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Abstract
The problem of calculating the energy loss of ions specularly reﬂected by metal surfaces is treated. Diﬀerent approximations for the treatment of the screening and scattering are presented and their validity in the diﬀerent coupling
regimes is discussed. Illustrative comparisons with available experiments are provided.
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1. Introduction
The study of the energy loss of atomic particles
scattered oﬀ metal surfaces constitutes an active
ﬁeld of research [1–12]. If one wants to obtain
information on surface related properties the trajectories of interest are those for which the particle
interacts during a long time with the metal surface
before it is reﬂected. This situation is achieved by
using projectiles with small energy in the normal
direction, as it is the case in grazing ion surface
collisions [1]. The aim of this work is to review
some recent developments on this problem, focus-
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ing on the theoretical approaches that have been
used to characterize and understand the energy
loss mechanisms under these conditions.
For specularly reﬂected ions under grazing
angle of incidence one can calculate the total
energy loss DE in the following way [5]:
Z 1
1
DE ¼ 2v
dz;
ð1Þ
SðzÞ
v
z ðzÞ
ztp
where v is the velocity of the projectile, vz(z) is the
component of v normal to the surface, ztp is the
turning point of the trajectory and S(z) is the socalled distance dependent stopping power, i.e. the
energy lost per unit path length traveled by
the ion parallel to the surface as a function of
the ion-surface separation z. Since the total energy
loss in a typical trajectory amounts just a few
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percent of the initial one, v is taken as a constant.
The knowledge of vz(z) requires a calculation of
the trajectory. Finally S(z) is the central quantity
in the study of the energy loss of ions under grazing incidence.
Diﬀerent approximations for the calculation of
S(z) have been used. In the weak coupling regime
Z1/v  1, where Z1 is the charge of the projectile,
linear response theory can be used to describe the
screening and the energy loss of the projectile. In
Section 2 the main features of linear response theory as applied to this problem are discussed. Comparison with experiments for the case of 710 keV
protons scattered oﬀ Al(1 1 1) is provided. In the
strong coupling regime (Z1/v  1, v < vF), where
vF is the Fermi velocity of the metal electrons,
the projectile represents a strong perturbation
and linear response theory is not valid. In this
case, density functional theory (DFT) to calculate
the induced screened potential, together with a full
phase-shift calculation of the cross-sections, has
successfully described the stopping power and
energy loss of slow ion projectiles in the bulk of
metals. In Section 3 it is shown how this formalism
has helped to understand experiments in which
slow ion projectiles were scattered oﬀ metal
surfaces. Finally, a brief summary is given in Section 4.
The common feature of the theoretical approaches presented here is the use of the free electron gas model. In this model the only parameter
used is the mean electronic density of the system
n0. In this respect, it is customary to use the
one-electron radius rs, deﬁned as 1=n0 ¼ 4=3pr3s .
Atomic units (a.u.) will be used unless it is otherwise stated.

2. High velocities: linear response theory
2.1. Model
When a swift charged particle interacts with
matter, it induces a polarization potential Vind(r, t).
This potential acts back on the projectile giving
rise to a retarding force. The energy that the particle loses per unit time due to this force, can be calculated in the following way:

dE
¼
dt

Z

drqext ðr; tÞ

oV ind ðr; tÞ
;
ot
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ð2Þ

where qext(r, t) represents the probe-particle charge
density.
Henceforth, z is the coordinate of the position
vector normal to the surface. The topmost atomic
layer is at z = 0 and the solid is in the z < 0 side.
Capital letters are used for the coordinates parallel
to the surface (r = (R, z)). Here, it is studied the
case of a point charge Z1 moving parallel to the
surface with velocity v at a distance z0 > 0:
qext ðr; tÞ ¼ Z 1 dðR  vtÞdðz  z0 Þ:

ð3Þ

Translational invariance in the plane parallel to
the surface is assumed, i.e. surface corrugation effects are neglected. This is a reasonable approximation considering that only ions incident under
random directions are considered. In this case,
within linear response theory, the potential induced by an external charge can be calculated in
terms of the two dimensional Fourier transform
of the induced part of the screened interaction
W ind(Q, z, z 0 , x) [13]:
Z 2 Z
dQ
dx iðQRxtÞ
e
V ind ðr; tÞ ¼
2p
ð2pÞ2
Z

dz0 W ind ðQ; z; z0 ; xÞqext ðQ; z0 ; xÞ;
ð4Þ
ext

where q (Q, z, x) = 2pZ1 d(x  Q Æ v) d(z  z0) is
the Fourier transform of the external charge density of Eq. (3) with respect to R and t.
Substituting Eq. (4) in Eq. (2) and making use
of the parity properties of Wind(Q, z, z 0 , x), one
can write the above deﬁned distance dependent
stopping power S(z0) in the following way [6,11]:
1 dE
v dt
Z 2
2Z 21
dQ
¼
Qv
2
v
ð2pÞ

Sðz0 Þ ¼

 Im fW ind ðQ; z0 ; z0 ; Q  vÞgHðQ  vÞ;

ð5Þ

where H(x) is the Heaviside step function.
Wind(Q, z, z 0 , x) has a rigorous expression in
terms of the exact density-density correlation function of the system v(Q, z, z 0 , x) [6]:
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W ind ðQ; z; z0 ; xÞ
 2 Z
Z
2p
0
dz1 dz2 eQðjz1 zjþjz2 z jÞ vðQ; z1 ; z2 ; xÞ:
¼
Q
ð6Þ
In general, v(Q, z, z 0 , x) is a very complex function, being hard to calculate it exactly. Here, the
random phase approximation (RPA) is used, that
allows one to write v(Q, z, z 0 , x) in terms of the
density response function for noninteracting electrons, v0(Q, z, z 0 , x) as [14,15]
Z
Z
vðQ; z; z0 ; xÞ ¼ v0 ðQ; z;z0 ;xÞ þ dz1 dz2 v0 ðQ; z; z1 ; xÞ
 V ee ðQ;z1 ;z2 ÞvðQ; z2 ; z0 ; xÞ;

ð7Þ

where the electron–electron interaction potential is
V ee ðQ; z1 ; z2 Þ ¼ ð2p=QÞeQjz1 z2 j . Though the inclusion of local ﬁeld corrections to Vee(Q, z1, z2) constitutes an improvement over the RPA response
function, their eﬀect in S(z0) is almost negligible
[11], and therefore they are not considered here.
0
With Wi  eiQ R /i ðzÞ and Ei = Q 0 2/2 + ei as the
one-electron wave functions and eigenvalues of
the one-electron Hamiltonian, the density response
function v0(Q, z, z 0 , x) can be written in the following way [14,15]:
X
v0 ðQ; z; z0 ; xÞ ¼ 2
/i ðzÞ/j ðzÞ/j ðz0 Þ/i ðz0 Þ


Z

i;j
0

dQ HðEF  Ei Þ  HðEF  Ej Þ
;
Ei  Ej þ ðx þ igÞ
ð2pÞ2

ð8Þ

where g is a positive inﬁnitesimal, Ej = (Q 0 + Q)2/
2 + ej and EF is the Fermi energy of the system.
A successful description of the electronic properties of the surface, and therefore of the one-electron wave functions and energies entering the
calculation of v0(Q, z, z 0 , x) is based on the jellium
model. The ionic background made up of nuclei
and core electrons is replaced by a uniform positive charge distribution that extends up to z = d/
2, where d is the interplanar separation in the
direction normal to the surface. From now on,
the distance z = d/2 will be called the jellium edge.
Using the potential created by this distribution of
charge as input external potential, one calculates
self-consistently, using density functional theory
(DFT) within the Kohn–Sham (KS) formalism, a

ﬁnite and smooth surface potential barrier and
the corresponding KS wave functions and eigenvalues. These KS wave functions and eigenvalues
are the ones that are used in the calculation of
v0(Q, z, z 0 , x). In the following I will refer to this
model as jellium model.
A much more simple model, and computationally less exigent, that has been widely used is the
so-called specular reﬂection model (SRM)
[16,17]. This approximation consists in assuming
that the conduction electrons are conﬁned by an
inﬁnite barrier potential (located at the jellium
edge), and in neglecting the quantum interference
between the outgoing and ingoing components of
the wave functions of the electrons reﬂected at this
barrier. This approximation makes straightforward to obtain Wind(Q, z, z 0 , x) from the knowledge of the bulk dielectric function (k, x).
Explicit expressions can be found in [13].
In the following, the results obtained with the
jellium model and the SRM are compared. In the
SRM, the Lindhard random phase approximation
[18] has been used for the bulk dielectric function.
Fig. 1 show the results obtained for S(z0) the stopping power for a proton travelling parallel to an
Al(1 1 1) surface with velocities v = 0.5 a.u. and
v = 4 a.u., respectively. Within these models, the
Al (1 1 1) surface is described by taking rs = 2.07
as the radius per electron in the conduction band
and locating the jellium edge at z = 2.21 a.u. from
the topmost layer. Though for v = 0.5 a.u. one is
out of the range of applicability of linear response
theory, these results are shown in order to get a
physical insight on the diﬀerences between the
two models. In all the cases, well inside the solid,
all the models results tend to the corresponding
value of the bulk electronic stopping power. At
low velocities, the SRM underestimates the value
of the stopping at large distances, because in this
model the induced charge is conﬁned to the surface
by the inﬁnite potential barrier. Nevertheless, at
high velocities SRM shows to be a good approximation for the more realistic jellium model. The
reason for this is that in this velocity range the energy loss at large distances from the surface is governed by small momentum transfer excitations
such as surface plasmons. Their description does
not almost depend on the details of the surface
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2.2. Energy loss of fast protons scattered oﬀ
Al(1 1 1)
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Fig. 1. Stopping power S of a proton travelling parallel to an
Al(1 1 1) surface as a function of its distance to the topmost
layer z0, calculated within the jellium model (solid line) and the
SRM (dashed line). The position of the jellium edge for this
surface is located at z0 = 2.21 a.u. In ﬁgure (a) the velocity of
the proton is v = 0.5 a.u. and in ﬁgure (b) v = 4 a.u.

potential. More precisely, the SRM provides a
good description of the plasmon excitations, and
therefore it is a valuable approximation for the energy loss of high velocity projectiles.
Finally, it is worth mentioning that recently
some calculations of S(z0) have been performed
without invoking the jellium model and using
information about the surface band structure of
the solid [19,20]. Calculations for the Cu(1 1 1) surface were performed. The Cu(1 1 1) surface exhibits
a band gap of around 5 eV and presents a surface
state located in energy just above the bottom of
the band gap. It was shown that the results for
S(z0) did not diﬀer so much from those obtained
within the jellium model. Brieﬂy, the presence of
the surface state compensates the reduction of
the stopping due to the surface band gap.

As an application of the approach presented
above results are presented for the energy loss of
710 keV protons scattered oﬀ Al(1 1 1). In this
way one can compare the theoretical results with
available experimental data [21]. Note that for
the high velocities under consideration, in addition
to the valence band excitations, one has to consider that the projectile can also excite electrons
in the inner-shells of the target atoms. This contribution to the energy loss can be obtained in terms
of the impact-parameter dependent energy loss in
single encounters of the external charge with the
target atoms, which is calculated within ﬁrst-order
Born approximation [22]. In order to obtain the
contribution of this channel to the stopping power
Sin-sh an average over the trajectory is performed.
See [5] for details.
As an example, Fig. 2 shows the results obtained
for S in the case of 710 keV protons (v = 5.33 a.u.)
as a function of the distance from the Al(1 1 1) surface. The diﬀerent contributions to the stopping
power (valence band and inner-shell excitations)
and the total sum are plotted. In the inner-shell
contribution only the L-shell of Al has been considered since the K-shell is too strongly bound to be
eﬃciently excited by protons of this energy. It is
important to stress the diﬀerent behaviour with
the distance of the contribution of valence band
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Fig. 2. Stopping power of a 710 keV proton travelling parallel
to an Al(1 1 1) surface as a function of its distance to the
topmost layer z0. The contributions of the valence band
excitations and inner-shells excitations are distinguished.
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excitation, Sval, as compared to Sin-sh. On the one
hand, the latter takes signiﬁcant values at small distances from the topmost layer of the order of 0.5–
1 a.u., where it dominates over the valence band
contribution in the range of energies under consideration. On the other hand, Sval is important upto
distances of the order of the jellium edge position.
Consequently, the valence band contribution dominates over the inner-shell contribution except very
close to the atomic surface.
In order to compare the theoretical predictions
with experimentally measured energy losses it is
necessary to evaluate Eq. (1). Therefore, one needs
to perform the calculation of the trajectory of the
ion under the combined inﬂuence of the repulsive
surface atomic planar potential and the attractive
image potential. In the results presented here, the
planar potential is calculated by taking a planar
average of the interatomic universal Ziegler–Biersack–Littmark potential [23]. The image potential,
calculated as one half of the induced potential at
the position of the ion, can be obtained within
any of the prescriptions for the induced potential
given above. Due to the high velocities under consideration SRM has been used in the calculation of
both the image potential and Sval.
Fig. 3 shows diﬀerent contributions to the total
energy loss DE as a function of the scattering angle
(twice the incident angle for specularly reﬂected

particles) for 710 keV protons. It is observed that,
at the same time as the contribution of valence
band excitations decreases, the contribution due
to inner-shell excitations increases when increasing
the angle of incidence. The reason for this can be
easily understood from the dependence of both
Sval and Sin-sh on the distance to the surface.
First, let us concentrate on the contribution of
conduction band excitations to the energy loss. In
Fig. 4 it is shown (in the lower pannel) the trajectory
of a 710 keV proton with angle of incidence
/ = 0.3°, and (in the upper pannel) the energy loss
overcome by the proton upto the corresponding
point of the trajectory. It is observed that most of
1.75
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Fig. 3. Energy loss of 710 keV protons specularly reﬂected at
an Al (1 1 1) surface as a function of the scattering angle (solid
line). The contributions of the valence band excitations (dashed
line) and inner-shell excitations (dotted line) are shown separately. The results are compared to the experimental data of
[21].

Fig. 4. In the lower pannel it is shown the trajectory for a
710 keV proton specularly reﬂected from an Al(1 1 1) surface
with angle of incidence / = 0.3°. z and x are the coordinates
perpendicular and parallel to the surface, respectively. Note the
diﬀerence in the scales. The quantity L, deﬁned as the length
that the ion travels inside the jellium edge, is also shown. In the
upper pannel it is plotted the energy lost by the proton up to
the corresponding point of the trajectory (given by the value of
the coordinate x) in the excitation of conduction band electrons
(DEval). It is observed that most of the energy loss takes place
inside the jellium edge.
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the energy loss takes place inside the jellium edge.
Incidentally, this may allow one to deﬁne an interaction length (L) as the distance the projectile travels
inside this region. The reason for this behaviour is
the slow variation of Sval within this region. Increasing the angle of incidence results in a reduction of L,
with the subsequent reduction of the energy loss due
to the excitation of conduction band electrons.
On the contrary, the inner-shell contribution
becomes relevant only when the turning point is
very close to the atomic surface, where Sin-sh takes
appreciable values. The turning point is closer to
the atomic surface for larger angles of incidence,
and therefore this contribution increases with the
angle of incidence. The sum of both contributions,
i.e. the total energy loss DE, varies smoothly in the
range 2–3 keV as a function of the angle of incidence. In Fig. 3, the experimental results obtained
by Winter et al. for 710 keV protons [21] are also
shown. The agreement obtained between the theoretical and experimental results is remarkable.
Moreover, this theoretical approach is able to
reproduce the main features found in the fast proton-surface scattering experiments: The smooth
dependence of the total energy loss with the initial
energy and angle of the projectile [21,24].

3. Slow projectiles: nonlinear theory
3.1. Theory
In the strong coupling regime (Z1/v  1) the
projectile represents a strong perturbation for
the system and linear response theory is not longer
valid. The piling-up of charge in the vicinity of the
ion, particularly in the spatial region within a few
atomic units around the nucleus, requires a nonlinear description of the electronic density modiﬁcation [25,26].
The energy loss of slow charges in an electron
gas has been widely studied from the theoretical
point of view [27–30]. It has been shown that the
description of the scattering process by the ﬁrst
Born approximation is not fully satisfactory for
slow ions at metallic densities. This is true even
for a proton. The use of scattering theory to calculate the cross-sections from the phase shifts allows,
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in principle, to obtain a result which is valid to all
orders in the projectile charge. This approach
requires a nonlinear calculation of the self-consistent scattering potential for arbitrary charge Z1.
In this respect, density functional theory (DFT)
has been successfully used in the description of
the nonlinear screening eﬀects associated with the
interaction of slow ions with metals [31–34]. The
starting point is the DFT formalism as applied
to a static impurity of charge Z1 embedded in a
free electron gas of mean density n0 [25,26]. The
static approximation is appropriate for ion velocities well below the Bohr velocity [35,36]. In practice, one uses the Kohn–Sham (KS) scheme and
obtains the electronic density n(r) as a sum over
the occupied single-particle states which are calculated by solving self-consistently the one-electron
KS equations. This sum includes a contribution
originating from the occupied bound states and
another one coming from the integration over
the continuum up to the Fermi level. In this way,
KS equations allow one to determine the perturbed potential created by the ion and the electronic density around it.
Using the KS potential as scattering potential,
the stopping power can be written in terms of
the transport cross-section at the Fermi level
rT(kF) as [31]:
S ¼ n0 vk F rT ðk F Þ ¼ Qv;

ð9Þ

where Q = n0kFrT(kF) is the so-called friction coefﬁcient, kF is the Fermi momentum, the transport
cross-section rT(kF) is calculated from
rT ðk F Þ ¼

4p X
ðl þ 1Þsin2 ½dl ðk F Þ  dlþ1 ðk F Þ
k 2F l
ð10Þ

and dl(kF) are the scattering phase shifts at the Fermi level for electron scattering oﬀ the self-consistent screened potential. In Eq. (9) the product
kFrT(kF) is the integrated scattering rate for
momentum transfer, which governs the dissipative
process. Therefore, one can interpret the stopping
power described by this formula as the result of the
momentum transfer per unit time to a uniform
current of independent electrons (n0v) scattered
by a ﬁxed screened potential.
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3.2. Z1 oscillations in the energy loss of slow ions
interacting with metal surfaces
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0.5
0.4

S (a.u.)

One of the advantages of this approach is that it
allows to understand in a straightforward manner
the so-called Z1 oscillations, an experimentally observed oscillatory behaviour of the stopping power
with increasing projectile atomic number Z1 for
ions travelling through metals [37–42]. In this respect, recently, quantitative agreement between
theory and experiment has been obtained by measuring the energy loss of ions with atomic number
1 6 Z1 6 20 and velocity v = 0.5 a.u. scattered oﬀ
an Al(1 1 1) surface under grazing angle of incidence [43]. Performing a detailed analysis of the
trajectory it is possible to obtain from these experiments the distance dependent stopping power
S(z). Eq. (9) is derived for an ion travelling
through jellium, and it is expected to be valid for
ions travelling through uniform electronic density
regions. In case of a surface experiment the ions
travel through a region of varying electron density.
In order to obtain a position dependent stopping
power the natural way to proceed is the following.
First, one calculates the electronic density proﬁle
at the Al(1 1 1) surface n0(z). Then, at each distance
z, one pdeﬁnes
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ a local Fermi momentum
k F ðzÞ ¼ 3 3p2 n0 ðzÞ and introduces it in Eq. (9) to
obtain S(z).
In Fig. 5 the experimental stopping power at
z = 1.2 a.u. is compared to the theoretical value
of the stopping power. At this distance the corresponding density parameter is rs = 2.2 a.u. The
ﬁgure shows an excellent quantitative agreement
between theory and experiment. Note that at
z = 1.2 a.u. the electronic density is very close to
the bulk value. In this case, eﬀects due to the nonuniformity of the electronic density seem to be
negligible, and Eq. (9), valid for uniform systems,
is applicable.
Finally, it is worth to mention that this local
approach is not successful to account for the
experimentally obtained stopping power at larger
distances from the surface, where the density gradients due to the nonuniformity of the density proﬁle are comparable (or larger) that the actual value
of the density. This can be easily understood, since
by construction, the model for the stopping used

0.6
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0
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5

10

15
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Z1
Fig. 5. Stopping power of ions with v = 0.5 a.u. as a function of
the atomic number Z1 at a distance z0 = 1.2 a.u. from an
Al(1 1 1) surface. Full circles denote the experimental data and
open squares the results obtained for rs = 2.2 a.u. with Eq. (9).

assumes a medium with uniform electronic density. Nevertheless, as shown in Fig. 5 it represents
a good approximation for the stopping power at
small distances from the surface, where most of
the energy loss takes place.
3.3. Charge state dependence of the energy loss
of slow ion interacting with metal surfaces
Another problem of interest that has been
successfully treated using the above described
formalism is the study of the energy loss of slow
multicharged ions in metals as a function of their
initial charge state [44,45]. The interesting question
that one has to answer is how preequilibrium of
charge states does aﬀect the energy loss of multicharged projectiles.
In an experiment performed by Winter et al. in
the Humboldt University in Berlin, the mean energy loss of N ions after scattering from an
Al(1 1 1) surface under a grazing angle of incidence
/ = 0.7° was measured [44,45]. In Fig. 6 it is shown
the mean energy loss as a function of the charge
state q of the incident ions. Since, for a Nq+ ion,
the energy loss is constant for a variation of the
angle of incidence [46], the analysis of the data is
simpliﬁed. More precisely, the observed constancy
of DE with variations of / allows one to neglect effects on the energy loss by changing the trajectory
[24]. In other words, the observed increase of the
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Fig. 7. Friction coeﬃcient Q as a function of the total number
of inner-shell vacancies nv for Z1 = 7 in an electron gas with
rs = 2 a.u. The curve 1s2 is obtained for a ﬁlled K-shell, 1s1 for
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Fig. 6. Measured energy loss for 70 and 140 keV N ions as a
function of q the incident charge state of the projectiles after
scattering from an Al(1 1 1) surface under a grazing angle of
incidence / = 0.7°.

energy loss with the incident charge state can only
be due to a corresponding enhancement of the
stopping power with the charge state.
Nevertheless, the screening eﬀects by conduction band electrons make the electronic stopping
of atomic projectiles a complex problem. In this respect, one needs to incorporate the eﬀect produced
in the electronic stopping by the presence of innershell vacancies [47]. With this aim the formula
described in Section 3.1 has to be generalized in
order to study projectiles with vacancies in their
bound states. This is done by using the KS orbitals
in an approximate way as monoelectronic wave
functions. Accordingly, one can ﬁx the number
nv of empty orbitals when solving iteratively the
KS equations [48].
Using this model one can calculate the stopping
power (or accordingly the friction coeﬃcient Q) as
given by Eq. (9) for diﬀerent conﬁgurations of inner-shell vacancies. In Fig. 7 results are presented
for the friction coeﬃcient Q of N ions travelling
through an Al metal as a function of nv. As explained, Q is calculated in terms of the transport

cross-section at the Fermi level, obtained for electron scattering at the potential induced by the projectile. This potential, is calculated within DFT,
for diﬀerent inner-shell conﬁgurations. It is observed that for a given K-shell occupancy the stopping is aﬀected in an appreciable manner by the
number of L-shell electrons: Q increases as the
number of L-shell vacancies increases for nv > 3,
whereas it is essentially constant for nv 6 3. The
L-subshell distribution of electrons has practically
no inﬂuence on Q. However, Q decreases as the
number of vacancies in the K-shell increases when
nv is low, and is almost constant when nv is high.
This opposite behaviour of Q with the number of
vacancies in the K- and L-shells is related to the
degree of spatial localization of the diﬀerent orbitals (see [44] for details).
The three diﬀerent sets of data in Fig. 7 can be
used to understand the neutralization/relaxation
sequences for incident N5+, N6+ and N7+ ions. In
case of ions without K-shell vacancies one should
use the curve labeled 1s2. For instance, for N5+
one should start from the point that corresponds
to the fully unoccupied L-shell (nv = 8), with the
highest value of the stopping power. Along its
incoming trajectory the number of electrons in
the L-shell will increase due to LVV Auger processes, and the value of the stopping will be reduced. Comparing to N5+, the main diﬀerence
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for N6+ and N7+ ions is a longer neutralization sequence due to the presence of inner-shell vacancies. The ﬁlling of the K-shell vacancy is
interpreted as a transition to the adjacent curve
in the ﬁgure towards smaller nv value for a KVV
process and towards a larger value of nv for a
KLL process. Therefore, the enhanced energy loss
for higher charge states of incident ions observed
in Fig. 6, is attributed to the enhanced friction
coeﬃcients Q obtained in the calculation for ions
with several L-shell vacancies. Whereas the calculation shows an enhancement of electronic stopping for projectiles with empty L-shells (N5+,
N6+ and N7+ ions) over ground state ions by a factor of 2, the experimental energy loss increases
with charge only by up to 35%. This ﬁnding can
be considered as an indication of the fact that
the lifetime of L-shell vacancies is shorter than
the interaction time of the ions with the surface.
From these observations one can infer a lifetime
of the L-shell vacancies of the order of 2 fs, which
is consistent with theoretical calculations [49–51].
The study shows that the charge state dependence of the energy loss of slow multicharged ions
traveling through the electron gas of a metal is the
outcome of a complex situation, where both the
diﬀerent screening (and the resulting diﬀerent stopping powers) and the lifetimes of the excitation
states of the ions play a role. For Nq+ ions it is
found that the experimentally observed increase
of the energy loss with the charge state of the ion
can be explained by a larger stopping power of ions
with vacancies in the L-shell and by a longer lifetime of the conﬁgurations with K-shell vacancies.

from Al(1 1 1) the experimental energy loss is
reproduced if the energy lost in the excitation of
the L-shell of the target atoms is taken into
account.
In the strong-coupling regime (Z1/v  1), in
which linear approaches are not valid, an approach developed for slow ions travelling through
jellium based on DFT and a full phase-shift calculation of the cross-sections is successful in accounting for the value of the stopping power at short
distances from the surface, where density nonuniformities are small. It is remarkable the excellent
agreement obtained by this model for the measured Z1 oscillations of the stopping power close
to an Al surface. Since most of the energy loss of
the slow ions takes place in the region close to
the surface this model allows one to understand,
for instance, the measured charge state dependence
of the energy loss.
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