At eachtime t;, separatevaluesAt; for eachtransition
type X e {Al,RC,RL,SF,PQ are drawn from a negativeex-
ponentialrandomnumberdistribution

-1

E(At)=(f:exq—rxr)df exp—T*At) (13

with ameanvalueequalto the averagedecaytime 1/I'X. The
physicalprocesssupplyingthe smallestAt; is chosento take
place,andall variableparameterssuchas configurationen-
ergiesand occupationsare updatedaccordingto the change
in {a,(t)}. The projectile, in an electronic configuration
given by Eq. (10), is then movedfrom R(t;) to R(t; ) by
the force in Eq. (12). Now the sameprocedurestartsover
againleadingto time stept; . ,, etc. Our codelimits At; to a
maximumvalue of 1 in orderto avoid large numericalsteps

in theintegrationyielding R. If the smallestAt; turnsout to
be greaterthan 1, the projectileis movedwith At;=1 with-
out letting any electronicprocesgake place.

[1l. POPULATION EVOLUTION
OF THE HOLLOW ATOM

Before comparingour simulationresultswith experimen-
tal data,we look at the evolutionof nonobservablguantities
during the MCl-surfaceinteraction.This will greatly assist
us in the interpretationof the experimentaldatain Sec.IV.
The Monte Carlo samplingas outlinedin Sec.Il H implies
thatonefirst of all hasto defineandkeeptrack of physically
meaningfuleventtypes.For eachparticle within the Monte
Carlo sampling,a certainevent,e.g., the ith resonantlec-
tron capture may take placeat different projectile locations

R and may occur only for a small fraction of the particle
runs. We stressthat in this contextthe term statisticaldoes
not imply that the standard deviation o

= \/(1/N)E’,f: 1(&— €)? attachedo the simulatedquantity ¢
approachezero if the numberof particle runs N becomes
very large.Insteadthe errorof the estimationfor thewidth o
of the probability distribution convergedo zerofor N— .
Dueto its strongdependencen the particlehistoryalongthe
precedingtrajectory,this distribution of simulatedvalues¢y
may significantly deviatefrom the Gaussiarshapeor even
possesseveralmaxima.

Accounting for the statistical interpretation,we display
the correspondingresults for each electronic transition/
emissionmechanismin three subplots.Figure 1 showsthe
resonantcapturestatisticsfor a N®* beamand an Al(111)
surfacefor an angle of incidence® =45° and an incident
kinetic energyE,;,=80eV. This will alsobe our modelsys-
tem for the remainingplots in this section.The horizontal
axis countssuccessiveRC stepsand acts as a (nonlineay
pseudotimeaxis to all threesubplots.

The bottomplot describeshe averagdraction of particles
for which the ith RC still takesplace. Virtually the whole
ensembleof MCI's resonantly capturestwelve electrons.
This curvecanbefitted (with the relativeerrorin the sumof
squareselow 0.00)) to the function

i—Yre
4 = f —_—
f(i)=>50er c( ", )

(o

(14
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FIG. 1. Resonant-captur@RC) statisticsfor anensemblef N6*
ions incident on an Al(111) surface under ® =45° with E,
=80eV. The horizontalaxis appliesto all uppergraphsandmarks
successiveRC events.From bottomto top, the three subplotsdis-
play averagevaluesof the beamfraction undergoingthe ith RC
step, the correspondinglistancefrom the first lattice layer R and
atomicn shellinvolved, togetherwith their statisticalspread.

N R
erfo(x) = N L exp(—B%)dp,

with a standarddeviationof o=4.55 from the meanvalue
vre=23.0. This meansthat the distribution is of Gaussian
type, as expectedfor a large number of random number
events.The small errorin the fit showsthatwe havechosen
a sufficiently large number of particle runs in the Monte
Carlo sampling.For the following plots, we will only men-
tion the value of the standarddeviation o for eachevent
type.

The centralplot in Fig. 1 showsthe averagelocation of
the ith RC step and the error bars show their statistical
spreado. For all particles,thefirst capturedistanceR,,; lies
in a tiny interval around 24.9 above the uppermostbulk
layer. The simulatedR,,; is in closeagreementvith the ana-
Iytical formula R.;=1/2W/8g+ 2 + z;,,= 25.8 with the im-
ageplanelocatedat z;,,= 3.19.0n the averageabout10 RC
stepstake place in the remote interactionregion where R
>10. Due to our restrictionof RC to orbitals which do not
fulfill the PO condition,RC eventsare limited to R>3.8.

Theupperplot in Fig. 1 illustrateswhich atomicshellsare
involvedin the RC sequenceThe first capturepopulateghe
n=n;;=8.0 shell and successivel\proceedgo lower-lying
shells. The sixth electrongoesinto the n=5.9 shell at R
=14.9.RC seldomreacheshellswith n<3. This makesthe
accumulationof a significant L-shell population via RC
highly unlikely.

The reverseelectrontransfervia RL is shownin Fig. 2.
RL setsin at R=16.2 and mostly involveslevels4<n<8.
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FIG. 2. Resonant-los$RL) statisticsfor an ensembleof N&*
ions hitting an Al(111) surfaceunder® =45° andE,;,=80eV.

Onthe averagepnly yg, =4.5* 2.6 electronsarelost to the
targetby RL while 23 electronsare passedrom the valence
band(VB) to the MCI by RC. The courseof POis displayed

in Fig. 3. Theonsetof POatR="7.7 from then=6.4levelis
located closer to the surfacethan the alternative RL loss
channel.However,this processreturns ypo= 7.7+ 3.3 elec-
tronsto the target.Contributionto PO are shellswith n=4,
5, and6.

A similar above-surfacescenariotermed‘screening dy-
namics” has beenportrayedby Andra et al. [26]. It was
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FIG. 3. Peel-off (PO) statisticsfor an ensembleof N®* ions
hitting an Al(111) surfaceunder® =45° andE,;,=80eV.
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FIG. 4. Side-feedingSP statisticsfor anensemblef Né* ions
hitting an Al(111) surfaceunder® =45° and E;,=80¢eV.

found that the interplay of resonantelectronexchangeand
level shifts due to intra-atomicscreeningand image poten-
tials leadsto a partial relaxation of the MCI before bulk
penetrationThese"screeningdynamics” are interruptedat
n=4 when the level shift due the image potentialand the
mutualscreeningf the electrondail to overcomethe energy
gapto the M shell. Resonanthargetransferis thereforecut
off at this point. Due to the implementationof intra-atomic
screeningvia Cowan code calculationsin the EDCOM (cf.
Sec.ll A), this massivemigrationof electronsfrom n,;; into
n=4, which s catalyzedby the metalsurface could be dem-
onstratedin a dynamicsimulation.In Sec.lV E1, we will
showthatthe KL V,y peak[43] is a characteristicignatureof
this phase.

Sidefeedingfrom the inducedchargecloud into still lo-
calizedatomiclevelsis initiated when the overlapwith the
target electron distribution below the jellium edge (at z;)

becomessignificant at averagedistancesR=3.7 (Fig. 4).

While approachingthe high-electrondensity near the sur-
face, the transferswitchesfrom the M shell to the L shell,
which is efficiently populatedwith yge=5.4+1.9 electrons.
This phaseembodiegthe transitionfrom a very weakintra-
atomic screeningby the resonantlycapturedelectronsto-

wards the more efficient bulk screeningwhen a tightly

packed,inducedchargecloud, resemblingthe M shell of an
unperturbedatom, hasformed. In Sec.IV E1, the recently
discoveredoothill on the low-energysideof the KL L, Au-

ger peak [43] will be associatedvith emissionfrom this
vacuum-bulkinterfaceregion.

With only ycp=1.3£1.2 electrons reaching the con-
tinuum thresholdafter PO and RL havedepletedouter pro-
jectile levels, continuumpromotion (Fig. 5) plays a minor
role in the electronloss. However, it is known that a large
numberof electronsy, =g is ejectedby the projectile via
autoionization(Al) processe$15,61].
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FIG. 5. Continuum-promotioCP) statisticsfor anensembleof
N6* ions hitting an Al(111) surface under ® =45° and Ey,
=80eV.

Figure 6 gives detailson the meandistanceand the out-
ermostlevel involved in the correspondingduger transition
(including CK, sCK, and KLV, processes The EDCOM
predictsthat a meannumberof y,, =8.8* 2.9 electronsare
ejectedby Auger emission.The chargebalancefrom RC,
RL, PO, SF,and CP amountsto a net transferof 14.8 elec-
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FIG. 6. Autoionization(Al) statisticsfor an ensembleof N¢*
ionshitting an Al (111) surfaceunder® = 45° andE,;,=80eV. The
uppergraphrepresentshe outermostevel, which is depletedby the
correspondingduger transition.
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FIG. 7. Evolutionof the projectilechargestateg asa function of
the ion-surfacedistanceR for an ensembleof N®* ionsincidenton
an Al(11)) surfaceunder ® =45° with E,;,=80eV. The g-axis
labelsdenotethe “new” chargeat distanceR, e.g.,thefirst capture
changegy from 6 to 5 at R=24.9.

trons towardsthe MCI. Subtractingy,,, it is found that g
=6 electronseventuallystay with the MCI to attaina high
degreeof neutralization.

Due to the late onsetof the loss mechanismsand the
effective replenishmenbf atomiclevelsvia RC and SF, the
projectileis neutralizedbetweenR,,;; andthe tenth RC step

at R=10.3 (Fig. 7). It basicallystaysneutralor only singly
charged at smaller distancesto the surface. For Ey,
=80eV, 99.5%0f the projectilesbouncebackfrom the sur-
face at a distanceof R,,;;=0.9 from the first bulk layer ac-
cording to our Thomas-Fermi-Molige modelingof the sur-
face potential. Reducing E;, to 10 eV while keeping ®
=45°, the vertexmovesaway from the bulk to R,;;=2.0.

IV. COMPARISON WITH MEASUREMENTS

In this sectionwe employthe EDCOM to simulatevari-
ous experimentally observablequantities within a single,
fixed set of model parameterdor all projectile and target
speciesand conditionsof incidence.Due to our simplifying
approachperfectagreementvith the measurementsannot
be expectedgspeciallyfor quantitieslike the K-Auger elec-
tron spectrawhich quite sensitivelydependon a setof tran-
sition rateswhich are only known asrough estimatesNev-
erthelesspur simulationresultswill demonstrateéeasonable
agreementvith all relevantexperimentsaandrevealvaluable
information aboutthe above-surfacénteractiondynamics.

A. Energy gains

For projectilechargesl < g< 25, the projectilekinetic en-
ergy gaindueto its imagechargeattractionwasobservedo
agree with the traditional COM formula Eg,p
=Wq¥?%(3v2) [9,23,41,61, where W is the target work
function. For high chargestatesg> 25, energygainsfalling
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TABLE |. Comparisonof projectile energygains(divided by the substratework function W) resulting
from the COM formula E g5,/ W= §>%3v2 and our simulationresults(right column for hydrogenlikeand

metastableheliumlike second-rowions in configuration(1s2s) at E,;,=100eV and © =45°.

v, is the

asymptoticprojectile velocity componeniperpendiculato the surface.

EnergygainWv
COM prediction: Presensimulation:
q3’2 Egain
MCI Target v, (10" 2a.u.) 3v2 W
Al(112) 0.12 1.9
N

ct Si(100) 0.12 1.9 2.1
c Al(112) 0.13 26 2.9
N5+ Al(112) 0.12 ' 3.0
0.13 4.1

N6+ Al(112) 0.38 3.8
1.00 35 4.0

of+ Al(112) 0.13 3.9
Si(100) 0.12 4.0

ot Al(112) 0.13 4.4 55

short of the g>? scaling have been observed[11,41] and
attributedto intra-atomicscreeningeffects[12]. We referto
the term energygain as the kinetic energygain of the pro-
jectile on its way towardsthe surface,resulting from the
interplay of all forces acting on the projectile. For metals,
theseforcesare given by the long-rangeself-imagepotential
andthe short-rangesurfacepotential[23].

We have confirmedthat energygains obtainedwith our
improvedsimulationstill agreewith the commonlyaccepted
COM resultsandexperiment$23]. Regardinghe significant
modificationsto our original code, this agreementcannot
necessariloe expectedHowever,it is facilitated by the fact
that the kinetic energygain is mainly accumulatecat large
ion-surfaceseparationswhereaghe modificationsdiscussed
in this paperfocuson closeinteractionsTablel lists energy
gainsaccordingto the traditional COM formulaandour new
simulationoutputfor hydrogenlikeaswell asmetastabléde-
liumlike projectiles.It canbe seenthatall valuesarein the
vicinity of thetraditional COM predictionsandcoincidewith
variousexperimentg11,41,61.

B. Final charge-state distributions

For slow highly chargedion beamsscatteringoff sur-
faces, high fractions of completely neutralizedprojectiles,
typically well above90%, have beenobservedafter reflec-
tion, even on insulating targets[11,55,58. The remaining
fraction overwhelminglyconsistsof singly chargedpositive
and negativeions. As far as we know, no measuredinal
projectile charge-stataistributions{gs,,} are availablefor
the incident energy regime below 100 eV. However, the
measuredigh-energyAuger spectrain Sec.IV D will show
that evenfor very slow projectiles(very small v, ) electron
emissionoccurspredominantlyout of neutral,mostly relaxed
configurations.

In view of this lack of data,we compareour simulation
output with measurementsf other collision systems.lt is
importantto stressthat the traditional COM [9], appliedto
the full reflectedtrajectory of the ion, would lead to large

fractions of ionized particlesfar after reflectionin obvious
contradictionto the experimentBurgdafer et al. [44] have
includedaresonant_-shellfilling mechanismo complywith
measuredinal chargestatesOur studyaimsto reproducehe
strongtrendtowardsneutralityin the g, distributionwhile,
in addition,keepingagreementvith otherobservables.

In Fig. 8 we plot the simulatedchargefractions for 0
<ghna=<2 in the final charge-statealistributionsfor ground-
state (g9 H-like ions and metastable(mt) He-like second
row ions C4*, N9*, andO?* in (182s) configurationsjm-
pingingwith E,;,=13g eV anda grazingangleof ®=5° on
Al(111). The simulatedfractions are recordedfor reflected
projectileswhich havepassedhefirst capturedistanceR;; .
After this point, lessthan0.1% of the beamstill exhibitsthe
original K-shell vacancy,which eventuallycauseseioniza-
tion. The remainingwidely relaxedconfigurationdie below
theautoionizatiorthresholdandmay deexciteonly via radia-
tive processesvithout further electronemission.

Also shownis the measuremerntty Folkertset al. [55] for
09" (3=g=8) a E,,=3.75keV/amuon Au(110 under
surfacechannelingconditions.Note thatthe simulationdeals
with different projectile types containing a single K-shell
holewhile the experimentefersonly to O projectileswith
K-shellvacanciedor g=7. Runningour codefor projectiles
possessing filled K shellleadsto slightly higherdegreef
neutralization.Our Monte Carlo evaluationof the g,,= 2
fraction hasa statisticalerror of about40% while the g4
=1 fractionis given within an error of 1.4%.

We observethat the experimentaland simulated data
agreewell for the H-like ions. Shifting the final charge-state
fractionsof the metastableby Ag= + 1 towardsthe right,
the data points for the H-like and He-like counterparts
roughly coincidewith eachotherfor gsn,q=<1 andalsowith
the experiment.This meansthat the distribution of gy
mostly varieswith the nuclearchargeandis ratherinsensi-
tive to the initial L electron.For all initial chargestatesg
underconsiderationthe neutralcontributionlies well above
90%. Underthe assumptiorof a weakinfluenceof the pro-
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jectile kinetic energy the measureaharge-statéistributions
in Fig. 8 agreewell with our simulationresults.

C. Low-energy electron emission

Along the complicated interaction dynamics, electron
emissionoriginatesfrom various sources Apart from auto-
ionizationsettingin assoonasmorethantwo electronshave
beencaptured,SF and CP contributeto the total electron
yield. Otherelectronlosschanneldnclude PO, RL, and Au-
geremissioninto emptyconduction-bandtatesvhich do not
contributeto measurecklectronyields.

In Fig. 9(a) we show experimentaland simulatedlow-
energyelectronspectrafor N interactingwith an Al(111)
surfaceunder® = 45° for incidentenergied,;,= 80 and 10
eV. Forthesetwo systemstheimageenergygainsamountto
Eq.in=17.1and 16.3 eV, respectively.The vanishingspec-
trometertransmissiorandstraymagneticfields aggravatehe
detectionof electronsat the lowest displayedenergies Ex-
periencewith our apparatushowsthat the portion aboveE
>20eV is easilyreproducible The spectrain Fig. 9 andall
the following plots are normalizedto the integral K-Auger
intensity. For the experimentaldata which have also been
correctedby the spectrometetransmissionthis is equivalent
to a rescalingfrom emissioninto the acceptanceolid angle
of the spectrometer(0.031 sr) to emissioninto a full 4
sphereat a detectionangle v =0 —90° with respectto the
surfaceif a unity K-Auger yield andisotropic emissionare
assumedThe integralof the intensitiesover the energyaxis
thereforesuppliesthe estimatediotal numbery of electrons
per incident ion which are ejectedinto the vacuum. The

simulateddatahave beenconvolutedwith the spectrometer

resolutionof 0.7%.
For electronenergiesE>10eV, the simulatedspectraex-
hibit reasonablegreementvith the experimentfor bothin-

cident energies.One can recognizeadditional structuresin
the simulatedspectrawhich are most likely causedby our
simplified evaluationmethod of transition energieswhich
considersonly ground-stateconfigurationsfor shells n>2
and neglectsangularmomentumcoupling and the perturba-
tion and hybridization of ionic levels near the surface
[62,63. Figure9(b) displaysthe contributionsof Al and SF
to the simulated80-eV spectrum.While the SF mechanism
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FIG. 9. Low-energyelectronspectraof N®* incident under®
=45° on an Al(111) surface.Experimentaland simulatedspectra
for incidentenergiesE,;,=80eV and 10 eV (a). Subplot(b) also
showsSF and Al contributionsto the E,;,=80eV spectrum.
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FIG. 10. KLL spectraof N* incident under ®=45° on an
Al(111) surface.Experimentaland simulatedspectraare displayed
for the incidentenergiesE,;,= 10 and 80 eV.

producesa comparativelysmoothspectrumin the region E
<90eV, Al transitionsgeneratestructuresbelow 20 eV,
which we associatewith the early stageof projectile relax-
ation abovethe surfacewhensmall An stepsbetweenRyd-
bergstatesprevail. In the sameinteractionphase highly ex-
cited configurationsmay also emit L-Auger electronswhich
enhancethe high-energy region. Integrating the spectral
yieldsin Fig. 9 above20 eV leadsto yieldsof y=5.7and5.8
emitted electronsper incidention for the simulatedspectra
andto y=4.9and4.3for the experimentwith E,;,=10and
80 eV, respectively.

Niemannet al. [15] haverecently publishedlow-energy
Auger spectrafor N®* impinging on Au with E,, ranging
from 90 eV to 60 keV andperpendiculaincidence Integrat-
ing thetotal double-differentiabpectrumn energyandangle
of detectionto a full 4 solid angle,they observetotal emis-
sion yields y=8.6*3.4 for E,;,=90eV, which agreeswell
with their simulatedyield of y, =9.8 for mere autoioniza-
tion. With a different measurementechnique,Eder et al.
[64] measured yield of y=9.8undersimilar scatteringcon-
ditions.

For the samecollision system,our EDCOM simulation
including dynamic PO, CP, and SF mechanismsprovides
electronyields y,, =7.6 for Auger emission(including the
K-Augerelectrong, ygr= 6.6 dueto SF,and ycp= 1.2 dueto
CP. Thesevaluesadd up to a total yield y=15.4including
contributionsfrom E<20eV. The discrepancywith Eder
et al. andNiemannet al. might berootedin the experimental
difficulty to measurelow-energy electrons (E<20eV),
which producethe greatestcontributionto vy, as well asin
the necessargimplificationsembeddedn our simulation.

D. K-Auger spectra of ground-state projectiles

K-Auger spectrafor H-like and (1s2s)-metastableHe-
like incidentions can be subdividedinto a well-structured
KLL region, a broad, less intensepeak consistingof KLM
andKLC transitions,andsmall contributionsfrom KXY tran-
sitions with X,Ye{M,N,...}. Figure 10 shows measured
andsimulatedKLL electronspectrafor N®* colliding with an
Al(111) surfaceunder® =45° with E,;,=80eV (upperright
par) and E,;,=10eV (lower left par). For both projectile
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energiestheKLL regionextendsetweerthe KL L, peakat
E=352eV andthe KL,3L,; peakat E=378eV. The peak
widths reflectthe possibility of differentinitial L-shell popu-
lations n_ at the time of K-Auger decay. The broad
KLM/KLC peakis situatedon the high-energyside of the
KLL region.

Figure 10 also displaysthe correspondingsimulationre-
sults.In generalthe KLL subpeakintensitiessensitivelyde-
pendon the ratio betweenthe L-shell filling rateT}' =T4',
+T' 3" [givenby Egs.(1) and(6)] andKLL decayratesT'y' .
We can give only crude estimatesfor '™ in the relevant
interactionregion(cf. Sec.ll D 1), andFﬁ' is knownonly for
freeions[51,69 (cf. Sec.ll A). Forn>2, we haveneglected
thefine structureof the n shellin our simulation.The devia-
tion on the low-energyend of the KL,L, peak originates
from an energy-losshbackground[30] in the experimental
spectrawhich is not takeninto accountin the simulation.
Theseconsiderationsndicatethat somedeviationsbetween
simulationand experimentmustbe expected.

However,the changesn E,;, shouldaffect the resultin
the samemanner,i.e., the intensity ratios betweendifferent
KLL subpeaksshould shift similarly. Indeed,the EDCOM
follows the experimentatrend: towardsincreasingg,;,, the
KL,L, peaklosesintensity, which is transferredinto the
upperpart of the KLL spectrum.This canbe understoodn
view of strongerside feedinginto the 2p orbital when the
vertexof the trajectorymovescloserto the first lattice layer
with increasingg,;, [16]. Nearthis turning point, the projec-
tile is very slow andthe exponentiallydecayingSF ratesin
Eqg. (6) reachtheir maximumamplitude . The deviationin the
peakregionbelow350eV betweerthe simulatedandexperi-
mentaldifferencespectramay be attributedto secondaryef-
fectssuchasthe enhancednergylossof the outgoingelec-
trons with increasingEy;, [30,66 (not accountedor in our
simulation).

The upperedgeof the experimentaKL 3l »5 peakis situ-
ated at a higher energythan in the simulation.In order to
establishsucha KLL energy,all six neutralizingelectrons
haveto be presenin the L shell. This might indicatethatthe
SF ratel“ﬁF in Eq. (6) which yields anaveragd.-shell popu-
lation a;=4.6 at the time of K-Auger decay for E,
=80eV might be slightly underestimatedThe KLM/KLC
peakcanbe found around401 eV (not shown). The simula-
tion reproducests positionand enhancemenfor the lowest
incidentvelocitiesmore clearly thanthe experiment.

E. Auger spectra of metastable projectiles

In two recentpublicationg 43,67, we discussedwo char-
acteristicsignatureof the initial 2s electronin the K-Auger
spectraof (1s2s)-metastableHe-like C**, N3*, and O%*
(andalsoNe®") incidentunder® =5° with E,;,=13g eV on
Al(111). Thefirst featureis thetiny KLV,, peakontheupper
side of the KLM region, which will be the subjectof Sec.
IV E1. The secondfeatureis a low-energyshoulderof the
KL L, peak,which will bediscussedn Sec.IV E2.

1. The KLV, peak

Guided by transition energy considerationsthe KLV
peakcould be identifiedasan above-surfac@rocessnvolv-
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FIG. 11. KLVy peakin the spectraof metastable He-like
MCI’s impinging under®=5° andE,;,=13g eV on Al(111) and
Si(100. Theverticalline marksthe experimentallyobserveX L Vy,
peakposition. The occurrenceand transitionenergyof the KLVy
peak as well as the measuredenhancementor the C**/Si(100)
collision systemandits broadeningowardsthe Of* projectile are
qualitatively reproduceddy the EDCOM simulation.

ing the K vacancy,the initial 28 electron,and an occupied
atomic state (labeled‘ V'’ ), which is resonantwith the
targetwork function W, preferentiallyin the N or O shell.
This finding is consistentwith the strongdependencef the
KLV,y rateson An in Eq. (2).

In Fig. 11, we displaythe EDCOM simulationof the par-
tial KLV,y spectrumomitting all other K-Auger contribu-
tions. The simulationis carried out for an Al(111) and a
Si(100) surface,primarily differentin their work functions
W=4.25and4.91eV [68], respectively The slightly deviat-
ing Fermi energiesand lattice constantsonly havea minor
impacton the simulation.Note alsothatthe samescalinghas
beenappliedto energyandintensityaxesof all threeprojec-
tiles to illustrate the increasingkL V,y peakwidth from C**
to 0", which coincideswith the measuremenf43]. This
widening from about6 eV (C**, N>") to about10.2 eV
(0%") canbe explainedby the quantumnumberof the ini-
tially populatedprojectile shell n.;;, which increaseswith
Gauc- This implies that electronscapturedby O needto
descendmore stepsdown the Auger-deexcitatiodadderto
the statistically preferredKLV\y, configurationwith g,,.— 2
electrongn then=4 shell[43] thanif theywerecapturedcby
C*". This statistical spreadof contributionsto the KLV,
peaktranslatesnto an energyspreadwhich is alsoamplified
with increasinggnyc-

The vertical line marks the experimentally observed
KLV, peakposition,which is in all casesvery closeto the
simulationoutput.We alsofind the suppressiomf the KLV,
peakin the spectraof H-like MCI's in the EDCOM (not
shown). In [33,43 it wasdemonstratethatthe KLV, peak
positionis widely unaffectedby switchingfrom the Al(111)
to the Si(100) target. However,the KLV, peak appeared
muchstrongerfor C** projectileson Si(100 ascomparedo
Al(111) complyingwith the EDCOM resultsin Fig. 11. This
canbe understoody the greaterwork function W of Si(100
guiding RC into deeper-lyinglevels. Consideringthat the
low g,,,cof C* impliesaninitial populationof a meanshell
n.;;=5.6 for Si (comparedto n.;;=6.0 for Al), which is
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adjacento the Vy level with n\,= 4, subsequerkLV, pro-
cesseslo not haveto “wait” long for the accumulatiorof a
sufficient populationin the nyy shell. This effect disappears
ashigher-lyinglevelsare resonantlypopulatedwith increas-
iNg gnyc-

Proceedingrom C*" to O%*, the EDCOM tells us that
the KLV line is emittedat an averageon-surfacedistance
movingfrom R=9.6*3.7downto 5.5+ 2.7. This decreasés
again correlatedwith the shell, which is populatedby the
first RCincreasingrom n.;=6 to 8. Therefore the popula-
tion of the statistically preferredKLV,, levels with n<5
takeslonger.Notethatthe smallincreaseof theinitial charge
g from 4 to 6 causeR.; to grow from 21 to 25. However,
the resulting prolonged above-surfaceinteraction time
ATeii=AR./v, =10 s 1 doesnot compensatdor the
additionalstepson the relaxation,evenwhen neglectingthe
increaseof the imageacceleratiortowardsO®". Hence,the
width of the KLV,, peakwhich is correlatedwith the frac-
tion of KLV, decaysfrom n\,=4 increasegowardsO.

2. The KL L, foothill

In arecentpublication[33], it was pointedout thata tiny
foothill on the low-energyside of the KL L, peakis gener-
atedafter KLV, emissionbut prior to plunginginto the jel-
lium wheremostof the KLL transitionsoccur.It wasargued
thatin thisregionSFinto the L shellhasalreadysetin butis
still too slow to provide morethanoneL electron.This ex-
plains the more pronouncedappearancef the foothill in
spectraof (182s)-metastablerojectiles.The energyshift of
this near-surfac&KL L, transitionwith respectto the main
KL,L, peakis causedby the inducedelectroncloud, which
is more loosely packedthan within the targetelectrongas.
On the otherhand,the presencef the screeningcloud cuts
off KLV,y emission.This is due to much faster KLL and
KLM transitionsandthe fact that V,, levelsare peeledoff.

In Fig. 12 we distinguishbetweerkK-Augeremissiornfrom
theremote(R>5), close(z;+ 1<R<5), and“subsurface”
(R<z;+1) interactionregion for (1s2s)-metastableinci-
dentO®" ions. The plot confirmsthat the dominatingcontri-
butionto the KLL foothill stemsfrom the zonejust abovethe
jellium edgeat z;=2.19.Note thatthe vertexat Ry, =2.4 is
abovethe jellium edge.Therefore,the true subsurfacecon-
tributions to the K-Auger spectrumremain comparatively
smallin this grazingincidencegeometrywherethe “subsur-
face” regionis restrictedto 2.4<R<3.19.

Figure 13 examineghe occurrenceof the foothill for the
sameprojectilesasin Fig. 11. Similar to the KLV, peak,the
shoulderbroadensfrom C*' to 0% on an absolutescale
(notethe differencesin the E scalingin Fig. 13). As for the
KLV, peak,this effectcanbe relatedto the increasean g,
becausehe shift in theKL ;L transitionenergiegdueto the
attenuatedscreeningcomparedo the jellium region is am-
plified by the effective nuclearcharge.ln summary the pro-
posedocationsandorderof the emissionof the KLV, peak
andthe KL,L, foothill are confirmedby the EDCOM.

V. VARIATION OF MODEL PARAMETERS

In this sectionwe study how the outcomeof our simula-
tion is affectedby switchingoff or by changingthe speedof
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FIG. 12. KL,L, foothill emissionzonesin the simulatedspectra
of metastableHe-like O%" impinging under E,;,=80eV and ©
=5° on Al(111. The solid line showsthe total Auger spectrum.
The threefollowing lines representhe K-Auger spectrumemitted
in the remote(R>5), close(z;+1<R<5) and“subsurface” (R
<z;+1) interactionregion.

certaininteractionmechanismgor N®* jonson Al(111). The
modelingof interactionrateshasbeenguidedby semiclassi-
cal argumentslt hasbeenjustified by the consistentagree-
mentof our simulationoutputwith severalobservablegor a
variety of collision systemswhich are characterizedy Ey;,
and ® aswell asthe projectile speciesandtargettype.

By completelydisablingPO, electronlossis restrictedto
the less efficient RL and CP; seeFigs. 2 and 3. After the
projectile hasbeenneutralizedat R=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. KL4L, foothill in the spectraof metastableHe-like
MCI’s impinging under®=5° andE,;,=13g eV on Al(111) and
Si(100. The occurrenceof the KL ;L4 shoulderin the spectraof all
three He-like projectilesas well asthe measuredcenhancemenfor
its broadeningtowardsthe Of* projectile are qualitatively repro-
ducedby the simulation.The dottedline denoteghe H-like ground-
statespectrumwhich is renormalizedo the KL, L, intensityof the
metastablegrojectiles.
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FIG. 14. Reshapingof the KLL regiondueto parametewvaria-
tion for N6* ions colliding with an Al(111) surfaceunder® = 45°
and E,;,=80eV. In the lower left plot, the implementationof the
tabulatedXCV rates[45] is comparedo the presensimulation.The
upperright plot displaysthe KLL regionsfor rescaled®O baserates
I'§°. By eitherfueling PO or SF, the KL 3L, intensityis clearly
enhancedOur choice of a unity scaling factor leadsto the best
agreementvith the experimentaktructure.

valueasfor thefull simulation, mostprojectilesstayneutral
unlessthey are reionizedby the rather slow autoionization
cascadeSince SF nearthe jellium edgeis linked to a non-
vanishing projectile charge that inducesthe VB electron
cloud [cf. Eqg. (6)], the filling of inner projectile levels is
strongly suppressed.

Thus, by disablingPO, we find thatthe L shell cannotbe
efficiently filled, in contrastto the high degreeof L-shell
filling at the momentof KLL decayobservedn all experi-
ments,e.g.,in Ref.[33]. In addition,a high fraction of pro-
jectiles emergedrom the targetregionstill containingtheir
initial K vacancy.This leadsto a renewedionizationdueto
the pendingKLL transitionon the outgoingpath. The simu-
lation indeedshowsthat neglectingPO lets only 65.0% of
theincomingionsemergeasneutralsin the asymptotidimit.
The modified fraction of ionized projectileswould predict
KLL energiedn disagreemenwith experimentGoodagree-
mentof the measuredndsimulatedhigh-energyspectraand
final projectile chargestatesthus appeardo requirethe in-
clusionof PO.

DeactivatingCP leavesthe simulationoutput mostly un-
affected.This canbe understoodby its minor impacton the
electrontransferwith anaveragenumberof 1.3 electrondost
to the continuumalongthe whole trajectory.

As mentionedbefore,SFis closelylinked to PO because
the chargecontentof the inducedVB cloud matchesthe
chargesurplusof the projectile core[59]. By merelyswitch-
ing off SF, similar effects as for disabledPO can be ob-
served.For instancethe fraction of particleswhich areion-
ized far after reflectionincreaseso more than 50%. At the
sametime, the meannumberof L-shell electronsat the time
of KLL decaydropsfrom 4.6 to 3.0. Thesechangedeadto
significantdisagreementvith measurements.

In Fig. 14, the reshapingof the KLL region following a
variation of PO and SF ratesis examined.The plot on the
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lower left displaysthe simulationoutputtakenfrom Fig. 10.
It is comparedto a simulationwhich implementsthe LCV
ratesfor the N/Al systemaslistedin [45] insteadof the SF
rate in Eq. (6). TheseLCV ratesseemto be too slow to
accountfor a high degreeof L-shell populationat the time of
KLL decay.The upperright partof Fig. 14 exhibitsseparate
programruns with the peel-off rate I';° given in Eq. (6)
rescaledby factorsof 0.1 and10. A reducedl':° leadsto a
similar effectaswe havejust seenfor sloweddown SF. Fast
PO enhanceshe intensity on the side of the KL ,3L,5 peak.
As in the precedingparagraphthis behaviorcan be attrib-
utedto theinterlacedoperationof POandSF,which strongly
influenceghe populationof the L shell. Note thatthe signifi-
cant changesn the spectraof Fig. 14 are introducedby a
small shift of the meanL populationat the time of KLL
decayof magnitudeAn; =0.5.

VI. SUMMARY AND OUTLOOK

We havepresented semiclassicamodelfor collisionsof
slow multiply chargedions with surfacesby Monte Carlo
sampling along the entire ion trajectory. We incorporated
electronpeeloff, sidefeeding,andcontinuumpromotionin a
dynamicmanner.The evaluationof projectile energylevels
hasbeenbasedon atomicstructurecalculationsFor the clas-
sicalmotion of the projectilewe includedall relevantbinary
interaction potentialsbetweenthe projectile and individual
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surfaceatoms,therebyallowing for arbitrary anglesof inci-
dence.

Our resultsexhibit good agreementvith various experi-
mentalobservabledor different combinationsof projectiles,
targettypes, incident angles,and beamenergies.This has
beenachievedwithout adaptingthe codeandthe free param-
etersinvolved to a particular collision system.The occur-
renceof the KLV, peakandthe KLL foothill could be ex-
plainedwithin the frameworkof a quantitativeapproachOur
simulationsconfirm the main aspectsof a previously pub-
lishedinteractionmodel[33].

The sensitivity of our resultsto the particularimplemen-
tation of the addedinteractionmechanism$SF,PQ hasbeen
studiedby disablingthem or varying their ratesin separate
programruns. It could be shownthat the interplay between
peeloff andsidefeedingplaysavital role in the relaxationof
the projectile and thus for the reproductionof experimental
data.Many of the quantitieswhich enterthe simulationare
knownonly approximatelyFor thefuture we intendto refine
the modelingof ratesandenergiesaspresentedn this work.
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