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Abstract

Theoretical and experimental methods were used to
study the interaction of Ne9+ ions with an Al surface.
Theoretical models were applied to visualize the shape and
dimension of hollow neon atoms formed above and below the
surface.  Atomic Hartree-Fock calculations were performed to
determine the large hollow atoms produced with electrons in
high Rydberg levels above the surface.  Inside the first 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 a cascade model that describes the filling of
the L shell.  The cascade model yields information about the
life time and the interaction region of the hollow atom within
the first layers of the surface.  Experimental results obtained
by means of Auger spectroscopy are used to verify the results
of the model predictions.
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Introduction

Studies of slow, highly charged ions interacting with
surfaces have received considerable attention in the past few
years [1-9, 12, 15, 20, 22].  When a slow and highly charged ion
approaches a surface, several electrons are resonantly
transferred from the conduction band of the solid to the ion.
Figure 1 gives an overview over the associated mechanisms.
In front of the surface, a “hollow” atom is produced by charge
transfer with many electrons in higher Rydberg orbitals and
empty intermediate shells [7, 8].  Auger transitions in the
Rydberg orbitals results in a shrinking of the charge cloud
around the ion [2].  Also, as the ion approaches the surface,
the electrons in higher Rydberg orbitals are removed and lower
lying orbitals become occupied.  When the ion enters into the
surface, a final peel-off of the Rydberg electrons occurs so
that a highly charged ion is again produced [5, 8].  The highly
charged ion strongly attracts electrons from the solid and,
hence, it produces an electron cloud dynamically screening
the nuclear charge [3, 11].

Inside the solid, the electron cloud induced by slow
ions has essentially a spherical shape.  The production of this
cloud, labeled C in the inset of Figure 1, is the outstanding
property of a slow, highly charged ion moving below the
surface.  The C cloud gives rise to a hollow whose dimension
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 transitions and collisional charge
transfer [27].

In this work, electronic density functions are
determined to visualize the electron clouds formed around the
highly charged ions above and below the surface.  In both
cases, the induced electron densities are relatively intense so
that non-linear theories are required to describe their formation.
The related calculations are performed in a self-consistent
manner within the frame-work of an atomic Hartree-Fock
method and a density-functional approach.  The calculations
yield wave functions for the associated orbitals that can be
used to obtain a realistic picture of the electron density  formed
around the highly charged ion.  Moreover, the calculation
provides Auger transition energies that can be compared with
experiment.

The experiments were carried out at an electron-
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cyclotron resonance (ECR) source that included a deceleration
system, which allowed for the production of very slow ions at
energies as low as a few tens of eV.  In this contribution, we
report on experimental work performed with Ne9+ incident on
an Al target.  The data was taken using Auger spectroscopy.
The measured Auger spectra reveal pronounced structures
that can be attributed to the filling state of the hollow atom.

Hence, Auger spectroscopy is well suited to gain
information about dynamic properties of a hollow atom moving
just below the surface.  The relatively fast Auger transitions
serve as a unique “clock” to measure the time dependent
phenomena within the 10-15 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 atom within the first layers of the surface.

Experimental Methods

The experiments were performed using the 14.5-GHz
ECR source at the Ionenstrahl-Labor (ISL) of the Hahn-Meitner-
Institut in Berlin [19].  The ion source provides projectiles
with energies up to 20q keV, where q is the charge state of the
extracted ions.  The end of the beam line is equipped with a
deceleration lens system to extract ions at energies as low as
5q eV.  The beam line can be set on a high-voltage potential so
that the experimental apparatus can be operated on ground
potential.

For the experiments, an ultra-high-vacuum chamber
designed for electron spectroscopy was used.  The apparatus
has been described in detail previously [15].  The base pressure
during the measurements was a few 10-10 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

Figure 1.  Formation of hollow atoms above and below the surface.  In the solid the ion with an empty L shell induces the electron
cloud, labeled C.
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contaminations of the surface by C, N, and O could be
observed.

Highly charged, hydrogen-like Ne9+ was used to
bombard an Al target.  After the ions were accelerated, they
were magnetically analyzed and collimated to a diameter of
about 1 mm at the position of the target.  The beam diameter
was determined by measuring the ion current on a thin wire by
scanning the wire through the beam at the target position.
Electrons ejected by the interaction of the ions with the surface
were measured with an electrostatic parallel-plate spectrometer
whose observation angle could be varied widely.  The electron
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
details concerning the normalization of the Auger spectra, see
the work by Köhrbrück et al. [15].

Typical examples of the Auger electron spectra are
given in Figure 2.  To demonstrate the influence of the solid,
the spectrum obtained with a solid Al target is compared with
previous results using a He gas target [14].  In the latter case,
the projectile with an initial configuration 1s22s2 is ionized in
the 1s shell so that the 1s2s2 2S state is produced.  It decays via
KL

1
L

1
 Auger transitions into the final state 1s2 1S, giving rise

to mono-energetic electrons with an energy of 652 eV.  Another
Auger maximum, observed at higher energies, is due to the
configuration 1s2s2p produced by 1s ionization of the
projectiles in the initial metastable state 1s22s2p3P

0
 [14].

The spectrum obtained with Ne9+ incident on the Al
target contain lines for the same KL

1
L

1
 Auger transition 1s2s2

2S → 1s2 2S, but shifted by an energy as large as 95 eV.  This
shift is due to the influence of the solid producing screening
effects, as discussed in more detail in the next sections.  Here
it is important to remember that the solid produces a significant
energy shift.  It shows that the Auger transitions can be used
as sensitive probes to verify solid state properties.

Above Surface Phenomena

The interaction of highly charged ions in front of the
surface has been discussed in detail by Burgdörfer et al. [9]
and Aumayr et al. [5].  When the ion approaches the surface,
it is known from the classical over-barrier model that resonant
charge transfer takes place into orbitals whose outer boundary
just touches the surface.  Hence, for different distances of the
ion from the surface, Figure 3 shows orbitals whose outer
radii coincide with these distances.  The present picture implies
that lower lying orbitals are continuously filled, while higher
lying orbitals are depopulated as the ion approaches the
surface.  Electrons in higher lying orbitals are removed by
ejection 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

reaches the surface.  In accordance with the framework of the
over-barrier model, it is assumed that the transfer of the
electrons is relatively fast and that the ion is nearly neutralized
[8].  Furthermore, the orbitals are assumed to be spherically
symmetric, although they are likely polarized [6].  It should be
realized that the present picture is over-simplified.  The
assumptions made here are due to idealizations in an adiabatic
picture that requires ions moving at asymptotically small
velocities.  In spite of the simplifications, 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 calculations were carried
out for ions in the configuration 1s2s2nl7 with core electrons
in the 1s and 2s orbitals and a  number of 7 Rydberg electrons
in outer orbitals with the prin-cipal quantum number n.  The
orbital angular momenta l stands for the lowest values 0 and
1.  It should be noted that the experiment involves Ne9+

projectiles whose 2s state is empty.  The 2s occupation, and
hence, the production of the configurations 1s2s2nl7, are
hypothetical for large n.  Also, it is a simplifying assumption

Figure 2.  Comparison of electron spectra measured for Neq+

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 originates from the Auger transition 1s2s2 2S →
1s2 2S.  The correspond-ing line is shifted by 95 eV for the Al
target due to solid state effects.
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that the 7 electrons are concentrated in orbitals with a single
quantum number n.  This supposition is made to obtain
information about the n values present during the KL

1
L

1
 Auger

transition, by comparison with experimental Auger spectra.
The Hartree-Fock calculations were conducted for the

Rydberg orbitals with n = 9, 7, 5, and 3.  Density plots of these
Rydberg orbitals with angular momentum l = 1 are shown in
Figure 3.  We do not consider the population of the n = 2
orbitals, as the electron transfer from the conduction band is
expected to be small in that case.  As described further below,
the n = 2 orbital is populated via (less probable) binary
collisions near the surface.  Due to the fact that the radius of
the Rydberg orbitals scales with n2, the orbital increases
strongly in size as the quantum number n increases.  We note
that the radius of the n = 9 orbital is as large as ~20 a.u. (see the
length scale in the figure).  On the other hand, the n = 3 orbital
has a relative small radius of about ~2 a.u., i.e., its diameter 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
the Auger transition energy by screening effects.  This can be
seen in the upper part of Figure 3, which shows the energy of
the Auger lines due to the transitions 1s2s2nl7 → 1s2nl7, 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 be in good
agreement with the experiment using a gas target (Fig. 2).  It is
seen that the Auger line is shifted to higher energies as the
radius of the occupied orbital decreases with decreasing ion-
surface distance.

The important result of the Auger energy calculations
is that the energy shift is relatively small for high n values.

Figure 3.  Density plot of Rydberg electrons with the principle quantum number n = 9, 7, 5, and 3 and l = 1.  The plots are based on
orbitals obtained from Hartree-Fock (HF) calcula-tions [10] of the configuration 1s2s2nl7 where the lowest angular momenta l = 0
and 1 are occupied.  Note the length of 10 a.u. indicated in the figure.  Auger line positions, also obtained from the HF calculations,
are shown on the top of the graph.
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Significant energy shifts do not occur before the small values
n = 5 to 3 are attained.  Finally, the experimental value of 748 eV
(Fig. 2) for solid targets is reached for the smallest value n = 3
considered here.  In fact, from the dimension of the n = 3
orbital, it may be concluded that the ion has a maximum distance
of about 2 a.u. from the surface, i.e., the jellium edge, when the
KL

1
L

1
 Auger electrons of 748 eV are ejected.  This is a clear

indication that the Auger electrons, observed in the
experiments, originate from ions that have at least reached the
surface if not entered into the solid.

Hence, the estimated distance of 2 a.u. corresponds to
an upper limit for the emission of the KL

1
L

1
 Auger electrons of

748 eV.  The KL
1
L

1
 Auger transitions require at least 2 electrons

in the L shell.  As the experiment starts with an empty 2s
orbital, it takes additional time until 2 electrons are transferred
into the n = 2 orbital.  Hence, it is probable that the ion has
entered into the surface when the observed KL

1
L

1
 Auger

transitions take place.  The situation changes when projectiles
are used under grazing incidence so that the ions are reflected
from the surface [20].  However, in this work, experimental
conditions are chosen where the incident ions enter into the
solid.

The interaction of the ion in the solid will be discussed
in the next section.  However, it should already be noted that
the electron cloud induced in the solid is similar to that for the
n = 3 orbital.  Hence, the observed energy of the KL

1
L

1
 Auger

electrons is consistent with the Auger emission in the 3 cases
indicated in Figure 3, i.e., just above, at, or just below the
surface.  Additional information is required to determine the
most probable location of the ion during the Auger transitions.

Such information has been achieved by Köhrbrück et
al. [16], who studied the angular distribution of the Auger
electrons.  The above-surface emission of Auger electrons is
expected to be isotropic, whereas below the surface, the
angular distribution is anisotropic due to attenuation effects
on the electrons traveling in the bulk.  For the present cases,
strong anisotropies were found showing that the K-Auger
electrons are ejected after the ion has entered into the surface
[16].  This finding is even true for the lowest projectile energy
used in the experiments, in accordance with the over-the-barrier
model by Burgdörfer et al. [9]; also see the discussion by
Stolterfoht et al. [27].

Figure 4.  Electron densities of hollow atoms in a carbon solid calculated using the Density functional theory [28].  In the graph
from the left to the right, the hollow atom has an increasing number n

L
 = 0, 3, and 6 of L-shell electrons.  The density of bound

electrons (dashed-dotted curve) is given separately from the induced charge density (dotted curve).  The total density (solid line)
is obtained as the sum of the individual curves.
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Below Surface Phenomena

In contrast to extensive studies of hollow atoms moving
in front of the surface, less information is available about 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 induce the relatively large screening cloud labeled
C in Figure 1.  In this case, it is evident that non-linear theories
are required to adequately model the C cloud in the solid.

Such a study of hollow atoms in a solid has recently
been performed by Arnau et al. [3] who evaluated the screening
function for Ne9+ in Al using self-consistent field methods.  In
the analysis, the density functional theory (DFT) was applied
to the problem of a static charge impurity in jellium [28].  Thus,
screening functions were determined modeling the features
of hollow projectile atoms.  The solid-state effects are found
to significantly influence the total energies of ions located as
charge impurity in jellium.  From total energy differences, the

orbital energies for the multicharged Ne ion (with one K-shell
vacancy) in Al were calculated.  More details are given in the
work by Arnau et al. [3].

Examples of the DFT calculations are shown in Figure
4 referring to hollow Ne atoms in C.  In the graphs from the left
to the right, the atom has an increasing number n

L
 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 calculations indicate that at
its maximum, the induced charge cloud is about a factor of 5
higher in density as the jellium background (not shown in the
figure).  This clearly confirms the 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 as the filling state n

L
 of the L shell increases.  As the

hollow atom is neutral, the number of electrons contained in
the induced charge cloud is equal to the number of electrons
missing in the core.  For instance, a hollow atom with one K

Figure 5.  Density plots of hollow, semi-hollow, and nearly filled Ne atoms in Al.  The data are calculated by means of 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 distance r.
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Figure 6.  Diagram for multiple cascade processes in hollow atoms moving below a surface.  The label n
L
 specifies the number of

L-shell electrons.  The quantities Γ
LnL

 and Γ
KnL

 are L- and K-Auger transition rates.  The quantities Γ
nL

 are rates for collisional
transfer of an electron into the L shell.  The arrows indicate qualitatively the intensity of the ejected 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 is clearly separated from the induced charge
cloud that maximizes near 1.5 a.u.  At about 0.8 a.u., the charge
density exhibits a deep valley that is a signature of the hollow
atom.  It is seen from Figure 4 that this signature diminishes as
the hollow atom gets more and more filled in the L 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,
already given in Figure 4, are plotted.  For the first case of an
unfilled L shell, the left graph shows a remarkably empty space
within the induced electron cloud.  It appears that this signature
of a hollow atom is magnified in the solid as compared with
the vacuum (compare with Fig. 3).  As noted before, the hollow
atom disappears as the L shell becomes filled.  When 6 electrons
are located in the L shell, the induced electron density is barely
visible.

The filling of the L shell (n = 2) is due to charge transfer
between inner shells resulting primarily from binary collisions
between the projectile and individual target atoms.  The details
of the processes responsible for the L-shell filling are
discussed in the following section.

Cascade Model for L-shell Filling

The filling sequence of the hollow atom is determined
by expressions that are similar to those for the radioactive
decay of nuclei known from textbooks [24].  The possible
dynamic processes are shown schematically in Figure 6.  They
depend on various model parameters.  For Ne in Al, the filling
of the projectile L shell takes place via L-Auger transitions
and collisional charge transfer both governed by the L-Auger
rate Γ

LnL
 and the capture rate Γ

nL
, respectively, where n

L
 is the

number of electrons occupying the L shell.  The time-
dependent number of atoms N

nL
(t) with one vacancy in the K

shell and n
L
 electrons in the L shell is obtained solving the

rate equations [21, 23, 27]:

nnn
f

Ln
n NSN = 

dt

dN
−Γ −− 11

where the L-shell filling rate Γ
nL

 = Γ
nL

 + Γ
LnL

 and the sum rate
S

nL
 = Γ

nL
 + Γ

KnL
 are obtained from the individual rates

summarized in Table I of Ref. [27].  The rate equation may be
solved analytically yielding the number of atoms N

nL
 (t).  For

n
L
 ≥ 2, the ensemble of atoms N

nL
 (t) undergo K-Auger

transitions with the rate Γ
KnL

.  The emission rate of the K-
Auger electrons is obtained as K

nL
 (t) = N

nL
 (t) Γ

KnL
.

Since the Auger electrons are ejected within the solid,
the flux of the K-Auger electrons on their way out to the sur-
face is reduced by elastic and inelastic collisions.  We assume

an exponential attenuation law a
K
(t) = e-Γkt, where Γ is the

attenuation rate.  This time-dependent attenuation law follows
directly from the well-known expression a

K
(l) = exp -l/λ where

l is the travel distance of the electrons in the solid, and λ is the

Figure 7.  Spectrum of K-Auger electrons ejected by
interaction of Ne9+ ions with an Al surface.  The bar diagram is
calculated using the cascade model discussed in the text.

Figure 8.  Cross sections for charge exchange from Al atoms
into hollow neon atoms with the number Ne9+ of L shell
electrons as a function of the projectile energy.  The data are
calculated using the Landau-Zener model with potential curves
from a previous model by Stolterfoht [25] (see text).

(1)
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corresponding attenuation length.  More information is given
in Ref. [27].

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

a
Ki

n

=i

f
Li

1-n

=i
Kn

a
Kn

S

=Y
~

0

0

∏

∏Γ
Γ

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

The Auger electrons lost by attenuation are primarily
scattered into the inelastic channel where the creation of Auger
intensity is governed by the build-up function b

K
(t) = [1- exp

(Γ.t)]. exp (Γ.t).  Similar as for the primary channel, the flux in
the inelastic channel is integrated to obtain the build-up
intensity Y

nL
 which, in turn, is obtained as the difference of

two terms each one analogous to that given in eq. (2).
As the Auger electrons are usually measured within a

wide range of energies, covering most of the inelastic energy
spectrum, we compare the experiment with the transported
intensity

Y
KnL

 = Y
nL

 + Y
nL

The cascade model requires a number of model parameters
that have been determined by a priori methods in reference
[27].  Specifically, the model needs cross sections for charge
exchange between molecular inner-shell orbitals correlating
with the L shells of the projectile and target atoms.

These molecular orbitals were evaluated using model
matrix elements evaluated previously [25].  Then, electron
transfer probabilities are determined on the basis of the Landau-
Zener model, which, in turn, are used to evaluate the
corresponding cross sections that are required in the present
model.

Comparison Between Theory and Experiment

An example for a K-Auger spectrum obtained for Ne9+

on Al is given in Figure 7.  The dominant peak is due to KLL
Auger transitions, and the side peak at higher energies
originates from KLC Auger transitions, where C stands for the
induced charge cloud (Fig. 1). The spectrum provides
information about the filling state of the hollow atom moving
in the solid.  Auger electrons associated with an increasing
number n

L
 of L-shell electrons are observed at higher energies.

Data from eq. (3) are given as a bar diagram in Figure 7.

It is noted that the bar diagram is not shown here with the aim
to reproduce exactly the experimental spectrum.  Rather, the
model results are shown to assist in a qualitative 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

L
 = 2 of 2s

electrons.  The next peak at higher energies primarily
corresponds to n

L
 = 3, but may contain components from n

L
 =

2 where the two electrons are in 2s and 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

L
 = 2, 3, and 4 dominate, whereas

those due to the higher numbers n
L
 = 7 and 8 are not significant.

This is an indication for the K-Auger transitions taking place
at the beginning of the L-shell filling sequence. This
observation, in turn, is a signature for the fact that the filling
of the Ne L shell is relatively slow.  The explanation for this
finding is that the collisional transfer processes are unimportant
at the low projectile energy of 400 eV.

To study the onset of the collisional electron transfer,
we performed calculations by means of the Landau-Zener
model using model potential curves described in more details
previously [25].  The transfer processes occur at curve
crossings of potential curves correlating with the L shell
orbitals of the collision partner Ne and Al [27].  In Figure 8, the
resulting cross sections are shown as a function of the
projectile energy for L shell the filling state of n

L
 = 0, 1 and 2.  It

is seen that the calculated cross sections exhibits indeed a
threshold in the projectile energy.  This shows that the
theoretical cross sections indicate a strong increase of the L-
shell filling in a relatively narrow energy range.

To verify the theoretical prediction, we measured K
Auger spectra as a function of the projectile energy.  Figure 9
shows the results for Ne9+ incident at energies from 0.10 to
0.75 keV on Al.  A close inspection of the figure indicates that
the spectral range around 800 eV attributed to n

L
 = 7 and 8

increases significantly with increasing projectile energy.  As a
consequence, the structures of the main KLL Auger peaks are
increasingly washed out, and the minimum between the KLL
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
transitions.  It is noted that for a constant capture cross section,
the corresponding capture rate that is relevant for the cascade
model, is proportional to the projectile velocity [16].  However,
the rapid increase of the spectral intensity associated with n

L

- 8 in a relatively small energy range suggests that the linear
increase of the capture rate is not sufficient to explain the
experimental data.  Therefore, in accordance with the theoretical
results in Figure 8, it is concluded that the electron transfer

(2)

(3)
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cross section varies significantly in the present energy range.
It should be added that the studies of Auger spectra

by Limburg et al. [17, 18] and X ray spectra by Briand et al. [7]
are similar to the present one (Fig. 9).  In some cases, these
authors draw different conclusions for the effects changing
the spectral structures.  This is partially due to the fact that
they used other projectile species and impact energies.  For
the present cases, it is recalled from the discussion of Figure
3 that outside the solid the emission of K-Auger electron from
hollow Ne is very unlikely.

Hence, it follows that the filling of the  hollow atom is
governed by the charge transfer between inner shells of the
projectile and atoms in the solid.  From the present model, it is
found that at the lowest projectile energies the typical filling
time, corresponding to the life time of the hollow atoms, is
equal to a few 10-14 sec.  This time is much longer than an
interval of a few 10-17 seconds which corresponds to the time
unit for atomic processes.

Concluding Considerations about
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 transitions (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
ion into the solid.  To illustrate this type of energy deposition,
let us consider a highly charged ion moving in a solid.  At
small ion energies, i.e., when the kinetic energy of the projectile
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 the ionic center without much effect in view of energy
transfer.  When the ion is slowly 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 deep inside the ionic center.  Hence, a dielectronic process
occurs involving an energy loss of one of the electrons so
that it cannot escape from the attractive charge.  The electron
is captured into a lower lying orbital whose binding energy E

b

may be significant.  Thus, the other electron receives an excess

Figure 9.  Auger spectra produced by Ne9+ incident at 45° on
an Al surface.  The impact energy was varied from 0.1 to 0.75
keV as indicated.  The electron observation angle is 45°.

Figure 10.  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
b
 (Fig. 10).

The present consideration shows that dielectronic
processes are responsible for the exchange of potential energy
from the projectile to kinetic energy of the electrons and, hence,
they account for the energy deposition by slow, highly charged
ions in matter.  It should be emphasized that the dielectronic
processes are produced by electron-electron interaction,
which is generally not considered in energy deposition
mechanisms discussed in the literature [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
involves an initial bound electron is also referred to as Auger
capture [11].  Moreover, the difference between potential and
kinetic electron emission has previously been studied in detail
[4].  The present discussion does not introduce new processes.
Rather, it emphasizes the importance of the dielectronic
processes within a family of energy deposition mechanisms
well-known from text books.
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