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Atomic and molecular desorption from ion bombarded the study of the physical mechanisms behind the formation
surfaces is initiated not only by classical momentum transfer of excited atoms in sputtering.
between colliding species but also by various processes. The Only a limited number of experiments aimed toward
electronic processes are particularly important in control- characterizing metastable atomic or molecular excited
ling the degree to which the desorbing species leave thespecies formed during ion bombardment have been
surface in excited states or as positive or negative ions. Anperformed, primarily due to the difficulty in finding
improved fundamental understanding of the basic mechan-sensitive and state-selective methods by which populations
isms associated with these electronic events may indeedand other properties can be probed. Early experiments
lead to more effective strategies for enhancing the involving Doppler-shifted, laser-induced fluorescence (LIF)
ionization efficiency of desorbing species and to improve provided the first hint of how electronic energy might be
the prospects for mass spectral-based surface analyses. partitioned among various atomic stafé§Some of these
In general, excited atoms may be classified into two results are summarized in Table 1. From this limited set of
categories. Atoms in short-lived states, on one hand, areinformation, a correlation between the characteristics of the
easy to detect by their radiative decay and, therefore, akinetic energy distributions and fundamental properties of
wealth of experimental information on atoms sputtered in the atoms was proposed. Atoms such as Zr and5953 (
such states can be found in the literatlifighe interpretation manifold), which are ejected in states with small excitation
of these data, however, is extremely complicated due to theenergies, have the same kinetic energy distributions as the
convolution of radiative decay, cascading transitions and ground state atoms. On the other hand, atoms ejected in
emission velocity. Metastable atoms, on the other hand, states with high excitation energies like PE4), Ba and Ca
preserve their excitation state until detection at large have kinetic energy distributions that peak at a higher
distances from the surface, and hence lend themselves tenergy and are broader than the ground state kinetic energy
distributions. These variations in the Kkinetic energy
distributions have been explained using a non-radiative
*Correspondence to: B. J. Garrison, Department of Chemistry, 152 de-excitation model developed originally by Hagstrum to
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Table 1. Fine structure statesmeasuredin keV particle bombardment experiments

At. States Atomic Config. E (eV)
LiF

zZr *F234 45 <0.15

Fe 5Dy, Fs 3d°4<, 3d’4s 0.86
Ba 1s,°D, D 65, 6s'6pt 1.4

Ca °p, 4st4pt 1.89

Ti °F, 1D, 3cPas 0.9

Fe 5D4,3,2,1,0 3d°4? 0.12

MPRI

In Pyj2.312 555p" 0.30
Rh *For2,772,32 45 <0.32

Ti 3|:4,3,2 34 <0.05

Ni aDz 21 348t <0.21

Ni aFaz2 3P4 <0.27

Ni aDaz 3d%4st <0.21

Ni a3F4,3,2 3P4 <0.27

Ni a'D, 3d%ast 0.42

Ni aFaz2 3P4 <0.27

Ni aD3 21 348t <0.21

Ni aD, 3cPast 0.42

Ni b'D,, &Py, &Gy 3df4¢ 1.68-2.74
Ni a'S, 3d° 1.83
Co a'Forz,712,5/2312 3d'a¢ <0.17
Co b*For2,772.5/2.32 3df4st <0.58
Co a'Psj2,312 &Gz 3d’4¢ 1.74-2.14
Co b*Ps/2,312,1/2 &Das2,513 &Pas2,112 3cf4s <1.95-2.33
Co b®P312,172 3d'a¢ <2.63
Ag %Sy12, *Dsia 4d\%s!, 4dPs< 3.75

Rf. EnergyDistributiorf T or % Pop’
2 Same ~800K
3 ExcStbroaderthan GrndSt
4 ExcStsbroaderthan GrndSt
5 broaderthan“assumed"GrndSt(*S,, 45%)
6 ExcStbroaderthan GrndSt ~300K
7 SameasGrndSt ~600K
11 0%
13,14 ExcStsbroaderthan GrndSt 100%,26%,1%
29 Same
29
29
27 Same 810K
27 Same& Narrowerthan®D 10,500K
27 Sameas®D
30,31,32 3F4 Narrowerthan °D 100%-10%
30,31,32 160%—-10%
30,31,32 10%
30,31,32 Sameas®F, ~10%
42 Sameas®F, ~10%
31,32 Sameasa'Fo/, 100%-1%
31,32 Same& broaderthana*Fo, 10%-1%
31,32 Sameasa’Fg/, 1%
31,32 Sameasa'Fg/, 1%
31,32 Sameasa’Fg/, 0.1%
33,34,35 2Dg» Narrowerthan S, 1.5-5%

& Samemeansall energydistributionswithin manifold arethe same.GrndStis groundstateand ExcStis excitedstate.
b 9% populaton relativeto the groundstate.Valuesgive anindication of the orderof magnitudeonly andare not precisevalues.

fine-gructure staes as probes of electronic events is
exempified by Ni. A numker of staeshavebeenidertified
and are characerized by different atomic configurations
(e.g.3d%4<’ or 3d°4s") andvarying excitation energis.

In this paper we examire the current level of our
undestandirg aboutthe dominan mechansmsthat deter-
mine the final electronic state of ejeced atoms. This
analyss is particulaly timely in view of the extensve
amaunt of new data that has appeaed recently. For
exampe, it is now clearthat the original proposas related
to Hagstrum’s nonradiative de-exctation model are not
consisent with the whole of this new information. The
electonic characer of the excited statesand resonant
tunnding probailities mug factorinto the picture in sone
fashon. Our disaussionpointsout inconsistenogsstill to be
resdved, andsuggess futureexperimeng thatmightleadto
a unified theay of this importantphenomeno.

TECHNIQUE

TheMPRItechnique asappicableto keV partide bombard-
mert or sputterig has beendescrited earlier® andin the
primary work summaized here In addtion, there is an
article in this issue that relatesto the approachusedin the
Winograd lab® Briefly the MPRI scheme involves
resmantly exciting an atom to an intermediate electonic
stateasshown in Fig. 1 andthenusinga secom photonto
ionize the atom. Since a resmanceste is involved in the
ionizatfon processof theatom,it is fairly straightforwardto
selecively measue thekinetic energyandangulardistribu-
tions of atoms ejected in specifc fine-structue states
Compaing the relative popukltions of the different states

© 1998JohnWiley & Sons,Ltd.

involves the efficiency of the overdl ionization process,
which depend mainly on the crosssectionfor photoioniza-
tion. This cross sectilm can vary strongly with photan
enegy. In genearl, a direct comparisonof the photaion
sigrals obtainal by using simple one-cola ionization
schenes thus cannot directly be used to determire a
guanttative popuhbtion distribuion. Examples of measued
kinetic enegy, angke andpopulationdistribuionsaregiven
below.

DE-EXCITAT ION

The first sysem'* investigaed by MPRI is In 55°5p*. The
groundstae is a P, , stateandthefirst excited state P,
lies 0.30eV abovethe groundstae*? The kinetic enegy
distributions of atoms nominaly in each of thesefine-
structure states were measued along with the enegy
distribution of In, dimers.Analysis of the variousdistribu-
tions led the auttors to conclude that the supposd *Ps,
sigral arosefrom dissociaion of In, dimers.Consequatly,
Craig et al. suggeted that the electront structureof the
fine-structue stae is the main factor in determning
whether a given statewill relax, and that de-excitaton is
not correlatedto the excitaion enegy.** According to the
Craig model, in manifdds with a closed outer shell of
electrons(e.g.ns’), the de-excitaton ratewill be negligible
andthe excited statekinetic energydistribuion will bethe
sane as the ground stae distribution, provided that the
initial excitation probaility is we&kly depenént on
velocity. For a manifold which is partially filled (e.g.ns)
there will be interection of the departingatom with the
metalic band and the kinetic enegy distribuion will

Rapid CommunMassSpectrom12, 1266—-12721998)
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Figure 1. Partial electronic structure of atomic Ni showing the
ionizationschemesisedin Ref.27. Theenergyof eachstateabovethe
groundstateis notedin units of electronvolts.*?

broacenor, in the caseof In, the excitedstateis completely
relaxed In genera] the Craig shidding modd** works for
mog casesstuded at thattime.

This investigaton of the In systeminitiated thinking and
expeimentsto furtherprobethe electroniceventsthatoccur
duringkeV particle bombardment The Craig model,
however, only descriles the de-exctation process.There
is also the excitationprocessto be consideed, which can
havesomeinteresing twists.

EXCITATION — COLLISIONS ABOVE THE
SURFACE

As a test casefor the Craig model, energy and angular
distributionsweremeasuredy MPRI for the ground(*Fo5)

and first excited (*F7,) states of Rh sputtered from

Rh{001}.**>*As suggetedby the Craigmodd, for partidly

shidded configurations (i.e. 4d°5s') the excited stae hasa
broacer kinetic enegy distribuion thanthe groundstae. A

disaepancyappearshowever, when one takesthe Hag-
strummodé® andplotslog (N*/N) vs. (1/v, ), asshownasa
solid line in Fig. 2(a), where N* is the intensity of atoms
sputered in the excited *F,,» state,N is the intensity of
atoms sputteredin the ground “Fg), state,and v, is the
perpendicular velocity componentof the atom leaving the
surface. The linear relation predictedby Hagstrumof log

(N*/N) vs. (1iv)) is observedat high velocities. At low
velocities,however (N*/N) becomesndependat of (1/v,).

This abrup leveling off cannotbe attributedto the binding
enegy effect, which produes a more gentle changein

curvaure>*’
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Figure 2. Resultsof electronicexcitationcalculations.(a) log(N*/N)

vs. 1, for particlesejectedwithin 20° of the surfacenormal. Solid
line representtheexperimentatiata.Dashedine representpredicion

of simulationdfor all particlesejectedwithin 20° of thesurfacegnormal.
Dotted line representshe atomswhich are excitedbelow 1 A of the
surface.(b) Excitation probabilitiesfor individual atomsas predicted
by the simulations.(c) Heightabovethe surface(z) at which anatom
was last excited. A value of 1/, =2.5x 10 %s/cm correspondgo a
kinetic energy of ~8.5eV for Rh. Reprintedfrom Comput. Phys.
Commun.Vol. 80,D. N. BernardoR. BhatiaandB. J.Garrisonp.259,
Copyright1994,with permissionfrom ElsevierScience.

Based on the successof molecular dynamics (MD)

simulationsin describing the kinetic energy and angubr
distributions of ground stae atoms ejected due to keV
particlebombardmen*®-2°a simpleapprachwastried for

understading this anomalous velocity depen@nceof the
excitedstateintensty. Basedon the curvecrossingmodd

of Fano and Lichterf* and similar computdional stu-
dies?>?3Bernardoet al. assumedhat colliding atomsare
excited when the interaomic distancedrops belov some
thresholdvalue!®?4?*Eachindividual atom’s excitation is
subjectedto a time-degndentdecay basedon a lifetime
that is emprically basedbut does dependon the locd

environmentof the atomic motion. This paraméerizaion
doesnot involve any assumgons regarding the velocity or
anglesof ejecton.

The individual excitation probailities prediced by this
MD model, including excitation eventsare shown in Fig.
2(b). Most apparentis the large spreadin excitaion
probabilities. The averagesof thes values are given as
thedashedine in Fig. 2(a), which follows the experimergl
line. Insight into thelow velocity behaviorof the excitation
probability canbe gainedby examining Fig. 2(b). Although
mostpartidesfollow the exponetial decaythereareafew
particlesthat have quite high excitaion probailities. The
excitationhistory of theseatomscanbe examired usingthe
MD simulaions, andit is thusfound thattheseatomshave
beenlast excited Ry collision with otha atomsat some
distancgz ~1-20A ) abovethesurface(Fig. 2(c)). In other
words, the vast majoiity of the partides are excitedin a

© 1998JohnWiley & Sons,Ltd.
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collision near the surface, and theserelax as would be
expected. There are a few collisions, however involving
partides abovethe surface. Once excited, thes particles
have relatively little time nearthe surfaceto relax. This
effect is more importantat low velocities as virtually all
excited state atoms creatednear the surfacerelax to the
groundstate.

He et al. subsequetht measued the next stde, 4F5)o, Of
Rh, andfoundthattheratio of theintensit in the *Fs/, state
to theground*Fy/, stateis independem of velocity for nearly
all velocities'* Basedon input from both expeiment and
the MD simulaions, a simple modd was devebped to
predictthekinetic enegy andanguhbr distribuionsof atoms
in those excited stateshatwerecreatel in collisionsabove
the surface?® These collisions above the surface are
relaively rare,accounting for <3% of the total sputterirg
yield. They are, however, the dominart mecanismin this
systemfor creationof particles in excited fine structure
states Thus thereis more to predictirg final popuktions
than simply using a relaxaton modd. This conclusbn
beconesevenmore appaentin the next section.

INIT IAL STATE EFFECTS, HIGH LYIN G STATES
AND ANOMA LOUS ENERGY DISTRIBU TIONS

Since 1995 there have beena seriesof very interesting
publishel observatios®’~3° on systemsthat have atomic
configurationsconmyprising eithera shidding outershel, i.e.
ng, or a partially shielding outer shell, i.e. ns’. Suwch a
systemis shown in Fig. 1 for Ni. Thereis oneconfiguration
with a shidding outer shell, 34<?, of which the lowest
marifold is a°F, althoughthereare many more stateswith
the sane atomic configurationasdenotedn the Table The
related configurationwith a partidly shieldingoutershell,
3d%4s', has two low lying marifolds, a°D and a'D.
Although the °F, stateis the groundstateof atomic Ni, it
is the 3d%4s' configuraton (D states) that primarily
partidpatesin bondig of diatomic Ni»*¢3" and metalic
Ni.389n fact, theinteractionbetweertwo Ni atomsbothin
3F statesis repulsive *°

He et al. measued kinetic enegy distribuions of the
a%F43.5 a°D3 1 anda'D, statesof Ni produed by 5keV
Art bombardment of Ni{001}.2” All kinetic energy
distributions of D stateatomswere found to be alike and
all enegy distributonsof the F stateatomsaremorenarrow
thanthe D statedistributions and peakat a lower enengy.
Thekinetic enegy distribuionsfor thelowestlevel of each
configuration are shownin Fig. 3. Also shown in Fig. 3 is
the energy distribution predictedby molecdar dynamic
simulations? The calculateddistribuion fits the distribu-
tion for the D staes. Thus it appeas that the enegy
distribuions from the a®F, ground state peak at an
anonalously low energy. He et al. also had found
indicationsthatthe D statesmi%ht actualy be moreheavily
popubtedthanthe F states™’?

Vandeweet et al. designed MPRI ionization schemes
using two laser wavelengtts suchthat for different initial
statesof interest, therearecommon intermediatestaesand
thesamefinal autoionizing statesIn this mannettheycould
measue relative intensitiesof Ni atomsejecedin eachstate
by cancelingout cross-sections®3132As shownin the top
frame of Fig. 4 the popuktion distribuion of Ni atoms
sputeredin different fine structurestaes by 12keV Ar™
bomtardmentof apurepolycr\éSallinefoiI is notevenclose
to a Boltzmann distribution3® On the other hand, the

© 1998JohnWiley & Sons,Ltd.
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Figure 3. State-selectedngle-integratedinetic energydistributions
of Ni atomsejectedfrom Ni {001} bombardedvith 5keV Ar* ions.
The peakenergyof the F statesis ~3 + 0.5eV (dashedvertical line)
andof the D statess ~4.3+ 0.5eV (dottedverticalline). The energy
distributionsdenotedby dotted curvesare from moleculardynamics
simulations*! Figure was adaptedirom Phys.Rev.Lett, Vol. 75, C.
He, Z. PostawaS. W. RosencranceR. ChatterjeeB. J. Garrisonand
N. Winograd, p.3950. Copyright 1995, with permissionfrom the
AmericanPhysicalSociety.

populationsof Ni atomsevaporatd from a wire heaed to
1550 + 100 K exhibit a well-behavedBoltzmanndistribu-
tion, asshown in the bottom frameof Fig. 4. Therearetwo
points of note.First, theseresultsconfirm the suggetion of
He etal.?’ thatthe °D; (and®D,) statesaremorepopuhted

3
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Figure 4. Populationdistribution of Ni atomsproducedby thermal
sublimationof awire (lower frame)andby 12keV Ar™ bombardment
of a polycrystallinefoil (upperframe). The populations(n;) aregiven
relative to the groundstateand correctedfor the degeneracyf each
state(g;). Reprintedfrom Phys.Rev.Lett, Vol. 78, E. VandeweertV.
Philipsen,W. Bouwen,P. Thoen,H. Weidele,R. E. SilveransandP.
Lievens,p.138.Copyright 1997, with permissionfrom the American
PhysicalSociety.
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than the ground °F, state. Second, sigrificant intensiy
(~10% of the ground state) was observedin metasable
staesthatlie 1.5-2eV abovethe groundstate!

Similar measuremats have been performedon poly-
crysalline Co which hastwo atomic configurations,3d’4s’
and3dP4s', similar to thoe of Ni.3>3?In this casethe a*F
(3d’4s’) manifold lies compleely below the b*F (3dP4sh)
marifold, andthe staes are not intertwined asin Ni. The
popuktionsof the a*F and b*F subsetof stateswith the
same electonic configuration, both exhibit an exponential
deceasewith excitationenegy but the populationsof the
b*F (3dP4s") statesareclearly shifted to highervalueswith
respect to the popuation of the a*F (3d’4s”) states Again
metasable stateghatlie 1.7-2.2eV abovethe groundstate
wereobsewed, at popultionsat the ~1-0.1%level.

For both Co and Ni, the Leuven group found that the
kinetic enepgy distribuions of atoms sputteredinto low-
lying metasable statesdependon the elecronic configura-
tion of thestate CoandNi atomswith apartially filled outer
shel configuration (3d“4s" with x = 8 for Co and 9 for Ni)
tend to havekinetic enegy distributons which peakat a
higher energy*?*?similar to the energydistribution shown
on the right side of Fig. 3. Kinetic energydistributons for
low lying metastale staes with a closed oute shell
configuration (3d*4<%), on the othe hand, tend to peak
at lower enegies, similar to the distribuion shownon the
left sideof Fig. 3. Foratomssputeredinto metasablestaes
with excitation enegies at least1.5eV abovethe ground
stae, thekinetic energies of the Ni stategonly the 3d* 4s
staesare present seemto be either intermediatebetwea
the abovedistributons, or to be similar to the groundstate
(3d 4<% distribuion. The kinetic energydistributions of
the high-lying Co stateslook similar to the ground state
distribution, irrespective of their atomic configuration:*2

To addfurtherinsightor confusia, BertholdandWuche
have measued the population and enegy and angular
distributionsfor the excited D5, (4d°55") stae of Ag.>>~3°
The popuktion in the °Ds, stae rangesfrom ~1.5-5%of
the ground °S;, (4d'%sh) stae, depending on the
bomkarding particle eventhouch it is 3.75eV abovethe
groundstatein enegy!**3° The enegy distribution of the
excited statepeaksat alower energythanthatof theground
stae333°

CURRENT STATUS

Thereareseveralguestionswvhich havebeenbrougtt to the
fore by thesenew studes.

1. Why are there anonalously high populationsfor the
low lying stateswith a3d*4s" atomic configuraion in Ni and
Co vs those with a 3d“ 14s configuration?

2. Why arethererelatvely high popultionsobservedor
staes(1.5to 2 eV) abovethe groundstatein Ni andCo?ls
the formation mechaném the sameasfor the 3.75eV stae
of Ag?

3. Why are the energy distribuions for all the 3D
(3d4s") statesof Ni alike eventhouch thereis an opens
shel, whereasthe Rh (4d®5s") statesexhibit broadenng of
the energydistribuions?Why do the highly excited open
shel states (3d°4s") of Co even survive at all with
sigrificant population§® According to the Craig modef*
theyshoud relax.Of noteis thefactthattheRh dataandone
setof the Ni datawere obtaineal by the sameworkersusing
the same expeimentalappagatus,andsimilarly oneseteach
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of theNi dataandof the Co datawereobtanedby the same
workers and the sane apparatis. Thus, variatiors in
experimenal procedurs areunlikely to be suspect.

4. Why do the kinetic energy distributions of the low
lying 3d 4’ staesof Ni, Co, andthe 4d°55° stateof Ag,
peak at ‘low’ values, and why are the kinetic energy
distributions of Ni and Co atoms sputered into highly
excited metasable states only weakly (or not at all)
dependenton their atomic configuation? For atoms
sputterednto metasable stateswith excitationenergie at
least 1.5eV abovethe ground state, why do the kinetic
energydistributionsbearclose resemitanceto the distribu-
tions obtaned for the closed shell (3d4s?) atoms,
irrespecive of their atomic configuraton?

As long asthe dataaboutexcited statepopulationsand
kinetic energy distribuions were limited, one could use
simplephrase@ndconceptgo explain qualitaively what is
occurring. As the richnes of the data has increased,
however the simple concepts becomeinadequat. Sane
of the questiams askedabove have beenat least partially
settled, but othes are left to future investigatians, both
experimenal andtheaetical

Both the significant populationof high-lying statesand
theenhanedpopuktionsof thelow-lying 3d‘4s" statesover
the 3d* '4<’ statesin Ni andCo, havebeeninterpretedby
the Leuven group as evidence for the important role of
resonanelectrontunnding duringtheemisson process,and
its depen@nce on the correspadenceof the electronic
atomic configuration with the bulk band strucure3°-31:32
One essentialelement of the resonanttunneling model is
thatall statedying within the enegy window of thevalence
band will have a substantl probabilty of being popu-
lated?**445This requirenentis fulfilled for all populted
states, but the populations dependon the enegy-level
broadenngsandshiftswhich arefunctionsof thedistaneto
the surface®**? Furthermore,atomi stateswith electronic
wave functions having good overlap with those of the
valence electrons in the metal will be preferentialy
populatel. Indeed, the probaility that an electon tunnds
from the metalto the departingion depend onthe couping
matrix element betwee the final stae of the atomandthe
metal®>® The fact that the valence band elecronic
structure of Ni,®® and to a lesserextent Co® is pre-
dominarily 4s' in chamcter,explainsthe enhancegopuka-
tion of the stateswith 3d*4s* configuration. It should be
remarkedhattheconcept of resonantunnelingwasalready
used by Veje yearsago to explain large populationsof
excited state atoms ejected due to bombardment with
80keV Ar ' ions obsewvedin photonemisson studes*®

The sigrificant popuktion of the 4d°5s configuration of
Ag cannot be explained solely by a simple tunneling
processsincethis statelies atahighe energythanthetop of
the condudion band. Wuche and Sroubd& therebre
invokedthe creationby the incomingion of a d-bard hole
which stayslocalized sufficiently long suchthatanAg™ ion
with the configuration 4d°5s" startsto sputer?’ Theion is
then resaantly neutalized by an electron preferentialy
enteringthes orbitd, thus,accounting for the occurrerce of
Ad°5¢” excited states.It hasto be determired, however,
whethera similar medanismof excitationof valenceband
electronscancontibute to the popuktion of the Ni andCo
excitedstates

A naturalqueston thenis, why do the popukationsfrom
the evapoation experimens (Fig. 4) not exhibit a high °Ds
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popuktion?Onecould assumehatthe obsewed popuktion
distribuion in the sputterirg expeimentsreflectsthe true
initial popuktionin thesolid. Sincetheremovalof particles
by evaporaibn is very slow compared with removal by
sputering, the atomsand electrons reach thermal equii-

brium and the atoms desob accordingto a Boltzmann
distribution. On the other hand,energetic processgin the
collision cascadecould produe anomalouspopuktions
eventhouch the initial populations might be Boltzmann-
like. In this casethe observecpopuktiondistribution in the
sputeringexperimenteflectsthe excitation processandnot
the initial popuktion. Thereis, of cours, an intermedate
situation whereboththeinitial popultionis notBoltzmann-
like andthe collision cascades preferentidly popukting
sorre fine structue states.

In additionto explairing the anonalously large popula-
tionsof highly excited stateskinetic enegy distributions of
excited staes that peak at low energis need to be
undestood. If one assumesthat the non-radative de-
excitadion modd is appr@riate, then the survival prob-
ability of an atom emitted in an excited metasable state
relaive to onein the groundstateis generdly given by an
expressionof the form:®

P o exp(—a/v.)

where a is a constantlt is this velocity depenénce,in fact,

thatwasassunedto account for the obsewationthatatoms
formedin excited staeswhich exit with low velocitiestend
to relax to the ground state more readily than those with

highe velocities. Thus atoms ejected in excited states
shoutl have kinetic energy distributions which peak at

highe enegiesthanatomsejecedin the groundstae. This

hasbeentheconvernional wisdomfor ionssincethework of

Hagstrum® and certanly is the languagethat mary use!*

How, then,doesoneexplain thekinetic enegy distributions

of atomsin excited staes that appearto peak at lower

enegiesthanthoseof groundstateatoms?

The resmant electron transer modd in the wide band
limit gives,if the energydifferencebetwee the depating
ionic stateandthefinal atomicstateis mudh largerthanthe
work function of the metal, a neutralization proballity
which at high velocities decreasg with increasingvelo-
city.*®* Wuche and Sroubé derived, for the neutralization
probaility of the departirg Ag ions containing a d-hole,a
depen@nceof the form Peyyr. ~1 — exp(—b/v), which was
usedto explain the narrowing of the excited statekinetic
eneg)/ distribuion comparel to the groundstatedistribu-
tion.”" It providesno explanaion, however,for theobseved
angukr distribuions3® On the othe hand,the fact that the
neutalization transtion rate dependson the coupling
strengh has beenusedas a possibé explanationfor the
systenatic differencesn kinetic energydistribuions of the
low-lying Ni and Co states with different electront
configuration; that is, the shorterthe interection time, the
less probable is electron transeér to stateswith weak
couping.3242

PROSPECTS

Evenwith the recent spateof datadescriting the detdled
behavor of avariety of excitedstatesn sputeringatoms,a
unified picture of how thesestatesform is still elusive It is
clear,however, thatthe magnitudeof the excitaion enegy,
the characterof the electronc stde, the chaiacter of the
bandstructureof the substratethe excitationmechanisrg,
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andthe de-exctationmedanisns areessatial components
of the overall events.The developmeniof MPRI to assess
the roles of these various comporents over a range of
speces and states has certanly opened new researb
avenus.

A number of obvious future expeiments present
themséves. Rh has statesof atomic configuration 4d’55°
about~1.5eV abovethe groundstate.Will thesebe highly
populatedwith kinetic enegy distribuions that peakat a
low energy?Otherelemetswith intertwined energylevels
in two fine strucure marifolds arew, OsandIr.*? Do these
elementsexhibit similar populationandenegy distribution
chamcterisics? Do the angulardistribuions for the Ni and
Co systens follow the sametrendsasfor the Ag sysem?
Same of the propo®d modelspredictthat there shout be
some depenénce on work function. Yu and Lang have
performedelegantexpeimentsmeasuringion intenstiesas
afunctionof work function by varyingthe surfacecoverage
of alkdi metals*® Would similar expeiments on any of
thee systemsyield further insight into the excitaion and
de-eccitation mechansms?n addition,couldalloy sysems,
where the d characer of the bandstrucure canbe changel
sysematicdly, provideguidanceasto therole of electonic
structure?Will it be possibe to observeexcitedstatesrom
desobing molecuar adsobatesand will it be possibé to
make a connectiornto ionization probaility? Clearly, there
are mary complex implications asso@ted with these
guesions,andtheiransweswill contnueto providepieces,
which hopetilly form a simpleyet predicive picture.
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