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Abstract

Theoretical and experimental methods were used to
study the interaction of Ne* ions with an Al surface.
Theoretica models were applied to visualize the shape and
dimension of hollow neon atomsformed above and below the
surface. Atomic Hartree-Fock cal culationswere performed to
determine thelarge hollow atoms produced with electronsin
high Rydberg levelsabovethe surface. Insidethefirst surface
layers hollow atoms were evaluated by means of a Density
Functional theory including non-linear screening effects. The
time-dependent decay sequence of a hollow atom was
determined from acascade model that describesthefilling of
theL shell. The cascade model yieldsinformation about the
lifetime and theinteraction region of the hollow atom within
thefirst layers of the surface. Experimental results obtained
by meansof Auger spectroscopy are used to verify theresults
of themodel predictions.
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Introduction

Studies of dow, highly charged ions interacting with
surfaces have received considerabl e attention in the past few
years[1-9, 12, 15, 20, 22]. Whenadow and highly chargedion
approaches a surface, severa electrons are resonantly
transferred from the conduction band of the solid to theion.
Figure 1 givesan overview over the associated mechanisms.
Infront of thesurface, a“hollow” atomisproduced by charge
transfer with many electronsin higher Rydberg orbitals and
empty intermediate shells [7, 8]. Auger transitions in the
Rydberg orbitals results in a shrinking of the charge cloud
around theion [2]. Also, asthe ion approaches the surface,
theedectronsin higher Rydberg orbitalsareremoved and lower
lying orbitalsbecome occupied. When theion entersinto the
surface, afina ped-off of the Rydberg electrons occurs so
that ahighly chargedionisagain produced[5, 8]. Thehighly
charged ion strongly attracts electrons from the solid and,
hence, it produces an electron cloud dynamically screening
thenuclear charge[3, 11].

Inside the solid, the electron cloud induced by slow
ions hasessentially aspherical shape. The production of this
cloud, labeled C in the inset of Figure 1, is the outstanding
property of a dow, highly charged ion moving below the
surface. The C cloud givesriseto ahollow whosedimension
is much smaller than that outside the solid. As the hollow
atom travels in the solid, the inner shell orbitals are
successively filled by Auger transitionsand collisional charge
transfer [27].

In this work, electronic density functions are
determined to visualize the el ectron cloudsformed around the
highly charged ions above and below the surface. In both
cases, theinduced electron densities are rel atively intense so
that non-linear theoriesarerequired to describetheir formation.
The related calculations are performed in a self-consistent
manner within the frame-work of an atomic Hartree-Fock
method and adensity-functional approach. The calculations
yield wave functions for the associated orbitals that can be
used to obtainaredlistic picture of theelectron density formed
around the highly charged ion. Moreover, the calculation
providesAuger transition energiesthat can be compared with
experiment.

The experiments were carried out at an electron-
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Figure 1. Formation of hollow atomsabove and below the surface. Inthe solid theionwithanempty L shell inducestheelectron

cloud, labeled C.

cyclotron resonance (ECR) sourcethat included adecel eration
system, which allowed for the production of very dow ionsat
energies aslow asafew tensof V. In this contribution, we
report on experimental work performed with Ne* incident on
an Al target. The data was taken using Auger spectroscopy.
The measured Auger spectra reveal pronounced structures
that can be attributed to thefilling state of the hollow atom.
Hence, Auger spectroscopy is well suited to gain
information about dynamic propertiesof ahollow atommoving
just below the surface. Therelatively fast Auger transitions
serve as a unique “clock” to measure the time dependent
phenomena within the 10%® second time scale. Besides the
Auger transitions, collisional vacancy transfer from target
atoms contributes to the filling mechanisms. We present a
cascade model for the filling sequence of empty orbitals
providing information about the life time and the interaction
region of the hollow atomwithinthefirst layersof the surface.
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Experimental Methods

Theexperimentswere performed using the 14.5-GHz
ECR sourcea thelonengtrahl-Labor (1SL) of theHahn-Meitner-
Institut in Berlin [19]. The ion source provides projectiles
with energiesup to 20q keV, whereqisthe charge state of the
extracted ions. The end of the beam lineis equipped with a
deceleration lens system to extract ions at energiesaslow as
5q eV. Thebeam linecan be set on ahigh-voltage potentia so
that the experimenta apparatus can be operated on ground
potential.

For the experiments, an ultra-high-vacuum chamber
designed for electron spectroscopy was used. The apparatus
hasbeen describedindetall previoudy [15]. Thebasepressure
during the measurementswas afew 10° mbar. The vacuum
chamber includes facilities for surface preparation and
examination. Auger electron spectroscopy was used to verify
the cleanness of the surface. After careful cleaning, no
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contaminations of the surface by C, N, and O could be
observed.

Highly charged, hydrogen-like Ne** was used to
bombard an Al target. After the ionswere accelerated, they
were magnetically analyzed and collimated to a diameter of
about 1 mm at the position of thetarget. The beam diameter
wasdetermined by measuring theion current onathinwireby
scanning the wire through the beam at the target position.
Electronsgjected by theinteraction of theionswith the surface
weremeasured with an electrogtetic parall € -plate spectrometer
whose observation angle could bevaried widely. Theeectron
spectra were normalized to an absolute scale, taking into
account the acceptance angle, resolution, and spectrometer
transmission and the efficiency of the channeltron. For more
detail sconcerning the normalization of theAuger spectra, see
thework by Kéhrbrtick et al. [15].

Typical examples of the Auger electron spectra are
givenin Figure 2. To demonstrate the influence of the solid,
the spectrum obtained with asolid Al target iscompared with
previousresultsusing aHe gastarget [14]. Inthelatter case,
the projectilewith aninitial configuration 1s?2s?isionizedin
the 1sshell so that the 15’s* 2Sstateisproduced. It decaysvia
KL,L, Auger transitionsinto thefinal state 1°*S giving rise
to mono-energetic e ectronswith an energy of 652 €V. Another
Auger maximum, observed at higher energies, is due to the
configuration 1s2s2p produced by 1s ionization of the
projectilesintheinitial metastable state 15°2s2p°P [14].

The spectrum obtained with Ne* incident on the Al
target contain linesfor thesameKL L, Auger transition 1s2¢?
2S - 125 but shifted by an energy aslargeas 95 eV. This
shift is due to the influence of the solid producing screening
effects, asdiscussed in more detail inthe next sections. Here
itisimportant to remember that the solid producesasignificant
energy shift. It showsthat the Auger transitions can be used
as senditive probes to verify solid state properties.

Above Surface Phenomena

Theinteraction of highly charged ionsin front of the
surface has been discussed in detail by Burgdorfer et al. [9]
and Aumayr et al. [5]. When theion approachesthe surface,
itisknownfromtheclassical over-barrier model that resonant
chargetransfer takes placeinto orbitalswhose outer boundary
just touchesthe surface. Hence, for different distances of the
ion from the surface, Figure 3 shows orbitals whose outer
radii coincidewith thesedistances. Thepresent pictureimplies
that lower lying orbitalsare continuoudly filled, while higher
lying orbitals are depopulated as the ion approaches the
surface. Electrons in higher lying orbitals are removed by
gjection into the vacuum and, more likely, by reentering into
the solid.

As noted, electrons are transferred from the
conduction band into the orbitals whose outer boundary just
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Figure 2. Comparison of electron spectrameasured for Ne
impact on He gas targets and solid Al target. The spectrum
from the He target [14] exhibits a prominent Auger line at
652 eV which originatesfrom theAuger transition 12s*%S —
1s?2S. The correspond-ing lineis shifted by 95 eV for theAl
target due to solid state effects.

reachesthesurface. Inaccordance with theframework of the
over-barrier model, it is assumed that the transfer of the
eectronsisreatively fast and that theionisnearly neutralized
[8]. Furthermore, the orbitals are assumed to be spherically
symmetric, dthoughthey arelikely polarized [6]. It should be
realized that the present picture is over-simplified. The
assumptionsmade hereareduetoidealizationsin an adiabatic
picture that requires ions moving at asymptotically small
velocities. Inspiteof thesmplifications, it will be shown that
the present picture provides useful information that supports
the basic understanding of multiply charged ion-surface
interaction.

The wave functions underlying the density plots are
obtained from Hartree-Fock calculations using the atomic
structure code by Cowan [10]. The calculationswere carried
out for ionsin the configuration 1s2s’nl” with core electrons
inthe 1sand 2sorbitalsand a number of 7 Rydberg electrons
in outer orbitals with the prin-cipal quantum number n. The
orbital angular momental standsfor the lowest values 0 and
1. It should be noted that the experiment involves Ne*
projectiles whose 2s state is empty. The 2s occupation, and
hence, the production of the configurations 1s2°nl’, are
hypothetical for largen. Also, itisasimplifying assumption
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Figure 3. Density plot of Rydberg el ectronswith the principle quantum number n=9, 7,5, and 3and | = 1. Theplotsarebased on

orbital sobtained from Hartree-Fock (HF) calcula-tions [ 10] of the configuration 1s2°nl” wherethelowest angular momental =0
and 1areoccupied. Notethelength of 10a.u. indicated inthefigure. Auger line positions, also obtained fromtheHF calculations,

are shown on the top of the graph.

that the 7 electrons are concentrated in orbitals with asingle
guantum number n. This supposition is made to obtain
information about the n val ues present during the KL L, Auger
transition, by comparison with experimental Auger spectra.
TheHartree-Fock cal culationswere conducted for the
Rydberg orbitalswithn=9, 7,5, and 3. Density plotsof these
Rydberg orbitals with angular momentum | = 1 are shownin
Figure 3. We do not consider the population of the n = 2
orbitals, asthe eectron transfer from the conduction band is
expected to besmall inthat case. Asdescribed further below,
the n = 2 orbital is populated via (less probable) binary
collisions near the surface. Dueto the fact that the radius of
the Rydberg orbitals scales with n?, the orbital increases
strongly in size asthe quantum number nincreases. We note
that theradiusof then=9 orbital isaslargeas~20a.u. (seethe
length scaleinthefigure). Ontheother hand, then =3 orbital
hasarelative small radiusof about~2a.u., i.e., itsdiameter is

of the same order or smaller than the distance between the
lattice atoms in the solid. Hence, it is expected that the
dimension of the ion does not change much when entering
into the solid.

The electrons in the outer Rydberg orbital influence
theAuger transition energy by screening effects. Thiscan be
seeninthe upper part of Figure 3, which showsthe energy of
theAuger linesduetothetransitions 12<°nl” — 1°nl”, where
the quantum number n was varied in accordance with the
density plots of the orbitals. The calculated energy of the
Auger line for the atomic case n = « is found to bein good
agreement with the experiment using agastarget (Fig. 2). Itis
seen that the Auger line is shifted to higher energies as the
radius of the occupied orbital decreaseswith decreasing ion-
surface distance.

Theimportant result of theAuger energy calculations
isthat the energy shift is relatively small for high n values.
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Figure4. Electron densities of hollow atomsin acarbon solid calculated using the Density functional theory [28]. Inthegraph
from the l€ft to the right, the hollow atom has an increasing number n, =0, 3, and 6 of L-shell electrons. The density of bound
electrons (dashed-dotted curve) isgiven separately from the induced charge density (dotted curve). Thetotal density (solid line)

is obtained as the sum of theindividual curves.

Significant energy shiftsdo not occur beforethe small values
n=>5to3areattained. Findly, theexperimental vaueof 748 eV
(Fig. 2) for solid targetsisreached for thesmallest valuen=3
considered here. In fact, from the dimension of then = 3
orbitd, it may be concluded that theion hasamaximum distance
of about 2 a.u. fromthesurface, i.e,, thejellium edge, whenthe
KL,L, Auger electronsof 748 eV are gjected. Thisisaclear
indication that the Auger electrons, observed in the
experiments, originatefromionsthat have at least reached the
surfaceif not entered into the solid.

Hence, the estimated distance of 2 a.u. correspondsto
anupper limit for theemissionof theKL L, Auger electronsof
748¢eV. TheKL L, Auger transitionsrequirea least 2 electrons
in the L shell. As the experiment starts with an empty 2s
orbital, it takesadditional timeuntil 2 electronsaretransferred
into the n = 2 orbital. Hence, it is probable that the ion has
entered into the surface when the observed KL L, Auger
trangitionstake place. Thesituation changeswhen projectiles
areused under grazing incidence so that theionsarereflected
from the surface [20]. However, in thiswork, experimental
conditions are chosen where the incident ions enter into the
solid.

a41

Theinteraction of theionin thesolid will bediscussed
inthe next section. However, it should aready be noted that
thedectron cloudinduced inthesolidissimilar to that for the
n=3orhital. Hence, the observed energy of theKL L, Auger
electronsis consistent with the Auger emissioninthe 3 cases
indicated in Figure 3, i.e., just above, at, or just below the
surface. Additional information isrequired to determinethe
most probablelocation of theion during theAuger transitions.

Such information has been achieved by Kéhrbriick et
al. [16], who studied the angular distribution of the Auger
electrons. The above-surface emission of Auger eectronsis
expected to be isotropic, whereas below the surface, the
angular distribution is anisotropic due to attenuation effects
on the dectronstraveling in the bulk. For the present cases,
strong anisotropies were found showing that the K-Auger
electronsare g ected after theion has entered into the surface
[16]. Thisfindingiseventruefor thelowest projectileenergy
used intheexperiments, inaccordancewith theover-the-barrier
model by Burgdorfer et al. [9]; also see the discussion by
Stolterfoht et al. [27].
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Figure5. Density plotsof hollow, semi-hollow, and nearly filled NeatomsinAl. Thedataare calculated by meansof the density
functional theory [28]. The configurations of the hollow atom correspond to those used in Figure 4. Note that the density is

multiplied by the square of the distancer.

Below Surface Phenomena

In contrast to extensive studiesof hollow atomsmoving
infront of the surface, lessinformationisavailableabout their
behavior below the surface. Highly charged ions have the
outstanding property that they accumulate a significant
amount of charge in the solid to screen their nuclear charge.
Hence, they inducetheredatively large screening cloud labeled
CinFigurel. Inthiscase, itisevident that non-linear theories
arerequired to adequately model the C cloud in the solid.

Such a study of hollow atomsin a solid has recently
been performed by Arnau et al. [ 3] who evaluated the screening
functionfor Ne* inAl using self-consistent field methods. In
theanalysis, thedensity functiona theory (DFT) wasapplied
to the problem of astatic chargeimpurity injellium [28]. Thus,
screening functions were determined modeling the features
of hollow projectile atoms. The solid-state effects are found
to significantly influence thetotal energiesof ionslocated as
chargeimpurity injellium. Fromtotal energy differences, the
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orbital energiesfor themulticharged Neion (with one K-shell
vacancy) inAl werecalculated. Moredetailsaregiveninthe
work by Arnau et al. [3].

Examplesof theDFT cdculationsareshownin Figure
4referringtohollow Neatomsin C. Inthegraphsfromtheleft
totheright, theatom hasan increasing number n_of electrons
in the L shell. The electrons bound in the K and L shell
(dashed-dotted line) are shown separately from the induced
charge cloud (dashed line). The calculationsindicate that at
its maximum, theinduced charge cloud is about afactor of 5
higher in density asthejellium background (not showninthe
figure). Thisclearly confirmsthe remarkable property of the
hollow atom formed by a highly charged ion, i.e., the large
charge cloud induced within the solid.

As expected, the induced charge cloud decreases in
intensity asthefilling staten, of the L shell increases. Asthe
hollow atom is neutral, the number of electrons contained in
theinduced charge cloud is equal to the number of electrons
missing in the core. For instance, a hollow atom with one K
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Figure®6. Diagram for multiple cascade processesin hollow atoms moving below asurface. Thelabel n, specifiesthe number of
L-shell electrons. The quantitiesl”, and I, | are L- and K-Auger trandition rates. The quantitiesI” | are rates for collisional
transfer of an electroninto the L shell. The arrowsindicate qualitatively theintensity of the gjected L- and K-Auger electrons.
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vacancy and an empty L shell contains 9 electrons in the
induced charge cloud. For this case, it is seen that the 1s
electron density isclearly separated from the induced charge
cloud that maximizesnear 1.5a.u. Atabout 0.8 a.u., thecharge
density exhibitsadeep valley that isasignature of the hollow
atom. Itisseenfrom Figure4that thissignaturediminishesas
the hollow atom gets more and morefilledintheL shell.

To visualize the hollow atom in the solid, Figure 5
shows density plots of the electronic charge cloud. At the
bottom of the graph, the corresponding density functions,
aready givenin Figure 4, areplotted. For thefirst caseof an
unfilled L shell, theleft graph showsaremarkably empty space
withintheinduced el ectron cloud. It appearsthat thissignature
of ahollow atom is magnified in the solid as compared with
thevacuum (comparewith Fig. 3). Asnoted before, thehollow
atom disgppearsastheL shell becomesfilled. When 6 eectrons
arelocated intheL shdll, theinduced electron density isbarely
vishle.

Thefilling of theL shdll (n=2) isdueto chargetransfer
betweeninner shellsresulting primarily from binary collisions
betweentheprojectileand individua target atoms. Thedetails
of the processes responsible for the L-shell filling are
discussed in the following section.

CascadeM odd for L-shell Filling

Thefilling sequence of thehollow atom isdetermined
by expressions that are similar to those for the radioactive
decay of nuclei known from textbooks [24]. The possible
dynamic processesare shown schematicaly in Figure6. They
depend onvariousmodel parameters. For NeinAl, thefilling
of the projectile L shell takes place via L-Auger transitions
and collisional chargetransfer both governed by theL-Auger
ratel’  andthecaptureratel” , respectively, wheren, isthe
number of electrons occupying the L shell. The time-
dependent number of atomsN_ (t) with onevacancy inthe K
shell and n_electronsin the L shell is obtained solving the
rateequations[21, 23, 27]:

dN,

dt = rI_fn—ll\ln—l_s‘nl\ln @

wheretheL-shell fillingratel” =T +I  andthesumrate
S =r, +Tr, aeobtained from the individual rates
summarizedinTablel of Ref. [27]. Therate equation may be
solved analytically yielding the number of atomsN,_ (t). For
n 2 2, the ensemble of atoms N_ () undergo K-Auger
transitions with the rate I', . The emission rate of the K-
Auger éectronsisobtainedasK_ ()=N_ ()T, .
SincetheAuger electronsare g ected withinthe solid,
theflux of the K-Auger electrons on their way out to the sur-
faceisreduced by elasticandinelastic collisions. Weassume

KLL l 0.4 keV Ne®* + Al
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Figure 7. Spectrum of K-Auger electrons ejected by
interaction of Ne* ionswith anAl surface. Thebar diagramis
calculated using the cascade model discussed in the text.
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Figure8. Crosssectionsfor charge exchangefromAl atoms
into hollow neon atoms with the number Ne&** of L shell
electrons as afunction of the projectile energy. Thedataare
ca culated using the L andau-Zener modd with potential curves
fromapreviousmodel by Stolterfoht [25] (seetext).

an exponential attenuation law a,(t) = €™, where I is the
atenuationrate. Thistime-dependent attenuation law follows
directly fromthewell-known expressiona, (I) = exp-I/A where
| isthetravel distance of theelectronsinthe solid, and A isthe
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corresponding attenuation length. Moreinformationisgiven
inRef. [27].

After time integrating, one obtains the attenuated
intensity of the Auger electronsin the elastic channel which
may be evaluated analytically giving rise to the relatively
smpleexpression [27]:

n-1 ‘
rLi

=

- @
S

1=0

YKan = rKn

where 3 is the sum rate modified by attenuation. A similar
expression has been given by Limburg et al. [18].

TheAuger electronslost by attenuation are primarily
scattered into theinelastic channel wherethe creation of Auger
intensity is governed by the build-up function b, (t) = [1- exp
(.0)]. exp(.t). Smilar asfor theprimary channel, thefluxin
the inelastic channel is integrated to obtain the build-up
intensity Y which, in turn, is obtained as the difference of
two terms each one analogous to that givenin eg. (2).

AstheAuger electronsare usually measured withina
widerange of energies, covering most of theinelastic energy
spectrum, we compare the experiment with the transported
intensity

YKnL = YnL + YnL (3)
The cascade model requires a number of model parameters
that have been determined by a priori methods in reference
[27]. Specificaly, the model needs cross sectionsfor charge
exchange between molecular inner-shell orbitals correlating
with the L shellsof the projectile and target atoms.

Thesemolecular orbital swere evaluated using model
matrix elements evaluated previously [25]. Then, electron
transfer probabiilitiesare determined on the basisof the Landau-
Zener model, which, in turn, are used to evaluate the
corresponding cross sections that are required in the present
modd.

Comparison Between Theory and Experiment

Anexamplefor aK-Auger spectrum obtained for Ne*
onAlisgiveninFigure7. Thedominant peak isdueto KLL
Auger transitions, and the side peak at higher energies
originatesfrom KLCAuger transitions, where C standsfor the
induced charge cloud (Fig. 1). The spectrum provides
information about thefilling state of the hollow atom moving
in the solid. Auger electrons associated with an increasing
number n_of L-shell electronsare observed at higher energies.

Datafromeq. (3) aregiven asabar diagramin Figure7.
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Itisnoted that the bar diagramisnot shown herewiththeaim
to reproduce exactly the experimental spectrum. Rather, the
model resultsare shownto assistinaqualitative understanding
of the spectral structures. As discussed before, the first
prominent peak at 748 eV corresponds primarily to Auger
transitions from an initial state with a number n = 2 of 2s
electrons. The next peak at higher energies primarily
correspondsto n,_= 3, but may contain componentsfromn, =
2 wherethetwo electronsarein 2sand 2p orbitals. The next
peak contains Auger intensities due to higher occupation
numbers.

In Figure 7, the diagram is composed of bars which
maximize at small L-shell occupation numbers. The bars
attributed to the numbers n,_ =2, 3, and 4 dominate, whereas
thoseduetothehigher numbersn =7 and 8 arenot significant.
Thisisanindication for the K-Auger transitionstaking place
at the beginning of the L-shell filling sequence. This
observation, inturn, isasignature for the fact that thefilling
of the Ne L shell isrelatively dow. The explanation for this
finding isthat thecollisonal transfer processesare unimportant
at thelow projectileenergy of 400 eV.

To study the onset of the collisiona electron transfer,
we performed calculations by means of the Landau-Zener
model using model potential curvesdescribed inmoredetails
previously [25]. The transfer processes occur at curve
crossings of potential curves correlating with the L shell
orbitalsof thecallison partner NeandAl [27]. InFigure8,the
resulting cross sections are shown as a function of the
projectileenergy for L shell thefillingstateof n, =0, 1and 2. It
is seen that the calculated cross sections exhibits indeed a
threshold in the projectile energy. This shows that the
theoretical cross sectionsindicate astrong increase of the L-
shdll fillinginarelatively narrow energy range.

To verify the theoretical prediction, we measured K
Auger spectraasafunction of the projectile energy. Figure9
shows the results for Ne* incident at energies from 0.10 to
0.75keV onAl. A closeinspection of thefigureindicatesthat
the spectral range around 800 eV attributed ton_ =7 and 8
increasessignificantly withincreasing projectileenergy. Asa
consequence, the structuresof themain KLL Auger peaksare
increasingly washed out, and the minimum betweenthe KL L
and KLC Auger intensity is more and more filled as the
projectile energy increases.

This behavior confirms the onset of the colli-sional
electron transfer occurring in addition to the L-Auger
trangitions. Itisnoted that for aconstant capture crosssection,
the corresponding captureratethat isrelevant for the cascade
model, isproportiond totheprojectilevelocity [16]. However,
the rapid increase of the spectral intensity associated with n,
- 8inardatively small energy range suggests that the linear
increase of the capture rate is not sufficient to explain the
experimenta data. Therefore, inaccordancewiththetheoretica
resultsin Figure 8, it is concluded that the electron transfer
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cross section varies significantly in the present energy range.

It should be added that the studies of Auger spectra
by Limburgetal.[17,18] and X ray spectraby Briandet al. [7]
are smilar to the present one (Fig. 9). In some cases, these
authors draw different conclusions for the effects changing
the spectral structures. Thisis partialy due to the fact that
they used other projectile species and impact energies. For
the present cases, it isrecalled from the discussion of Figure
3that outside the solid theemission of K-Auger e ectron from
hollow Neisvery unlikely.

Hence, it followsthat thefilling of the hollow atomis
governed by the charge transfer between inner shells of the
projectileand atomsinthesolid. Fromthepresentmodel, itis
found that at the lowest projectile energiesthetypical filling
time, corresponding to the life time of the hollow atoms, is
equal to afew 10 sec. Thistime is much longer than an
interval of afew 10" secondswhich correspondsto thetime
unit for atomic processes.

Concluding Consider ationsabout
Energy Deposition

The preceding discussion has shown that primarily
two mechanisms are responsible for the neutralization of a
highly charged ion interacting with the surface. First, quasi-
resonant charge transfer which involve one active electron,
and second, Auger trangtions (or Auger-like processes) which
involve two active electrons. The latter processes, initiated
by electron-electron interaction, are also referred to as
dielectronic processes[26].

It should be emphasized that these dielectronic
processes mediate the transfer of the potential energy of the
ionintothe solid. Toillustratethistype of energy deposition,
let us consider a highly charged ion moving in asolid. At
amall ionenergies, i.e, whenthekinetic energy of theprojectile
is significantly lower than its potential energy, the nuclear-
electron and nuclear-nuclear interactions considered in
textbooks [29] cannot contribute much to the energy
deposition into the solid. Other processes have to be
considered. As shown in Figure 10, a highly charged ion
involves a strong positive charge which attracts electrons so
that they are accelerated into the charge center. When
neglecting any further interaction, the electron will pass
through theionic center without much effect in view of energy
transfer. Whentheionisdsowly moving, the electron may be
captured into highly lying orbitals, but the energy transfer is
again small as the capture occurs resonantly. The situation
changes considerably as two accelerated electrons hit each
other deepingdetheionic center. Hence, adid ectronic process
occurs involving an energy loss of one of the electrons so
that it cannot escape from the attractive charge. Theelectron
iscapturedinto alower lying orbital whosehbinding energy E
may besignificant. Thus, the other electronreceivesan excess

Ne9* + Al(111)

40

P=45°, a=45°

N (4] [
6] o (4]

K-Auger Intensity (Arb. Units)
N
(o]

700 750 800 850 900

Lab. Electron Energy (eV)

Figure9. Auger spectraproduced by Ne* incident at 45° on
anAl surface. Theimpact energy wasvaried from0.1t00.75
keV asindicated. The electron observation angleis45°.

Dielectro'nic process in a highly &;rgjéd lon
interacting with a solid

2E+Ep

Figure10. Dielectronic process producing energy deposition
by highly charged ions moving in a solid with small kinetic
energy.
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energy equal to E, (Fig. 10).

The present consideration shows that dielectronic
processesareresponsiblefor the exchange of potential energy
fromtheprojectileto kinetic energy of theelectronsand, hence,
they account for the energy deposition by dow, highly charged
ionsin matter. It should be emphasized that the dielectronic
processes are produced by electron-electron interaction,
which is generally not considered in energy deposition
mechanismsdiscussedintheliterature[29]. Nevertheless, we
point out that most of the dielectronic processes are well-
known. For instance, in the field of ion atom collisions, the
dielectronic process shown in Figure 10 is known as three-
body recombination [26]. The dielectronic process which
involvesaninitial bound electronisalso referred to asAuger
capture[11]. Moreover, thedifference between potential and
kinetic electron emission hasprevioudy been studied in detail
[4]. Thepresent discussion doesnot introduce new processes.
Rather, it emphasizes the importance of the dielectronic
processes within afamily of energy deposition mechanisms
well-known from text books.
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