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Within
�

a semiclassicalmodel, we investigatethe dynamic neutralizationand relaxation of slow (E
	

kin

�

100eV) multiply chargedions which arereflectedon metalsurfaces.Specialemphasisis devotedto near-
surface� interactionmechanisms.Our model includesa MonteCarlo samplingover projectileparametersand
detailed



ionic structurecalculationsof projectile energy levels. In a full trajectory simulation, our results
simultaneously� comply� with measuredtrendsin projectilekinetic energygainsandfinal charge-statedistribu-
tions
�

of the reflectedions as well as total electronyields and spectra.Recentlydiscoveredcharacteristic
featuresin the electronspectracan be uniquely assignedto distinct above-surfaceregionsof the projectile
trajectory.
� �

S1050-2947� 99� 03009-7
� �

PACS
�

number� s��� : 34.50.Dy,34.70.� e, 79.20.Rf

I.
�

INTRODUCTION

In slow collisionswith complextargets,multiply charged
ions � MCI’s � capture� many electrons into excited states,
thereby
�

forming unstable,multiply excitedprojectileswhich
are commonlyreferredto as ‘‘hollow ions.’’ Thesehollow
ions partly relax by emitting Auger electronsand, to a
smaller! extent,photons,and get destroyedin closeencoun-
ters
�

with thetarget.Over thepastdecade,both theformation
and decayof hollow ions havebeena subjectof numerous
experimental� and theoretical investigations.These studies
used" a variety of targets,suchaslargeatoms # 1–4$ ,% clusters&
5–8
' (

,% andmetal ) 9–1
*

6+ or, insulator - 17–24. surfaces.! Ben-
efiting� from this comprehensivecollection of experimental
data
/

and theoreticalwork, the knowledgein this field has
made0 rapid progressin the pastdecade1 25

243
.

At
5

present,themostimportantmechanismsof ion neutral-
ization and relaxationhavebeenidentified and assignedto
distinguished
/

interactionzones.Typically, at 20 to 30 atomic
units" 6 a.u. 87 in

9
front of the surface,the potentialbarrier be-

tween
�

the ion and the target drops below the target Fermi
level, triggeringtheonsetof efficientneutralizationvia reso-
nant electron capture : RC; ,% which prevails the competing
resonant< loss = RL

>@?
in
9

the inversedirection.
Close
A

to the surface,projectilesarereflectedor they pen-
etrate� into the bulk regiondependinguponthe beamenergy
and its angle of incidence.Severalexperimentshave been
designed
/

to investigateprocessestakingplaceaboveandbe-
low
B

thesurfaceC 15,16,26–33D . Thesemeasurementsanalyze
emitted-electron� E 10,11F and x-ray yields G 3H 4–37I ,% as well as
the
�

final charge-statedistributions J 11,38K ,% the projectileen-
ergy� loss L 13,39,40M ,% and the angulardeflectionof the pro-
jectile
N O

18,41,42P .
With
Q

the work of Burgdörfer etR al. S 9*UT ,% a semiclassical

description
/

of theprojectileneutralization,theso-calledclas-
sical! overbarriermodel V COM

A W
,% becameavailablewhich is

able to reproducemeasuredimage energygains of the in-
coming� projectiles.Owing to theintricateinteractiondynam-
ics
9

involved, more sophisticateddescriptionscan presently
deal
/

with only selectedaspectsof thescatteringprocess,and
a full quantum-mechanicaltreatmentof the completecourse
of, interactionis still out of reach.

The
X

presentwork employsa refinedandextendedversion
of, theCOM to simulateprojectileenergygains,final charge-
state! distributions,andtheemissionof projectileAugerelec-
trons
�

along a whole reflectiontrajectory.In Sec.II, we de-
scribe! the basicingredientsof our simulation.Basedon our
findings
Y

combinedwith therecentlydiscoveredsignaturesof
metastableelectronsin the K-Auger spectraZ 43[ ,% an interac-
tion
�

modelis workedout in Sec.III. SectionIV presentsthe
calculated� resultswhich are comparedto different experi-
ments.In Sec.V, the variationof severalsimulationparam-
eters� is discussed.Finally, in Sec. VI, we summarizeour
results.< Throughoutthis paper,we useatomic units (eR]\ m^ e_`badc 1), unlessstatedotherwise.

II. OUTLINE OF THE SIMULATION MODEL

Our
e

calculationsare basedon the ‘‘standard’’ COM for
above-surface chargeexchangebetweenincidentMCI’s and
metalsurfacesf 9,23

* g
. This modelhasbeenrefinedin thepast

by
h

improvedscreeningmodels i 12,44j and adaptedto colli-
sions! with insulatorsk 22,23

2 l
. ThesemodifiedCOM versions

have
m

beenshownto provide good estimatesfor measurable
quantities,n e.g., total electronyields o 15p ,% above-and near-
surface! Auger emission q 15,16,43r ,% and final charge-state
distributions
/ s

44
t4u

. However,this successhasbeenachieved
mostly0 by concentratingon onev particularw observablefor a
distinct
/

collision system.In the presentsimulation, which
focuseson metalsurfacesandhyperthermalincidentenergies
Ekin x 100eV, we will eliminatethis severerestriction.*Corresponding

y
author.Electronicaddress:thumm@phys.ksu.edu
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The
X

simulationbeginsnearthefirst capturedistanceR
�

crit� ,%
is
9

continuedthrough the 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
�

regionnearthevertex,is required.However,thevalidity
of, thestandardCOM becomesquestionablewhentheprojec-
tile
�

approachesthe first bulk layer to within a few atomic
units." On the otherhand,mechanismstaking placedeepin-
side! the bulk electronhave beenstudiedin detail � 45,46

t �
.

The lack of a sophisticateda� priori treatment
�

for the com-
plicatedw near-surfaceinteractionzonehasthereforeled us to
smoothly! interpolatebetweenthe long-distanceandthe sub-
surface! domains.The modelingof this interfaceregionwill
provew to be of crucial importancefor the outcomeof our
simulation.! In contrastto previousapproacheswhich consid-
ered� only a two-shell projectile and static interactionrates
along the MCI path � 16� ,% the presentmodel, referredto as
‘‘extendeddynamicalCOM � EDCOM� ,’’% includesall projec-
tile
�

levels for the relevantinteractions.
As
5

a further extensionto the standardCOM, we include
detailed
/

atomic structurecalculations,a Monte Carlo sam-
pling,w and we allow for arbitrary incident angles,covering
normalandgrazingincidence.In this mannerwe areableto
explain� structuresand intensitiesin autoionizationspectra,
such! as, e.g., the exclusive occurrenceof the so-called
KLV
�

W peakw andKL
�

1L
�

1 shoulder! � 43
t��

in
9

thespectraof meta-
stable! He-like projectiles in (1s� 2s� )� configurations � Sec.

�
IV E1 below� . Other quantities,such as energygains and
secondary! electronyields,which havealreadybeenmodeled
successfully,! are monitoredto agreewith the experimental
data
/

to a reasonableextent � Sec.
�

IV A andIV C below� .
In what follows, we refer to R as the distanceof the pro-

jectile
N

nucleusperpendicularto the first bulk layer at R � 0.
�

Values
�

for the jellium edgelocatedat z� j
� and the imageplane

at z� im are takenfrom Ref. � 47� . The distinctionbetweenthe
(
�
R
���

0
�

) and the z� j
� planew is important for the simulationof

spectra! originatingfrom reflectedMCI beams  16¡ .

A.
¢

Atomic energy levels

In thepresentwork we significantlyimprovedthemodel-
ing of autoionizationby integratingthe calculationof bind-
ing
9

energies£ at the Hartree-Focklevel¤ into
9

our simulation.
For any projectileconfigurationvector ¥ a� n¦¨§ occurring, along
the
�

courseof the ion-surfaceinteraction © a� n¦ designates
/

the
numberof electronsin projectile shell nªU« ,% we employ the
Cowan
A

code ¬ 48­ to
�

generatethecorrespondingaveragetotal
configuration� binding energiesof the undistortedprojectile
ion
9 ®

tot
¯ ° (
�²±

a� n¦´³ )� andeachof its shellsµ·¶ n¦ ¸ (
�º¹

a� n¦¨» )�º¼ . For themod-
erate� chargestatesconsideredin this work, it is sufficientto
keep
½

track of the shellsnª¿¾ 1, . . . ,10 since! no higher-lying
levels are involved in the interaction dynamics.The 10-
dimensional
/

vectorsarestoredto acceleratetheevaluationof
recurring< configurations.

In
À

general,we do not resolvethepopulationsin particular
projectilew subshells.For the L shell,! however,we calculate
the
�

2s� and 2pÁ binding
h

energiesandkeeptrackof therespec-
tive
�

subshellpopulations.We assumethat the 2pÁ level is
preferentiallyw populatedvia Auger ionization Â AI

5ÄÃ
and side-

feeding
Å

processes,assuggestedby its higherdegeneracyand

its lower bindingenergy.With increasingoccupation,L-shell
relaxation< via LLM

�
Coster-Kronig
A Æ

CK
AÈÇ

and LLL
�

super-CK!É
sCK! Ê transitions

�
becomesenergeticallypossibleand pro-

ceeds� by one and two ordersof magnitudefaster, respec-
tively,
�

thanotherAuger processesË 10Ì .
The
X

so-evaluatedvectorof asymptoticconfigurationener-
giesÍ Î

n¦ Ï (
�ºÐ

a� n¦¨Ñ )� relatesto hydrogenicradii Ò rÓÕÔ n¦×Ö nª /
ØÚÙ Û

2
2ÝÜ

n¦ Þ]ß .
Both
à á

n¦ â and ã rÓåä n¦ decisively
/

affect the courseof interaction,
whichæ is governedby RC, RL, ‘‘peeling off ç POè ,’’% ‘‘side
feeding
Å é

SF
�ëê

,’’% and ‘‘continuum promotion ì CP
Aîí

’’ of elec-
trons,
�

and thereforedeterminethe shapeof the simulated
Auger spectra. ï A detaileddiscussionof PO, SF, and CP
processesw will follow in Sec.II D 1, II D 2, andII E below.ð

B.
ñ

Auger autoionization rates

In order to explainparticularfeaturesin emittedelectron
spectra,! such as the sharp and tiny KLV

�
W peakw and the

KL1L1 shoulder! ò 43,33ó ,% we haveto takea closerlook at the
sequence! of projectile autoionizationstepson the incoming
trajectory.
�

Vaeck and Hansenô 49
t4õ

have
m

shownthat typical
lifetimes
B

of hollow Nqö×÷ ions
9

critically dependon the differ-
ence� of the quantumnumbersbetweenneighboringatomic
shells.! As a rule of thumb, Auger processesproducingthe
smallest! energiesof thefreeelectronpossessthefastestratesø
50
'4ù

. As a consequencefor our simulation,decaychannels
withæ the smallestchangein the principal quantumnumbernª
and with no variation in the angularmomentumquantum
numberú l

û
are favoredover channelswith larger ü nª and ý l

û
.

As
5

long asRydberglevelshostthemajority of capturedelec-
trons,
�

sCK transitionswith þ nª ÿ 0
�

and CK transitionswith�
nª�� 1 aresuppressedbecausethepotentialenergygaindue

to
�

thevacancyfilling is insufficientto ejectanelectronabove
the
�

vacuumthreshold.
In
À

our original COM program � 23
2��

,% we hadusedautoion-
izationratesthatwereobtainedasananalyticalfit to Hartree-
Fock ionic structurecalculationsbasedon the Cowancode�
9,48
* �

,%
	

n¦ ini

 ,n¦ fin
�AI

� 
 5.06
' �

10� 3
�

�
nª ini � nª fin� 3.46

� . � 1�

These
X

are still usedin the EDCOM for all transitionsother
than
�

KLL Auger processes.
KLL rates for nitrogen ions are now taken from � 51

'��
whereæ thesevaluesaretabulatedfor all 1s� 2s� x� 2pÁ y� configura-�
tions
�

of (6 � x��� y� )
�
-ionizednitrogen.For otherprojectiles of,

nuclearchargeq! nuc" ,% we usethesameKLL rates,exceptthat
the
�

valuesare interpolatedfor an effective L populationw a� n¦ #$ 6
%

a� n¦ /
Ø
q! nuc& 1. In this way, the KLL rates for maximum

L
�

-shellpopulation,a� L
')( q! nuc*,+ 1, aroundthe1s� core� coincide

for all projectiles. We also employ constant KLM rates- KLM . 5.06
' /

100 5
1
.

Since
�

goodestimatesfor the KLVW ratesarenot known,
the
�

ratio betweenK
�

Auger
5

andKLV
�

W intensities
9

is not well
represented.Due to this lack of data,we adoptedEq. 2 13 for
AI andaccountedfor thenonequivalenceof the two electron
states! in the L shell! and the VW shell! nª W by

h
scaling 4 nª5 nª W 6 2

2
with a factor of 1.5 andthe overall ratewith 0.25,

i.e.,
9
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9
n¦KLVW
:<;

0.25
� =

5.06
' >

10? 3
�
/
ØA@

1.5B nªDC 3.46
�

. E 2F
For nª W G 4, theseratesareof theorderof 2.8H 10I 5

1
and thus

about two ordersof magnitudeslower than the fastestAI
transitions.
�

This velocity ratio correspondsto theexperimen-
tally
�

observedintensityof theKLVW peak,w whichamountsto
about 1% of the total K

�
-Auger intensity J 43

t�K
. In view of the

much0 fasterprocessesgoverningthe evolution of projectile
level
B

occupationsL cf.� Eq. M 10N below
h O

,% the impactof KLV
�

W
transitions
�

on the overall interactiondynamicsis negligible.
However, by implementing KLVW processesw in the ED-
COM,
A

we will be able to reproducethe measuredKLV
�

W
peakw positionsin a dynamicsimulation.As a characteristic
signature! of theabove-surfacedynamicsof thehyperthermal
ion-surface
9

collisionsinvestigatedby our semiclassicalinter-
action model, the verification of the KLVW peakw energy
posesw a crucial test for our simulation.

We
Q

alsoincludeLLM -CK andLLL-sCK processeswith
fixed
Y

rates P CK
QSR

0.05
�

and T sCKU 1.0, respectively,in the
simulation.! Accordingly,CK transitionsareaboutoneorder
of, magnitudefasterthantheautoionizationratesspecifiedin
Eq.
V W

1X and sCK processesproceedalmost instantaneously
withæ respectto the other rates.However,CK andespecially
sCK! processesareinhibited if the transitionenergydoesnot
lead to emissionabovethe continuumthreshold.Both pro-
cesses� basicallyredistributethe L

�
-shell populationfrom the

preferentiallyw populated2pÁ level into the 2s� level. The ex-
istence
9

of an intenseKL
�

1L
�

1 component� in measuredauto-
ionization spectra Y 43,10,16Z providesw strong evidencefor
this
�

L-shell relaxationchannel.We shall returnto a detailed
discussion
/

of K
�

-Auger electronemissionin Sec.IV.

C. Resonant charge transfer

In the model of Burgdörfer etR al. [ 9*]\ ,% chargetransferis
described
/

in terms of a continuous^ current� of electronic
charge� over the potentialbarrierformedby the effectivepo-
tential
�

Veff_a` z� ,% R bdc Vprojegf q! ,% z�ih R jdk V im,plnm q! ,% z�io R pdq V im,e_sr z�dtvu
3
H]w

governingÍ themotionof anactiveelectronin thefield of the
projectilew anda conductingsurface.Thecontributionsto Veff_
are the projectileCoulombpotentialVproje ,% the imagepoten-
tial
�

of the projectile x considered� as a point charge y q!nz
V im,pl ,% and the self-imagepotential of the active electron
V im,
{

e_ . Thesepotentialsdependon the electroniccoordinate
perpendicularw to the surfacealong an axis throughthe pro-
jectile
N

nucleus,z� ,% and,parametrically,on R.
In
À

modeling the resonanttransferprocesses,we follow|
9,23
* }

. The resonantcapturerate
~

n¦RC� R���d����� R��� j� n¦�� R��� ,% �
4
t]�

j
�

n¦�� R���d� 1

4
t

max�g� Vb
� , � n�s� 1/2�

min��� W, � n�s� 1/2�
dED
� �

E
 �¡d¢

2
2<£

E
 ¥¤

Vb
¦¨§

is given by the product of the current density j
�

n¦ and the
minimumgeometricalcrosssection© (

�
R)
�

of theareathrough
whichæ classicallyallowedelectrontransferacrossthe poten-
tial
�

barrier ª of, heightVb
¦ situated! betweenthe projectileat R

�

and the surface« is possible.This areais parallel to the sur-
face
Å

at the distance z� b
¦ givenÍ by the condition ¬ W­ Veff_ (

�
z� b¦ ,% R).

�
D(
�
E)
�d®�¯

/
Øs° 2 ± E ² V0

³ representstheelectronic
density
/

of valence-bandstatesper unit volume in an ideal
free-electron-gas
Å

metal.
Resonantlossfrom occupiedionic levelsinto emptyband

states! is quantifiedby

´
n¦RL
µ�¶

R
��·d¸º¹

n¦ P»½¼¿¾ n¦¨ÀdÁ W ÂÄÃ n¦]Å R��Æ

Ç
n¦�È q! eff,_ n¦2

É
2 Ê nª 3

� . Ë 5']Ì

TheRL mechanismis drivenby thefrequencyÍ n¦ of, anelec-
tron
�

in anatomicorbit with Î n¦ (� R� )
�dÏÑÐ

W and theprobability
P(
�ÓÒ

n¦ )� for a randomorbit to hit the saddle.
In
À

contrastto our previousCOM version Ô 23
2�Õ

,% the ED-
COM
A

employs a ‘‘truly resonant’’ chargetransfer,where
resonancerequiresthe initial binding energyof the target
level to coincide with the binding energyof the projectile
level
B

after� capture.� In comparisonwith our previousCOM
version,Ö this meansthat projectilelevelsareshiftedupwards
such! thatdeeper-lyinglevelsaremorelikely to bepopulated
viaÖ RC due to the additional intra-atomicscreeningby for-
merly0 capturedelectrons.

D. Interactions near the surface

Interactions
À

within the near-surfacezonearestrongly in-
fluenced
×

by the targetbandelectronspouring into the Cou-
lomb well aroundthe projectile core. The most prominent
near-surfaceinteractionmechanismsarethedirecttransferof
electrons� from targetstatesinto innershellsof theMCI Ø SF

�ÚÙÛ
44,45,52,53
t Ü

and the loss of loosely boundprojectile elec-
trons
�

due to additional screeningenforcedby the tightly
packedw inducedchargecloud Ý POÞ¥ß 9,54

* à
.

1.
á

Side feeding

For incident ion energiesof up to severalhundredkeV
and for a wide rangeof initial ion chargestatesand target
materials,0 experimentson the final chargedistributionof re-
flected
×

projectiles reveal that the vast majority of MCI’s
emerges� in a neutralchargestate â 11,55,56ã . It is also well
known that a mere above-surfaceautoionizationcascade
faces
Å

the‘‘bottle-neckproblem,’’ i.e., theinteractiontime on
the
�

incoming path falls below the overall projectile relax-
ation time. Therefore, it has been suggestedthat tightly
bound
h

projectile levels may predominantlybe filled with
valence-bandÖ electronsin a regionof strongoverlapwith the
target
�

electron distribution ä 16,38,44,52,57,58å . The short
passagew time through this region and the high degreesof
inner-shelloccupationwhich havebeenidentifiedby means
of, high-resolutionAuger spectroscopyæ 16,32,33ç imply

9
fill-

ing
9

ratesfor SF processesthat lie aboutoneorderof magni-
tude
�

abovethe fastestintra-atomicAuger rates.
We
Q

introduce such an additional inner-shell population
mechanism on the basis of XCC-like processes (Xèêé K� ,% L� ,% Më ,...%íì )� . Thesetwo-electronprocessesaresimilar to
regular< Auger processes.However, the participating two
electrons� initially belongto the inducedvalence-bandcharge
cloud� î Cï surrounding! the projectile ionic corenearandbe-
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low
B

the surface.LCC
�

rates< ð
L
SF
ñ

have
m

beenapproximatedby
LCV
�

processesw ò 45
t�ó

whereæ a chargecloud electron ô Cõ fills
Y

the
�

L
�

vacancyÖ while exciting a plasmonor an electron-hole
pairw in the valenceband(V)

�
. SinceC electrons� remainlo-

calized� aroundthe ionic core, approximateXCC rates ö n¦SF
ñ

can� be derived in analogy to ordinary intra-atomicAuger
rates ÷ 59

'�ø
.

For all collision systemsand all localizedatomic levels
1 ù nª<ú nª loc

û ,% we assumea singlebaserate ü 0
³SF
ñþý

0.01.
�

In our
dynamic
/

simulation,we foundthattheLCV ratesspecifiedinÿ
45� for N embeddedinto Al are too slow to explain mea-

sured! final charge-statedistributionsof reflectedprojectiles.
In
À��

16� ,% simulationsand experimentshave beenconducted
for N6

���
projectilesw impingingon gold targetswhere,in order

to
�

reproducethe measureddata,a constantLCV
�

base
h

rate
according to � 45

t	�
has
m

beenusedalongthe whole ion trajec-
tory.
�

However,the calculatedLCV ratesfor Au 
 45� exceed�
the
�

rateson Al by a factor of � 4, which appearsto be in
contradiction� to thesimilarity of theobservedK

�
-Augerspec-

tra,
�

in particular, regardingthe high degreeof inner-shell
filling at the time of K-Augerdecayobservedfor both target
surfaces! 
 16,33� . Thesensitivityof observableresultson � 0

³SF
ñ

willæ be discussedin Sec.V below.
For
�

eachshell nª ,%�� 0
³SF
ñ

is
9

multiplied by the chargeof the
induced
9

chargecloud, � q! ,% balancingthe corechargeq! ,% and
by
h

thenumberof nª -shell vacanciesN
�

n¦vac� . Accountingfor the
strong! (1/� nª )

� 3.46
�

scaling! of Auger rates � n¦�� ,n¦AI withæ the dif-
ference
Å �

nª between
h

participating levels � 9*���� Eq.
V  

1!#" , w% e
apply another $ nª -dependentfactor for the Auger-like SF
process.w This factor rapidly decreasesfrom the most loosely
bound
h

localizedlevel nª loc and becomesunity for the L shell.!
This way, the baserate % 0

&SF
ñ

can� be comparedto the LCV
rates< which havebeencalculatedfor variousion and target
species! ' 45

t)(
. We arrive at the side-feedingrate

*
n¦SF
ñ,+

R -/.10 0
&SF
ñ

qN! n¦vac� N
�

n¦ol243 R 5 nª loc
û76 1 8 nª L

'
nª loc
û79 1 : nª

3.46
�

,% ; 6%�<

N
�

n¦ol24= R�?>/@
Vn¦ol24A R�?B

Vn¦ if
9

R
�DC

z� j
�FEHG rÓ�I n¦

1 otherwise

J
7
K�L

for
Å

eachprojectile shell nª . The spatial variation of M n¦SF
ñ

is
9

represented< by the factor N
�

n¦ol2 (
�
R
�

)
�
. It is expressedin termsof

the
�

quotientof the orbital volume Vn¦ol2 overlapping, with the
metal0 electrondistributionandits undisturbedorbital volume
Vn¦ON 4

tQP
/3
ØSR

rÓ�T n¦3� . If the projectile has penetratedthe jellium
edge� by morethantheorbital radiusU r V n¦ ,% we assumeN

�
n¦ol2 (
�
R)
�

to
�

remainconstantat thevalue1. N
�

n¦ol2 (
�
R)
�

obviouslyvanishes
for distancesR WHX r Y n¦[Z z� j

� . For thesmall impactenergiesfar
below
h

100 eV studiedin this work, no velocity dependence
of, the SF rate is takeninto account.

Theassumptionof a fixed andplanarjellium edgeat z� j
� is

certainly� a crudesimplification.An ionic corenearthe sur-
face
Å

significantlydisturbstheelectronicsurfacepotentialand
attracts valence-bandelectrons.Within the presentmodel,
this
�

effect could be representedby a shift of z� j
� towards
�

the
projectilew nucleus.Within the overall accuracyof our ap-
proach,w however,we may neglectthis effect.

2. Peeling off

With
Q

the onsetof chargetransferat R
�

crit� ,% mainly outer
ionic levelsarepopulated.TheseRydbergorbitalswith typi-
cal� radii \ rÓ�] n¦[^ R

�
crit� are increasinglydisturbedas the MCI

approaches the bulk. In contrastto previouslyimplemented
instantaneous
_

POmechanismswhich becomeeffectiveat the
moment0 when the MCI entersthe bulk region ` 15,54a , w% e
examine� the influenceof a dynamic

b
PO
c

on thespeedof elec-
tron
�

transportfrom Rydbergstatesinto inner levelsalongthe
wholeæ interactionphase.

By
à

testingvariousPOmodelrates,it becameevidentthat
a meregeometriccriterion triggering the instantaneousloss
of, anelectronassoonasa certainfractionof theMCI orbital
volumeÖ overlapswith the bulk jellium has to fail. For the
case� of instantaneousloss,we observedthat levelswhich are
replenished< by RC may immediatelybe lost dueto peel-off.
This leadsto simulationresultsfor thefinal charge-statedis-
tributions
�

of the projectile in disagreementwith experimentd
11,40,55e .

Our
e

modelingfor PO smoothly interpolatesbetweenthe
remoteregion and the bulk limit. We assumethat near the
surface,! for R

�Dfhg
rÓji n¦[k z� j

�Fl1m
scr,% whenthe electronhas‘‘lost

touch’’
�

with the ionic core due to screening,the outermost
orbital, is likely to moveto thevalence-bandcontinuumif its
radius< n rÓ�o n¦ exceeds� the screeninglength p scr. This model
assumes thattheoccupiedorbitalsareeithersphericallysym-
metricor orientedtowardsthesurface.This assumptioncom-
pliesw with theRC mechanism,which requiresa certainover-
lap
B

betweenatomicorbitalsandbandstates.
Guided
q

by the derivationof the resonantloss rate in r 9*�s ,%
weæ arrive at the PO rate

t
n¦PO
u	v

R
�xw/y

a� n¦
N
�

n¦ol24z R�?{
T
|

n¦
2
2Q}4~

rÓ�� n¦
L
�

n¦�� R�?��� � rÓj� n¦O�1� scr� R�x� ,% � 8���

whichæ is composedof severalconstituents.The baserate is
givenÍ by the inverseorbiting time T

|
n¦ of, an electronin an

unperturbed" orbital.As in Eq. � 6%/� ,% we reduceTn¦ by
h

a volume
factor N

�
n¦ol2 (
�
R).
�

The termLn¦ (� R)/(2
� �4�

r � n¦ )� correctsTn¦ to
�

yield the ‘‘reac-
tion
�

time’’ for an atomicelectron.We assumethat an elec-
tron
�

which is capturedat R � z� j
���h� r � n¦ and entersan atomic

orbital, doesnot getperturbedby the targetelectrongasuntil
it
9

has coveredthe distanceL
�

n¦ (� R� )
�
. This period decreases

withæ the ratio of the vacuumsectionL
�

n¦ (� R� )
�

of the classical
orbital, abovez� j

� and its circumference2 �4� r � n¦ . Theunit step
function
Å �

in
9

Eq. � 8��� disables
/

PO for levelswith radii � rÓ�� n¦
smaller! thanthe screeninglength � scr(

�
R).
�

We
Q

model the screeninglength in Eq.   8��¡ ,%
¢

scr£ R ¤/¥1¦ scr
0
& max§ R,0%D¨

z� j
� © 1 ,% ª 9*�«

to
�

reach its bulk value ¬ scr
0
&

at R ­ 0.
�

Above the first bulk
layer,
B ®

scr(
�
R
�

)
�

increaseslinearly in R
�

and equals2̄ scr
0
&

at the
jellium
N

edgeR
�D°

z� j
� . Due to the nonlinearresponseof the

surface! electrondistribution to the nearbyMCI, the linear
scaling! in R,% the neglectof a variation with q! ,% and the par-
ticular
�

choiceof theslope,Eq. ± 8��² can� representonly a crude
estimate� for the dependenceof ³ scr on, q! ,% nª ,% andR

�
.
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H. J. ANDRÄ,8 AND U. THUMM



We
Q

notethat the introductionof POin additionto theRL
channel� is motivatedby meretechnicalreasons.In a precise
theory,
�

both effectscould not be distinguishedandrepresent
resonant< electronflow into emptybandstatesin the spirit of
the
�

modelunderlyingRL. However,the artificial distinction
between
h

thesetwo electronlossmechanismsin theEDCOM
is
9

essentialsincethe calculationof ionic level binding ener-
giesÍ describedin Sec.II A is incomplete.Ionic levelsarenot
only, subjectto shifts by the imagepotentialleadingto RL.
While
Q

the MCI approachesthe surface,levels are also in-
creasingly� elevatedby the screeningof the inducedcharge
cloud� which eventuallystrips off loosely boundouter shell
electrons.� The evaluationof theseadditional level shifts in
the
�

highly inhomogeneousregion shortly abovethe surface
is
9

far beyondthe scopeof the presenttheory. In order to
account for this electronlossmechanisḿreferredto asPOµ
in a quantitativemanner,we thereforeemploy simple geo-
metric0 arguments.

E. Continuum promotion

Due to the actionof the repulsiveprojectileimagepoten-
tial
�

V im,p¶ and the mutual screeningof projectile electrons,
atomic levels are shifted upwards with respect to their
asymptotic values· n¦ ¸ as theMCI approachesthesurface.As
the
�

orbital energies ¹ n¦[º1» n¦ ¼¾½ I
¿

im,
{

p¶ reach< the ionization
threshold,
�

electronsin shell nª are detachedfrom the projec-
tile,
�

i.e., promotedto the continuum.For the low projectile
velocitiesÖ consideredin this work, we assumeimmediate
electron� lossdueto CP assoonas À n¦[Á 0.

�

F.
Â

Evolution of projectile level populations

For MCI–metal-surfacecollisions,we obtainthedynami-
cally� varying populationsa� n¦ of, projectileshellswith princi-
palw quantumnumber nª as solutionsof the systemof rate
equations� of the form Ã 23Ä

da
b

n¦
dt
bÆÅÈÇÊÉ AË n¦[Ì a� n¦�ÍÏÎ n¦RCÐ a� n¦ÒÑ n¦RL

Ó
wÔ n¦fin
Õ×Ö

n¦�ØÚÙ n¦SÛ n¦�Ü ,n¦AI
�

wÔ n¦jÝini
{ßÞ

2wÔ n¦ini
{×à

n¦�áÚâ n¦Sã n¦ ,n¦�äAI
�

wÔ n¦jåfin
Õ

æÈçÊè
An¦[é a� n¦�êÏë n¦SF

ñ,ì
a� n¦�í n¦PO

î)ïÈðÊñ
nªóò 4 ô a� n¦�õ n¦KLV

ö
W
:

÷�ø
n¦ ,M
ùQú CK
ûýü�þ

n¦ ,L
' ÿ sCK

�����
n¦ ,K ��� n¦ ,L 	�
 n¦ ,M � a� La� M � KL

ö
M. 
 10�

The
X

‘‘traditional’’ COM developedby Burgdörfer< etR al. � 9*��
includes the terms in the two first lines of this equation
whereæ �

n¦RG and �
n¦RL are the resonantcaptureand loss rates.

The � empirical� � statistical! factor wÔ n¦fin
Õ��

1/(1 � 1.5a� n¦ )� corrects
for
Å

the decreasein Auger transition rates � n¦�� ,n¦AI
�

due
/

to in-
creasing� populationsa� n¦ of, the final shell.As in Ref. � 9*�� , w% e
only, includethe fastestAuger processeswith equivalentac-
tive
�

electronsin the initial state � 23
2 �

for
Å

the relaxationof
outer, shells.ThestatisticalfactorwÔ n¦ini ! 1

2
" a� n¦ (� a� n¦$# 1) takesthe

equivalence� of electronsin the initial shell into account.The
degeneracy
/

of shellnª is givenby An¦$% 2nª 2
&
. Hydrogenicsub-

shells! arenot resolved.' is
9

the unit stepfunction and ( n¦ ,n¦*)

the
�

Kronecker symbol. For the present investigation,we
haveaddedthe termsin the third and fourth line. The rates+

n¦SF
ñ

,%-, n¦PO
î

,%-. n¦*/ ,n¦AI
�

,%-0 n¦KLV
ö

W
:

,%-1 CK
û

,%-2 sCK,% and 3 KLM account for
SF,
�

PO, AI, KLV
�

W ,% LL
�

M -CK, LLL
�

-sCK, and KLM
�

pro-w
cesses.�

G. Projectile motion

With
Q

respectto our previouswork 4 23
2 5

,% we haverefined
the
�

potentialthat governsthe classicalmotion of the projec-
tile.
�

We replacedtheplanaraveragedThomas-Fermi-Molie`re6
TFM
X 7

potentialw which satisfactorilydescribesgrazinginci-
dence
/

collisionsundersurfacechannelingconditions 8 60
% 9

by
h

the
�

sumoverbinaryTFM potentialsfor theinteractionof the
projectilew with individual surfaceatoms.Recoil effects in
close� encounterswith individual targetatomsareincludedby
switching! to a binarycollision modeat distancesbelowone-
half of a lattice constant: 16; . The kinematicsis first calcu-
lated in the center-of-masssystemin termsof the reduced
mass0 anda vectorkeepingtrack of the internucleardistance
of, the MCI andthe targetatom,and is later translatedback
into the laboratorysystem.Doing so, we assumethe target
atom to be unboundandat restat its lattice site. The inclu-
sion! of targetrecoil leadsto a closerapproachof theprojec-
tiles
�

to the first bulk layer ascomparedto a rigid crystal. It
allows us to covera largerrangeof incidentanglesandper-
mits a moredetaileddescriptionof the crystalsurfaceorien-
tation.
�

The
X

projectileconsequentlymovesaccordingto Newton’s
equation�

<>= ?A@ F
B C�D

q! ,% R� E�F
m^ nuc*

G
tH ,% I 11J

whereæ the force

F
B KML

q! ,% R� N�OQPSR q!UT R V
2
2UW

R
�YX

z� im
{>Z

2
&
eRˆ z[�\ F
B ]

TFM
^ _ R� `Aa b

12c

is composedof the self-inducedimage force and the TFM
force
Å

includingthekinematicrecoil effect.Dueto thedepen-
dence
/

on the net projectilechargeq!ed q! nucfhg n¦ a� n¦ ,% the pro-
jectile
N

motion is coupledto its occupationevolution i a� n¦ (� tH )�kj .
Massandchargeof the projectilenucleusaredesignatedas
m^ nuc* and q! nuc* .

H. Monte Carlo sampling

The
X

useof atomicstructurecalculationswithin our simu-
lation
B

requires that the continuouscharge current of the
original, COM l 9,23

* m
is related to transitionsof electronsn

charge� discretizationo . The time integrationover the multi-
dimensional
/

parameterspacecomposedof the integer level
occupations, p a� n¦ (� tH )�rq ,% the projectile trajectoryRs (� tH )� , and the
locations
B

of thesurfaceatomst cf.� Eqs. u 10v and w 11xzy is
9

done
based
h

on randomwalks for an ensembleof 5000 incident
particles.w Starting at a random position shortly above the
(
�
R
�Y{

R
�

crit� )
�

plane,the MCI propagateswith finite time steps|
tH i from onepoint in time tH i to

�
the next tH i } 1 along its tra-

jectory.
N
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At
5

eachtime tH i ,% separatevalues ~ tH i for
Å

eachtransition
type
�

X ��� AI,RC,RL,SF,PO� are drawn from a negativeex-
ponentialw randomnumberdistribution

�h���
tH��Q�

0
&
�

exp������� X
�����

d
��� � 1

exp������� X
�A 

tH�¡ ¢ 13£
withæ a meanvalueequalto theaveragedecaytime 1/¤ X. The
physicalw processsupplyingthesmallest¥ tH i is chosento take
place,w andall variableparameters,suchasconfigurationen-
ergies� andoccupations,areupdatedaccordingto the change
in ¦ a� n¦ (� tH )�r§ . The projectile, in an electronic configuration
givenÍ by Eq. ¨ 10© ,% is thenmovedfrom Rª (� tH i) t

�
o R« (� tH i ¬ 1) b

�
y

the
�

force in Eq. ­ 12® . Now the sameprocedurestartsover
again leadingto time steptH i ¯ 2 ,% etc.Our codelimits ° tH i to

�
a

maximumvalueof 1 in orderto avoid largenumericalsteps
in
9

the integrationyielding R
� ±

. If the smallest² tH i turns
�

out to
be
h

greaterthan1, the projectile is movedwith ³ tH i ´ 1 with-
out, letting any electronicprocesstakeplace.

III. POPULATION EVOLUTION
OF THE HOLLOW ATOM

Before
à

comparingour simulationresultswith experimen-
tal
�

data,we look at theevolutionof nonobservablequantities
during
/

the MCI-surfaceinteraction.This will greatly assist
us" in the interpretationof the experimentaldatain Sec.IV.
The
X

Monte Carlo samplingas outlined in Sec.II H implies
that
�

onefirst of all hasto defineandkeeptrackof physically
meaningfuleventtypes.For eachparticle within the Monte
Carlo
A

sampling,a certainevent,e.g., the i
_
th
�

resonantelec-
tron
�

capture,may takeplaceat different projectile locations
R
� µ

and may occur only for a small fraction of the particle
runs.We stressthat in this contextthe term statisticaldoes
notú imply that the standard deviation ¶·¹¸ (1

�
/N
�

)
��º

k
»½¼

1
N
¾

(
��¿

k
»½ÀÂÁ̄ )� 2 attached to the simulatedquantity Ã

approaches zero if the numberof particle runs N
�

becomes
h

veryÖ large.Instead,theerrorof theestimationfor thewidth Ä
of, the probability distribution convergesto zero for N

�ÆÅÈÇ
.

Dueto its strongdependenceon theparticlehistoryalongthe
precedingw trajectory,this distributionof simulatedvaluesÉ k

»
may significantly deviatefrom the Gaussianshapeor even
possessw severalmaxima.

Accounting
5

for the statistical interpretation,we display
the
�

correspondingresults for each electronic transition/
emission� mechanismin threesubplots.Figure 1 showsthe
resonant< capturestatisticsfor a N6

�ËÊ
beam
h

and an Al Ì 111Í
surface! for an angle of incidence ÎÂÏ 45° and an incident
kinetic
½

energyE
 

kin Ð 80
�

eV. This will alsobeour modelsys-
tem
�

for the remainingplots in this section.The horizontal
axis countssuccessiveRC stepsand acts as a Ñ nonlinearÒ
pseudotimew axis to all threesubplots.

The
X

bottomplot describestheaveragefractionof particles
for
Å

which the i
_
th
�

RC still takesplace.Virtually the whole
ensemble� of MCI’s resonantlycapturestwelve electrons.
This curvecanbefitted Ó withæ therelativeerror in thesumof
squares! below 0.001Ô to

�
the function

f
ÕUÖ

i
_�×QØ

50
'

erfc
i
_�ÙÛÚ

RCÜÞÝ ,% ß 14à

erfc� á x�ãâQä 2
2
å æ

x�
ç

exp��è�é�ê 2 ë d�íì ,%

withæ a standarddeviationof îðï 4.55 from the meanvalueñ
RCò 23.0.

2
This meansthat the distribution is of Gaussian

type,
�

as expectedfor a large number of random number
events.� The small error in the fit showsthat we havechosen
a sufficiently large number of particle runs in the Monte
Carlo
A

sampling.For the following plots, we will only men-
tion
�

the value of the standarddeviation ó for eachevent
type.
�

The
X

centralplot in Fig. 1 showsthe averagelocation of
the
�

i
_
th
�

RC step and the error bars show their statistical
spread! ô . For all particles,the first capturedistanceR

�
crit� lies
B

in a tiny interval around 24.9 above the uppermostbulk
layer.
B

ThesimulatedR
�

crit� is
9

in closeagreementwith theana-
lytical formula Rcrit�öõ 1/2W ÷ 8

�
q!eø 2 ù z� im ú 25.8 with the im-

age planelocatedat z� im û 3.19.
H

On theaverage,about10 RC
steps! take place in the remote interactionregion where R

�ü
10. Due to our restrictionof RC to orbitalswhich do not

fulfill
Å

the PO condition,RC eventsare limited to R
�Yý

3.8.
H

Theupperplot in Fig. 1 illustrateswhich atomicshellsare
involved in theRC sequence.Thefirst capturepopulatesthe
nª̄ þ nª̄ crit�öÿ 8.0

�
shell andsuccessivelyproceedsto lower-lying

shells.! The sixth electrongoes into the nª̄ � 5.9
'

shell at R
�¯� 14.9.RC seldomreachesshellswith nª�� 3.

H
This makesthe

accumulation of a significant L-shell population via RC
highly
m

unlikely.
The
X

reverseelectrontransfervia RL is shownin Fig. 2.
RL
>

setsin at R
�¯ � 16.2 and mostly involves levels 4 � nª�� 8.

�

FIG. 1. Resonant-capture
�
RC
	�


statisticsfor anensembleof N6
��


ions incident on an Al � 111� surface� under ��� 45°
{

with Ekin� 80eV. Thehorizontalaxis appliesto all uppergraphsandmarks
successiveRC events.From bottom to top, the threesubplotsdis-
play averagevaluesof the beamfraction undergoingthe ith RC
step,the correspondingdistancefrom the first lattice layer R

�
and�

atomicn� shell involved, togetherwith their statisticalspread.
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On
e

the average,only � RL
��� 4.5� 2.6 electronsarelost to the

target
�

by RL while 23 electronsarepassedfrom the valence
band
h �

VB
���

to
�

theMCI by RC. Thecourseof POis displayed
in
9

Fig. 3. Theonsetof POat R
�¯ � 7.7

K
from thenª̄  6.4

%
level is

located
B

closer to the surfacethan the alternativeRL loss
channel.� However,this processreturns ! PO

î#" 7.7
K%$

3.3
H

elec-
trons
�

to the target.Contributionto PO areshellswith nª�& 4,
t

5,
'

and6.
A
5

similar above-surfacescenariotermed‘‘screeningdy-
namics’’ú has been portrayedby Andrä etR al. ' 26

2#(
. It was

found that the interplay of resonantelectronexchangeand
level shifts due to intra-atomicscreeningand imagepoten-
tials
�

leads to a partial relaxation of the MCI before bulk
penetration.w These‘‘screeningdynamics’’ are interruptedat
nª�) 4 when the level shift due the imagepotential and the
mutual0 screeningof theelectronsfail to overcometheenergy
gapÍ to the M

ë
shell.! Resonantchargetransferis thereforecut

off, at this point. Due to the implementationof intra-atomic
screening! via Cowancodecalculationsin the EDCOM * cf.�
Sec.
�

II A + ,% this massivemigrationof electronsfrom nª crit� into
nª�, 4,

t
which is catalyzedby themetalsurface,couldbedem-

onstrated, in a dynamic simulation. In Sec. IV E1, we will
show! thattheKLV

�
W peakw - 43

t#.
is
9

a characteristicsignatureof
this
�

phase.
Side
�

feedingfrom the inducedchargecloud into still lo-
calized� atomic levels is initiated when the overlapwith the
target
�

electron distribution below the jellium edge / at z� j
�10

becomes
h

significant at averagedistancesR
�¯ 2 3.7

H 3
Fig.
�

44 .
While
Q

approachingthe high-electrondensity near the sur-
face, the transferswitchesfrom the M shell! to the L shell,!
whichæ is efficiently populatedwith 5 SF

ñ76 5.4
'%8

1.9 electrons.
This
X

phaseembodiesthe transitionfrom a very weak intra-
atomic screeningby the resonantlycapturedelectronsto-
wardsæ the more efficient bulk screeningwhen a tightly
packed,w inducedchargecloud, resemblingthe M

ë
shell! of an

unperturbed" atom, has formed. In Sec. IV E1, the recently
discovered
/

foothill on thelow-energysideof theKL
�

1L
�

1 Au-
5

gerÍ peak 9 43
t#:

willæ be associatedwith emissionfrom this
vacuum-bulkÖ interfaceregion.

With
Q

only ; CP
û=< 1.3> 1.2 electrons reaching the con-

tinuum
�

thresholdafter PO andRL havedepletedouterpro-
jectile
N

levels, continuumpromotion ? Fig. 5@ playsw a minor
role in the electronloss.However,it is known that a large
numberof electrons A AI B q! is ejectedby the projectile via
autoionization C AI D processesw E 15,61F .

FIG. 2. Resonant-lossG RLH statistics� for an ensembleof N6
IKJ

ions hitting an Al L 111M surface� under N�O 45° andE
	

kin

QP 80eV.

FIG. 3. Peel-off R POS statistics� for an ensembleof N6
I�T

ions
hitting an Al U 111V surfaceunder W�X 45°

{
andEkin


7Y 80
Z

eV.

FIG. 4. Side-feeding[ SF
\^]

statistics� for anensembleof N6
I�_

ions
hitting an Al ` 111a surface� under b�c 45° andEkin


Qd 80
Z

eV.
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Figure
�

6 gives detailson the meandistanceand the out-
ermost� level involved in the correspondingAuger transitione
including
9

CK, sCK, and KLV
�

W processesw f . The EDCOM
predictsw that a meannumberof g AI

�ih 8.8
�kj

2.9 electronsare
ejected� by Auger emission.The chargebalancefrom RC,
RL,
>

PO, SF, andCP amountsto a net transferof 14.8 elec-

trons
�

towardsthe MCI. Subtracting l AI ,% it is found that q!m 6
%

electronseventuallystaywith the MCI to attaina high
degree
/

of neutralization.
Due to the late onset of the loss mechanismsand the

effective� replenishmentof atomic levelsvia RC andSF, the
projectilew is neutralizedbetweenR

�
crit� and the tenthRC step

at R
�¯ n 10.3 o Fig.

�
7p . It basicallystaysneutralor only singly

charged� at smaller distances to the surface. For Ekinq 80
�

eV, 99.5%of theprojectilesbouncebackfrom thesur-
face at a distanceof Rmin�sr 0.9

�
from the first bulk layer ac-

cording� to our Thomas-Fermi-Molie`re< modelingof the sur-
face potential. ReducingEkin to

�
10 eV while keeping tu 45°

t
, the vertexmovesawayfrom the bulk to R

�
min v 2.0.

2

IV. COMPARISON WITH MEASUREMENTS

In
À

this sectionwe employ the EDCOM to simulatevari-
ous, experimentallyobservablequantities within a single,
fixed set of model parametersfor all projectile and target
species! andconditionsof incidence.Due to our simplifying
approach, perfectagreementwith the measurementscannot
be
h

expected,especiallyfor quantitieslike the K-Auger elec-
tron
�

spectra,which quitesensitivelydependon a setof tran-
sition! rateswhich areonly known as roughestimates.Nev-
ertheless,� our simulationresultswill demonstratereasonable
agreement with all relevantexperimentsandrevealvaluable
informationaboutthe above-surfaceinteractiondynamics.

A.
¢

Energy gains

For
�

projectilecharges1 w q!�x 25,
2

theprojectilekinetic en-
ergy� gain dueto its imagechargeattractionwasobservedto
agree with the traditional COM formula Egainyz Wq3/2

�
/(3
Ø�{

)
�}|

9,23,41,61
* ~

,% where W is the target work
function.
Å

For high chargestatesq!�� 25,
2

energygainsfalling

FIG.
�

5. Continuum-promotion� CP
���

statisticsfor anensembleof
N6
�K�

ions hitting an Al � 111� surface� under ��� 45° and Ekin� 80eV.

FIG.
�

6. Autoionization � AI � statisticsfor an ensembleof N6
�K�

ionshitting anAl � 111� surfaceunder ��� 45° andEkin � 80
�

eV. The
uppergraphrepresentstheoutermostlevel,which is depletedby the
correspondingAuger transition.

FIG. 7. Evolutionof theprojectilechargestateq� as� a functionof
the ion-surfacedistanceR for an ensembleof N6

���
ions incidenton

an Al � 111� surface� under ��� 45°
�

with E
�

kin
 7¡ 80
�

eV. The q� -axis
labelsdenotethe ‘‘new’’ chargeat distanceR

¢
, e.g.,thefirst capture

changesq from 6 to 5 at R £ 24.9.
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short§ of the q! 3/2
�

scaling§ have been observed ¨ 11,41© andª
attributedª to intra-atomicscreeningeffects « 12¬ . We refer to
the
­

term energygain as the kinetic energygain of the pro-
jectile
®

on its way towards the surface,resulting from the
interplay of all forces acting on the projectile. For metals,
these
­

forcesaregivenby the long-rangeself-imagepotential
andª the short-rangesurfacepotential ¯ 23

°^±
.

We
²

haveconfirmedthat energygainsobtainedwith our
improvedsimulationstill agreewith thecommonlyaccepted
COM
³

resultsandexperimentś23
°#µ

. Regardingthesignificant
modifications¶ to our original code, this agreementcannot
necessarilybeexpected.However,it is facilitatedby thefact
that
­

the kinetic energygain is mainly accumulatedat large
ion-surface
·

separations,whereasthe modificationsdiscussed
in
·

this paperfocuson closeinteractions.TableI lists energy
gains¸ accordingto thetraditionalCOM formulaandour new
simulation§ outputfor hydrogenlikeaswell asmetastablehe-
liumlike
¹

projectiles.It canbe seenthat all valuesare in the
vicinityº of thetraditionalCOM predictionsandcoincidewith
variousº experiments» 11,41,61¼ .

B.
½

Final charge-state distributions

For
¾

slow highly chargedion beamsscatteringoff sur-
faces,high fractions of completely neutralizedprojectiles,
typically
­

well above90%, havebeenobservedafter reflec-
tion,
­

even on insulating targets ¿ 11,55,56À . The remaining
fraction overwhelminglyconsistsof singly chargedpositive
andª negativeions. As far as we know, no measuredfinal
projectileÁ charge-statedistributions Â q! finalÃ areª availablefor
the
­

incident energy regime below 100 eV. However, the
measuredhigh-energyAuger spectrain Sec.IV D will show
that
­

evenfor very slow projectiles Ä veryº small ÅÇÆÉÈ electronÊ
emissionÊ occurspredominantlyout of neutral,mostlyrelaxed
configurations.Ë

In
Ì

view of this lack of data,we compareour simulation
outputÍ with measurementsof other collision systems.It is
important to stressthat the traditional COM Î 9ÏÑÐ ,Ò appliedto
the
­

full reflectedtrajectoryof the ion, would lead to large

fractions
Ó

of ionized particlesfar after reflection in obvious
contradictionË to the experiment.Burgdörfer etÔ al. Õ 44Ö have
includeda resonantL-shellfilling mechanismto complywith
measured¶ final chargestates.Ourstudyaimsto reproducethe
strong§ trendtowardsneutralityin theq! final distribution

×
while,

in
·

addition,keepingagreementwith otherobservables.
In Fig. 8 we plot the simulatedchargefractions for 0Ø

q! final Ù 2
°

in the final charge-statedistributionsfor ground-
state§ Ú gs¸7Û H-like ions and metastableÜ mtÝ He-like second
rowÞ ions Cqßáà , NÒ qßáâ ,Ò andOqßáã in

·
(1sä 2° sä )å configurations,im-

pingingÁ with Ekin æ 13q! eVÊ anda grazingangleof çéè 5°
ê

on
Al
ëíì

111î . The simulatedfractionsare recordedfor reflected
projectilesÁ which havepassedthefirst capturedistanceRcritï .
After this point, lessthan0.1%of thebeamstill exhibitsthe
originalÍ K

ð
-shell vacancy,which eventuallycausesreioniza-

tion.
­

The remainingwidely relaxedconfigurationslie below
the
­

autoionizationthresholdandmaydeexciteonly via radia-
tive
­

processeswithout further electronemission.
Also
ë

shownis themeasurementby FolkertsetÔ al. ñ 55
ê#ò

for
Ó

O
ó qßáô (3

õ÷ö
q!�ø 8)
ù

at Ekin ú 3.75
û

keV/amu on Au ü 110ý underþ
surface§ channelingconditions.Notethat thesimulationdeals
withÿ different projectile types containing a single K

ð
-shell

holewhile theexperimentrefersonly to Oqß�� projectilesÁ with
K-shell vacanciesfor q!�� 7.

�
Runningour codefor projectiles

possessingÁ a filled K shell§ leadsto slightly higherdegreesof
neutralization.� Our Monte Carlo evaluationof the q! final � 2

°
fraction
Ó

hasa statisticalerror of about40% while the q! final
Õ� 1 fraction is given within an error of 1.4%.

We
²

observethat the experimentaland simulated data
agreeª well for the H-like ions.Shifting the final charge-state
fractionsof the metastablesby � q!
	�� 1 towardsthe right,
the
­

data points for the H-like and He-like counterparts
roughly coincidewith eachother for q! final 
 1 andalsowith
the
­

experiment.This meansthat the distribution of q! final
Õ

mostly¶ varieswith the nuclearchargeand is ratherinsensi-
tive
­

to the initial L electron.Ê For all initial chargestatesq!
underþ consideration,the neutralcontributionlies well above
90%.
Ï

Under the assumptionof a weak influenceof the pro-

TABLE I. Comparisonof projectile energygains � divided by the substratework function W
���

resulting
from the COM formula Egain� /

�
W
���

q� 3/2
�

/3
���

and our simulationresults � right column� for hydrogenlikeand
metastable� heliumlike second-rowions in configuration(1s� 2s) at E

�
kin
 �� 100eV and �! 45°

�
. "$# is

%
the

asymptotic� projectilevelocity componentperpendicularto the surface.

MCl Target "�& (10 ' 2 a.u.)

Energygain/W

COM prediction:

q3/2
�

3 (

Presentsimulation:

Egain�
W

C
� 4
)+* Al , 111- 0.12

.
1.9

1.9
Si
/10

1002 0.12
.

2.1
C
� 5
3+4

Al 5 1116 0.13
.

2.6
2.9

N
7 5
3+8

Al 9 111: 0.12
.

3.0
0.13
.

4.1
N
7 6
�+;

Al < 111= 0.38
.

3.8
1.00 3.5 4.0

O
> 6
�+? Al @ 111A 0.13

.
3.9

Si
/1B

100C 0.12
.

4.0
O
> 7
D+E

Al F 111G 0.13
.

4.4 5.5
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jectile
®

kinetic energy,themeasuredcharge-statedistributions
in
·

Fig. 8 agreewell with our simulationresults.

C. Low-energy electron emission

Along
ë

the complicated interaction dynamics, electron
emissionÊ originatesfrom varioussources.Apart from auto-
ionizationsettingin assoonasmorethantwo electronshave
been
H

captured,SF and CP contribute to the total electron
yield.I OtherelectronlosschannelsincludePO,RL, andAu-
ger¸ emissioninto emptyconduction-bandstateswhich do not
contributeË to measuredelectronyields.

In
Ì

Fig. 9J aªLK weÿ show experimentaland simulatedlow-
energyÊ electronspectrafor N6

�NM
interactingwith an Al O 111P

surface§ under QSR 45°
T

for incidentenergiesE
U

kin
VXW 80

ù
and10

eV.Ê For thesetwo systems,theimageenergygainsamountto
E
U

gainyZY 17.1 and 16.3 eV, respectively.The vanishingspec-
trometer
­

transmissionandstraymagneticfieldsaggravatethe
detection
×

of electronsat the lowest displayedenergies.Ex-
perienceÁ with our apparatusshowsthat the portion aboveE

U
[

20eV is easily reproducible.The spectrain Fig. 9 andall
the
­

following plots are normalizedto the integral K
ð

-Auger
intensity.
·

For the experimentaldata which have also been
correctedË by thespectrometertransmission,this is equivalent
to
­

a rescalingfrom emissioninto the acceptancesolid angle
ofÍ the spectrometer\ 0.031

]
sr̂ to
­

emissioninto a full 4 _
sphere§ at a detectionangle `XacbSd 90°

Ï
with respectto the

surface§ if a unity K
ð

-Auger yield and isotropic emissionare
assumed.ª The integralof the intensitiesover the energyaxis
therefore
­

suppliesthe estimatedtotal number e ofÍ electrons
perÁ incident ion which are ejected into the vacuum. The
simulated§ datahavebeenconvolutedwith the spectrometer
resolutionÞ of 0.7%.

For electronenergiesE f 10eV, thesimulatedspectraex-
hibit
g

reasonableagreementwith the experimentfor both in-

cidentË energies.One can recognizeadditional structuresin
the
­

simulatedspectrawhich are most likely causedby our
simplified§ evaluationmethod of transition energieswhich
considersË only ground-stateconfigurationsfor shells nh�i 2

°
andª neglectsangularmomentumcouplingand the perturba-
tion
­

and hybridization of ionic levels near the surfacej
62,63
k l

. Figure9m bHon displays
×

the contributionsof AI andSF
to
­

the simulated80-eV spectrum.While the SF mechanism

FIG. 8. Final charge-statefractions.The lines
representp experimentaldata by Folkerts et al.q
55
r�s

for
t

Oquwv impinging at Ekin
 �x 3.75

y
keV/amu

onz Au { 110| undersurfacechannelingconditions.
The simulation resultsare given for H-like } gs~
and� He-like (1s2s) metastable� mt� C

� quw� , N¦ quw� ,¦
and� Oquw� ions

�
scatteringwith E

�
kin
 �� 13q eV and�!�

5
r

° off an Al � 111� surface.

FIG. 9. Low-energyelectronspectraof N6
�+�

incident under �� 45° on an Al � 111� surface.Experimentaland simulatedspectra
for incident energiesEkin � 80eV and 10 eV � a��� .� Subplot � b��� also
showsSF andAI contributionsto the E

�
kin
 �� 80eV spectrum.
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producesÁ a comparativelysmoothspectrumin the region E
U

�
90
Ï

eV, AI transitionsgeneratestructuresbelow 20 eV,
whichÿ we associatewith the early stageof projectile relax-
ationª abovethe surfacewhensmall � nh steps§ betweenRyd-
berg
H

statesprevail. In the sameinteractionphase,highly ex-
citedË configurationsmay alsoemit L

�
-Auger electronswhich

enhanceÊ the high-energy region. Integrating the spectral
yieldsI in Fig. 9 above20eV leadsto yieldsof �
  5.7

ê
and5.8

emittedÊ electronsper incident ion for the simulatedspectra
andª to ¡£¢ 4.9 and4.3 for theexperimentswith Ekin

V¥¤ 10 and
80
ù

eV, respectively.
Niemann
¦

etÔ al. § 15̈ have recentlypublishedlow-energy
Auger
ë

spectrafor N6
�N©

impinging
·

on Au with E
U

kin
V rangingÞ

from
Ó

90 eV to 60 keV andperpendicularincidence.Integrat-
ing thetotal double-differentialspectrumin energyandangle
ofÍ detectionto a full 4 ª solid§ angle,theyobservetotal emis-
sion§ yields «
¬ 8.6

ù®­
3.4
û

for E
U

kin ¯ 90
Ï

eV, which agreeswell
withÿ their simulatedyield of ° AI

�²± 9.8
Ï

for mereautoioniza-
tion.
­

With a different measurementtechnique,Eder etÔ al.³
64
k¥´

measureda yield of µ
¶ 9.8
Ï

undersimilar scatteringcon-
ditions.
×

For
¾

the samecollision system,our EDCOM simulation
including dynamic PO, CP, and SF mechanismsprovides
electronÊ yields · AI

�¹¸ 7.6
�

for Auger emission º including
·

the
K-Augerelectrons» ,Ò½¼ SF

ñ�¾ 6.6
k

dueto SF,and ¿ CP
ûÁÀ 1.2dueto

CP.
³

Thesevaluesadd up to a total yield Â£Ã 15.4 including
contributionsË from E

UÅÄ
20
°

eV. The discrepancywith Eder
etÔ al. andª NiemannetÔ al. might¶ berootedin theexperimental
difficulty
×

to measure low-energy electrons (E
UÅÆ

20
°

eV),
whichÿ producethe greatestcontribution to Ç ,Ò as well as in
the
­

necessarysimplificationsembeddedin our simulation.

D.
È

K
É

-Auger spectra of ground-state projectiles

K-Auger spectrafor H-like and (1sä 2sä )å -metastableHe-
like
¹

incident ions can be subdividedinto a well-structured
KLL
ð

region,Þ a broad, less intensepeak consistingof KLM
ð

andª KLC transitions,
­

andsmallcontributionsfrom KXY tran-
­

sitions§ with X
Ê

,Ò Y Ë�Ì MÍ ,Ò N� ,...ÒÏÎ . Figure 10 shows measured
andª simulatedKLL electronÊ spectrafor N6

�NÐ
collidingË with an

Al
ëÒÑ

111Ó surface§ under ÔÖÕ 45°
T

with E
U

kin × 80
ù

eV Ø upperþ right
partÁ Ù andª Ekin

V¥Ú 10eV Û lower left partÜ . For both projectile

energies,Ê theKLL
ð

regionÞ extendsbetweentheKL
ð

1L
�

1 peakÁ at
E Ý 352
û

eV and the KL23L23 peakÁ at E Þ 378
û

eV. The peak
widthsÿ reflectthepossibilityof different initial L-shellpopu-
lations nh L atª the time of K-Auger decay. The broad
KL
ð

M /
ß
KLC
ð

peakÁ is situatedon the high-energyside of the
KLL
ð

region.Þ
Figure 10 also displaysthe correspondingsimulationre-

sults.§ In general,the KLL
ð

subpeak§ intensitiessensitivelyde-
pendÁ on the ratio betweenthe L-shell filling rate à L

'fill
Õ�á²â

nã ,L
'AI
�

ä²å
L
SF
ñçæ

given¸ by Eqs. è 1é andª ê 6koëíì andª KLL
ð

decay
×

ratesî K
AI .

We
²

can give only crude estimatesfor ï nãfill in the relevant
interactionregion ð cf.Ë Sec.II D 1ñ ,Ò and ò K

öAI
�

is knownonly for
freeions ó 51,65

ê ôöõ
cf.Ë Sec.II A ÷ . For nh�ø 2, we haveneglected

the
­

fine structureof thenh shell§ in our simulation.Thedevia-
tion
­

on the low-energyend of the KL1L1 peakÁ originates
from
Ó

an energy-lossbackground ù 30
ûûú

in
·

the experimental
spectra§ which is not taken into accountin the simulation.
Theseconsiderationsindicatethat somedeviationsbetween
simulation§ andexperimentmustbe expected.

However,
ü

the changesin E
U

kin should§ affect the result in
the
­

samemanner,i.e., the intensity ratios betweendifferent
KLL subpeaks§ should shift similarly. Indeed,the EDCOM
follows the experimentaltrend:towardsincreasingEkin ,Ò the
KL
ð

1L
�

1 peakÁ loses intensity, which is transferredinto the
upperþ part of the KLL

ð
spectrum.§ This can be understoodin

viewº of strongerside feeding into the 2pý orbitalÍ when the
vertexº of the trajectorymovescloserto the first lattice layer
withÿ increasingEkin

Vÿþ 16� . Nearthis turningpoint, theprojec-
tile
­

is very slow andthe exponentiallydecayingSF ratesin
Eq.
� �

6
k��

reachÞ their maximumamplitude.Thedeviationin the
peakÁ regionbelow350eV betweenthesimulatedandexperi-
mentaldifferencespectramay be attributedto secondaryef-
fects
Ó

suchasthe enhancedenergylossof the outgoingelec-
trons
­

with increasingEkin � 30,66
û ���

not accountedfor in our
simulation§ 	 .

Theupperedgeof theexperimentalKL23L23 peakÁ is situ-
atedª at a higher energythan in the simulation. In order to
establishÊ such a KLL

ð
energy,Ê all six neutralizingelectrons

have
g

to bepresentin theL
�

shell.§ This might indicatethat the
SF



rate � nãSF
�

in
·

Eq. 
 6k�� whichÿ yieldsanaverageL
�

-shellpopu-
lation
¹

a� L
��� 4.6
T

at the time of K
ð

-Auger decay for E
U

kin
V� 80

ù
eV might be slightly underestimated.The KLM /

ß
KLC

peakÁ canbe found around401 eV � not� shown� . The simula-
tion
­

reproducesits positionandenhancementfor the lowest
incidentvelocitiesmoreclearly thanthe experiment.

E.
�

Auger spectra of metastable projectiles

In two recentpublications� 43,67� ,Ò we discussedtwo char-
acteristicª signaturesof the initial 2sä electronÊ in the K

ð
-Auger

spectra§ of (1sä 2sä )å -metastableHe-like C4
���

, NÒ 5
���

,Ò and O6
�� 

!
andª alsoNe8 "$# incident

·
under %'& 5

ê
° with E

U
kin ( 13q) eVÊ on

Al
ë+*

111, . Thefirst featureis thetiny KLV
ð

W peakÁ on theupper
side§ of the KLM

ð
region,Þ which will be the subjectof Sec.

IV E1. The secondfeatureis a low-energyshoulderof the
KL
ð

1L
�

1 peak,Á which will be discussedin Sec.IV E2.

1. The KLVW peak-
Guided
.

by transition energy considerations,the KLV
ð

W
peakÁ could be identifiedasan above-surfaceprocessinvolv-

FIG. 10. KLL spectra/ of N6
021

incident under 3�4 45° on an
Al 5 1116 surface./ Experimentalandsimulatedspectraaredisplayed
for the incidentenergiesE

7
kin
8:9 10 and80 eV.
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ing the K vacancy,º the initial 2sä electron,Ê and an occupied
atomicª state ; labeled ‘ ‘ VW’ ’ < ,Ò which is resonantwith the
target
­

work function W,Ò preferentiallyin the N or O shell.
This
=

finding is consistentwith the strongdependenceof the
KLVW rateson > nh in Eq. ? 2@ .

In Fig. 11, we displaytheEDCOM simulationof thepar-
tial
­

KLVW spectrum§ omitting all other K-Auger contribu-
tions.
­

The simulation is carried out for an Al A 111B andª a
Si

DC

100E surface,§ primarily different in their work functions
W F 4.25and4.91eV G 68

kIH
,Ò respectively.Theslightly deviat-

ing Fermi energiesand lattice constantsonly havea minor
impact
·

on thesimulation.Notealsothatthesamescalinghas
been
H

appliedto energyandintensityaxesof all threeprojec-
tiles
­

to illustratethe increasingKLV
ð

W peakÁ width from C4 J
to
­

O6
��K

,Ò which coincideswith the measurementL 43M . This
wideningÿ from about 6 eV N C³ 4 O , NÒ 5

��P$Q
to
­

about 10.2 eV
(O
õ 6
��R

)
å

can be explainedby the quantumnumberof the ini-
tially
­

populatedprojectile shell nh critï ,Ò which increaseswith
q) nucS . This implies that electronscapturedby O6

��T
need� to

descend
×

more stepsdown the Auger-deexcitationladder to
the
­

statisticallypreferredKLVW configurationË with q) nucSVU 2
electronsÊ in thenhXW 4 shell Y 43Z than

­
if theywerecapturedby

C
³ 4 [ . This statisticalspreadof contributionsto the KLV

ð
W

peakÁ translatesinto anenergyspreadwhich is alsoamplified
withÿ increasingq) nucS .

The
=

vertical line marks the experimentally observed
KLVW peakÁ position,which is in all casesvery closeto the
simulation§ output.We alsofind thesuppressionof theKLV

ð
W

peakÁ in the spectraof H-like MCI’s in the EDCOM \ not
shown§ ] . In ^ 33,43

û _
it
·

wasdemonstratedthat the KLV
ð

W peakÁ
positionÁ is widely unaffectedby switchingfrom the Al ` 111a
to
­

the Sib 100c target.
­

However, the KLV
ð

W peakÁ appeared
muchstrongerfor C4 d projectilesÁ on Sie 100f asª comparedto
Al
ëhg

111i complyingË with theEDCOM resultsin Fig. 11. This
canË beunderstoodby thegreaterwork functionW ofÍ Sij 100k
guiding¸ RC into deeper-lyinglevels. Consideringthat the
low
¹

q) nucS ofÍ C4 l implies
·

an initial populationof a meanshell
nh critïnm 5.6

ê
for Si o comparedË to nh critïqp 6.0

k
for Al r ,Ò which is

adjacentª to theVW level
¹

with nh W s 4,
T

subsequentKLV
ð

W pro-Á
cessesË do not haveto ‘‘wait’’ long for theaccumulationof a
sufficient§ populationin the nh W shell.§ This effect disappears
asª higher-lyinglevelsareresonantlypopulatedwith increas-
ing q) nuc.

Proceeding
t

from C4
��u

to
­

O6
��v

,Ò the EDCOM tells us that
the
­

KLV
ð

W line
¹

is emittedat an averageion-surfacedistance
movingfrom R w 9.6

Ïyx
3.7
û

downto 5.5z 2.7.This decreaseis
againª correlatedwith the shell, which is populatedby the
first
{

RC increasingfrom nh critïq| 6
k

to 8. Therefore,thepopula-
tion
­

of the statistically preferredKLV
ð

W levels
¹

with nhX} 5
ê

takes
­

longer.Notethatthesmall increaseof theinitial charge
q) from 4 to 6 causesRcritï to

­
grow from 21 to 25. However,

the
­

resulting prolonged above-surfaceinteraction time~
Tcritïq��� Rcritï /

ß Å���� 10� 15s§�� 1 does
×

not compensatefor the
additionalª stepson the relaxation,evenwhenneglectingthe
increaseof the imageaccelerationtowardsO6

���
. Hence,the

widthÿ of the KLV
ð

W peakÁ which is correlatedwith the frac-
tion
­

of KLVW decays
×

from nh W � 4 increasestowardsO.

2.
�

The KL1L
�

1 foothill
�

In a recentpublication � 33
ûI�

,Ò it waspointedout thata tiny
foothill
Ó

on the low-energysideof the KL
ð

1L
�

1 peakÁ is gener-
atedª after KLV

ð
W emissionÊ but prior to plunginginto the jel-

lium
¹

wheremostof the KLL
ð

transitions
­

occur.It wasargued
that
­

in this regionSFinto theL shell§ hasalreadysetin but is
still§ too slow to providemore thanoneL electron.Ê This ex-
plainsÁ the more pronouncedappearanceof the foothill in
spectra§ of (1sä 2sä )å -metastableprojectiles.Theenergyshift of
this
­

near-surfaceKL
ð

1L
�

1 transition
­

with respectto the main
KL1L1 peakÁ is causedby the inducedelectroncloud,which
is
·

more loosely packedthan within the targetelectrongas.
On
ó

the otherhand,the presenceof the screeningcloud cuts
offÍ KLV
ð

W emission.Ê This is due to much faster KLL
ð

andª
KLM transitions

­
andthe fact that VW levelsarepeeledoff.

In Fig. 12 we distinguishbetweenK-Augeremissionfrom
the
­

remote(R
���

5
ê

), close(z� j
��� 1 � R

���
5
ê

), and‘‘subsurface’’
(
õ
R
���

z� j
��� 1) interaction region for (1sä 2° sä )å -metastableinci-

dent
×

O6
���

ions.Theplot confirmsthat thedominatingcontri-
bution
H

to theKLL foothill stemsfrom thezonejust abovethe
jellium
®

edgeat z� j
��� 2.19.Note that thevertexat Rmin � 2.4 is

aboveª the jellium edge.Therefore,the true subsurfacecon-
tributions
­

to the K
ð

-Auger spectrumremain comparatively
small§ in this grazingincidencegeometrywherethe ‘‘subsur-
face’’ regionis restrictedto 2.4� R   3.19.

û
Figure
¾

13 examinesthe occurrenceof the foothill for the
same§ projectilesasin Fig. 11.Similar to theKLVW peak,Á the
shoulder§ broadensfrom C4

��¡
to
­

O6
��¢

onÍ an absolutescale£
notethe differencesin the E scaling§ in Fig. 13¤ . As for the

KLV
ð

W peak,Á this effect canbe relatedto the increasein q) nucS
because
H

theshift in theKL1L1 transition
­

energies¥ due
×

to the
attenuatedª screeningcomparedto the jellium region¦ is

·
am-

plifiedÁ by the effectivenuclearcharge.In summary,the pro-
posedÁ locationsandorderof theemissionof theKLVW peakÁ
andª the KL1L1 foothill areconfirmedby the EDCOM.

V. VARIATION OF MODEL PARAMETERS

In this sectionwe studyhow the outcomeof our simula-
tion
­

is affectedby switchingoff or by changingthespeedof

FIG. 11. KLVW
§ peak¨ in the spectraof metastable,He-like

MCI’s impinging under ©�ª 5
«

° and Ekin ¬ 13q­ eV® on Al ¯ 111° and
Si ± 100² .³ Thevertical line markstheexperimentallyobservedKLV

´
W
§

peakposition.The occurrenceand transitionenergyof the KLV
´

W
§

peak as well as the measuredenhancementfor the C4
)2µ

/Si(
�

100)
collision systemand its broadeningtowardsthe O6

02¶
projectile¨ are

qualitativelyreproducedby the EDCOM simulation.
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certainË interactionmechanismsfor N6
��¹

ions
·

on Al º 111» . The
modelingof interactionrateshasbeenguidedby semiclassi-
calË arguments.It hasbeenjustified by the consistentagree-
ment¶ of our simulationoutputwith severalobservablesfor a
varietyº of collision systems,which arecharacterizedby Ekin

V
andª ¼ asª well asthe projectilespeciesandtargettype.

By
½

completelydisablingPO,electronloss is restrictedto
the
­

less efficient RL and CP; seeFigs. 2 and 3. After the
projectileÁ hasbeenneutralizedat R

��¾
14.9 ¿ this

­
is the same

valueº asfor thefull simulationÀ ,Ò mostprojectilesstayneutral
unlessþ they are reionizedby the ratherslow autoionization
cascade.Ë SinceSF nearthe jellium edgeis linked to a non-
vanishingº projectile charge that induces the VB electron
cloudË Á cf.Ë Eq. Â 6k�ÃÅÄ ,Ò the filling of inner projectile levels is
strongly§ suppressed.

Thus,by disablingPO,we find that the L shell§ cannotbe
efficientlyÊ filled, in contrastto the high degreeof L-shell
filling
{

at the momentof KLL
ð

decay
×

observedin all experi-
ments,¶ e.g., in Ref. Æ 33

ûIÇ
. In addition,a high fraction of pro-

jectiles
®

emergesfrom the targetregionstill containingtheir
initial K vacancy.º This leadsto a renewedionizationdueto
the
­

pendingKLL
ð

transition
­

on the outgoingpath.The simu-
lation
¹

indeedshowsthat neglectingPO lets only 65.0% of
the
­

incomingionsemergeasneutralsin theasymptoticlimit.
The modified fraction of ionized projectileswould predict
KLL
ð

energiesÊ in disagreementwith experiment.Goodagree-
mentof themeasuredandsimulatedhigh-energyspectraand
final projectile chargestatesthus appearsto requirethe in-
clusionË of PO.

Deactivating
È

CP leavesthe simulationoutputmostly un-
affected.ª This canbe understoodby its minor impacton the
electronÊ transferwith anaveragenumberof 1.3electronslost
to
­

the continuumalongthe whole trajectory.
As
ë

mentionedbefore,SF is closely linked to PO because
the
­

chargecontent of the induced VB cloud matchesthe
chargeË surplusof theprojectilecore É 59

êËÊ
. By merelyswitch-

ing
·

off SF, similar effects as for disabledPO can be ob-
served.§ For instance,the fraction of particleswhich are ion-
ized far after reflectionincreasesto more than 50%. At the
same§ time, the meannumberof L-shell electronsat the time
ofÍ KLL
ð

decay
×

dropsfrom 4.6 to 3.0. Thesechangeslead to
significant§ disagreementwith measurements.

In Fig. 14, the reshapingof the KLL region following a
variationº of PO and SF ratesis examined.The plot on the

FIG.
Ì

12. KL1L
Í

1 foothill emissionzonesin thesimulatedspectra
of metastable,He-like O6

0ÏÎ
impinging under Ekin Ð 80

Ñ
eV and ÒÓ 5° on Al Ô 111Õ .³ The solid line showsthe total Auger spectrum.

The threefollowing lines representthe K-Auger spectrumemitted
in the remote(R

Ö�×
5
«

), close(zØ j
ÙÛÚ 1 Ü R

Ö�Ý
5) and ‘‘subsurface’’ (R

Ö
Þ

z j
ÙÛß 1) interactionregion.

FIG.
Ì

13. KL1L
Í

1 foothill in the spectraof metastable,He-like
MCI’s impinging under à�á 5

«
° and Ekin â 13q­ eV® on Al ã 111ä and

Si å 100æ .³ Theoccurrenceof theKL1L1 shoulderin thespectraof all
threeHe-like projectilesas well as the measuredenhancementfor
its broadeningtowardsthe O6

02ç
projectile¨ are qualitatively repro-

ducedby thesimulation.Thedottedline denotestheH-like ground-
statespectrum,which is renormalizedto theKL1L1 intensityof the
metastableprojectiles.

FIG. 14. Reshapingof the KLL regiondue to parametervaria-
tion for N6

02è
ions colliding with an Al é 111ê surface/ under ë�ì 45°

and Ekin
8îí 80

Ñ
eV. In the lower left plot, the implementationof the

tabulatedXCV
ï

ratesð ñ 45ò is comparedto thepresentsimulation.The
upperright plot displaystheKLL regionsfor rescaledPObaseratesó

0
ôPO. By either fueling PO or SF, the KL23

õ L
Í

23
õ intensity
ö

is clearly
enhanced.Our choice of a unity scaling factor leadsto the best
agreementwith the experimentalstructure.
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lower left displaysthe simulationoutputtakenfrom Fig. 10.
It
Ì

is comparedto a simulationwhich implementsthe LCV
�

ratesfor the N/Al systemas listed in ÷ 45ø insteadof the SF
rateÞ in Eq. ù 6k�ú . TheseLCV

�
ratesÞ seemto be too slow to

accountª for a high degreeof L
�

-shellpopulationat thetime of
KLL decay.

×
The upperright part of Fig. 14 exhibitsseparate

programÁ runs with the peel-off rate û nãPO given¸ in Eq. ü 6k�ý
rescaledby factorsof 0.1 and10. A reducedþ nãPO

ÿ
leadsto a

similar§ effectaswe havejust seenfor sloweddownSF.Fast
PO
t

enhancesthe intensityon the sideof the KL
ð

23
� L
�

23
� peak.Á

As
ë

in the precedingparagraph,this behaviorcan be attrib-
utedþ to theinterlacedoperationof POandSF,which strongly
influencesthepopulationof theL shell.§ Notethat thesignifi-
cantË changesin the spectraof Fig. 14 are introducedby a
small§ shift of the mean L

�
populationÁ at the time of KLL

ð
decay
×

of magnitude
�

nh L
��� 0.5.
]

VI.
�

SUMMARY AND OUTLOOK

We
²

havepresenteda semiclassicalmodelfor collisionsof
slow§ multiply chargedions with surfacesby Monte Carlo
sampling§ along the entire ion trajectory. We incorporated
electronÊ peeloff, sidefeeding,andcontinuumpromotionin a
dynamic
×

manner.The evaluationof projectileenergylevels
has
g

beenbasedon atomicstructurecalculations.For theclas-
sical§ motionof theprojectilewe includedall relevantbinary
interactionpotentialsbetweenthe projectile and individual

surface§ atoms,therebyallowing for arbitraryanglesof inci-
dence.
×

Our
ó

resultsexhibit good agreementwith variousexperi-
mental¶ observablesfor different combinationsof projectiles,
target
­

types, incident angles,and beamenergies.This has
been
H

achievedwithout� adaptingª thecodeandthefreeparam-
etersÊ involved to a particular collision system.The occur-
renceof the KLVW peakÁ and the KLL foothill could be ex-
plainedÁ within theframeworkof a quantitativeapproach.Our
simulations§ confirm the main aspectsof a previously pub-
lishedinteractionmodel � 33

û��
.

The sensitivityof our resultsto the particularimplemen-
tation
­

of theaddedinteractionmechanisms	 SF,PO

 


has
g

been
studied§ by disablingthem or varying their ratesin separate
programÁ runs. It could be shownthat the interplaybetween
peelÁ off andsidefeedingplaysavital role in therelaxationof
the
­

projectile and thus for the reproductionof experimental
data.
×

Many of the quantitieswhich enterthe simulationare
knownonly approximately.For thefuturewe intendto refine
the
­

modelingof ratesandenergiesaspresentedin this work.
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