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The surface peak of 98-keV protons backscattered from a clean Al �110� surface has been studied in detail
for three different scattering geometries. The corresponding energy-loss distributions are asymmetric due to the
single and double ionization of the Al inner-shell electrons �L shell�. Effects beyond the independent-electron
model �inner-shell collective effects� have been observed by using Monte Carlo simulations for the ion ballistic
and coupled-channel calculations for the inelastic energy loss. These effects decrease the width by up to 10%
for the full width at half maximum. Correspondingly, the low-energy tail of the surface peak is reduced in
intensity by more than 30% in the case of a large number of near central collisions as in shadowing and
blocking geometries.
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Many aspects of the energy-loss processes of ions in sol-
ids are well understood at high projectile energies, but im-
portant issues related to the energy loss in the polarization
field are still unclear �1�. In particular, for atoms having
many electrons in inner shells, there is no clear evidence of
the role of collective response and its effect of dressing the
projectile interaction. Only for the weakly interacting fast
light ions and for valence-band electrons is the polarization
field successfully described by means of the dielectric func-
tion of the medium �2�. Energy-loss distributions under
single-collision conditions have been measured for gases
�3–7� as well as for solids �8,9�. For the case of multiple
ionization, deviations from the independent-electron model
have already been identified �6,7�, but an influence of dy-
namic inner-shell screening is presented here for the first
time.

An investigation of the full energy-loss distribution allows
for a better understanding of inner-shell collective effects in
ion-atom interactions and is a prerequisite for monolayer
resolution in ion-beam techniques used for depth profiling
such as nuclear reaction analysis �NRA� and medium-energy
ion scattering �MEIS� �10�. Measurements in solids under
shadowing and blocking conditions involving collisions with
very small impact parameters are used in this work to study
energy-loss processes involving inner-shell electrons. These
conditions are realized in high-precision �resolution and sta-
tistics� measurements of the so-called surface peak, a high-
energy structure that appears in backscattering experiments
for crystalline materials.

Here we report on measurements of the energy-loss dis-
tribution of the surface peak for protons impinging along the
shadowing directions 0°, 30°, and 60° ��=36° � and being
backscattered along the blocking direction of 60° with re-
spect to the normal of clean Al�110�. These special scattering

geometries have some advantages compared to outgoing ran-
dom directions. They provide the best scenario for the appli-
cability of advanced atomic-physics models, such as
coupled-channel calculations, since solid-state effects are of
minor importance due to the large energy transfers involved.
Moreover, collective effects due to inner shells are amplified
in a sequence of near-central collisions since the energy
transfer to inner-shell electrons is enhanced.

In this paper, we apply improved experimental and theo-
retical methods in order to explicitly extract the influence of
the dynamic polarization of inner shells as well as the influ-
ence of multi-inner-shell ionization on the energy transfer.
Furthermore, we provide a Monte Carlo simulation of the
surface peak which goes far beyond a stochastic treatment
�11�.

The experimental technique has been reported previously
�11�, and only the salient points are repeated here. The scat-
tering experiments have been performed in a UHV chamber.
After mounting into the UHV chamber, the Al�110� crystal
was cleaned by several cycles of sputtering with 1.0-keV
Ne+ ions and sequential annealing at 720 K, until a sharp
�1�1� low-energy electron diffraction �LEED� pattern could
be observed. Here 98-keV protons are scattered on the target
and dispersed in energy in a high-resolution toroidal electro-
static analyzer �12�. The incoming beam is aligned with the

�1̄01�, �2̄1̄1�, and �1̄1̄0� directions of Al. The outgoing tra-
jectories are the same for all three geometries �in Fig. 1�. The
energy spectra of the scattered ions are simultaneously col-
lected in an angular range of 20°, centered about the scatter-
ing angles ��s� 60°, 90°, and 120°. The measured angular
distributions of the surface peak yield are shown in Fig. 1,
and the displayed blocking dips correspond directly to spe-
cific coordinate-space directions of the atomic lattice as in-
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dicated for each case. For improved statistics, the energy
spectra have been summed up in an angular range of 2°
about the blocking minimum position �and corrected by the
kinematical factor� to produce the surface peak analyzed be-
low.

The accurate determination of structural parameters
�atomic location and vibrational amplitudes� is a usual task
in the MEIS technique �see Ref. �14� for the Al surface�. This
is accomplished by comparing the angular scattering inten-
sity to results of Monte Carlo computer simulations, as
implemented, e.g., in the VEGAS �13� code for trial atomic
crystal structures �see curves in Fig. 1�. This method, how-
ever, takes into account only the ballistic part, but not the
influence of the electronic energy loss on the backscattering
distribution.

In order to describe the energetic shape of the surface
peak, we have performed Monte Carlo calculations where
the inelastic energy losses are sampled in each collision us-
ing the program SILISH �simulation of line shape�. It contains
the same ballistic part �e.g., determinations of incoming and
outgoing trajectories, track connection, interatomic potential,
thermal vibrations� as the well established VEGAS program
�13�. The electronic energy-loss distribution was calculated
through the coupled-channel method �15,16�.

Semiclassical coupled-channel calculations are the best
tool to describe inner-shell ionization and excitation of atoms
�15,16� as a function of the impact parameter. The projectile,
following a classical trajectory, provides a time-dependent
electrostatic perturbation on the target electrons which is in-
corporated in a full solution of the time-dependent
Schrödinger equation. For a given impact parameter b the
amplitudes ai→f are calculated for any transition from an
initial occupied state i to unoccupied bound or continuum
states f , and thus the probability corresponding to atomic
excitation or ionization is determined. Details of these calcu-
lations �atomic orbital �AO�� may be found elsewhere �16�.

The independent-electron model �IEM� �18� is adopted

for one active electron in the target atom moving in the elec-
trostatic field due to both nuclei and the other electrons,
which are included in a frozen-core Hartree-Fock-Slater
framework �17�. In this way, the ground-state and excited-
state wave functions as well as the energies of the active
electron are calculated. Since each excited or continuum
state corresponds to a well-defined energy transfer T=� f
−�i, the electronic energy-loss probability is given by

dPi

dT
�b� = �

f

�ai→f�b��2�„T − �� f − �i�… , �1�

where the sum above means an integral over � f, in the case
of continuum states.

In the framework of the IEM, the probability for a certain
total electronic energy loss �E transferred during an indi-
vidual ion-atom collision can be written as

dPatom
elec

d�E
�b� = ��

i
	 dTi

dPi

dTi
�b�
���E − �

i

Ti
 , �2�

where the index i runs over all electrons for each subshell 1s,
2s, 2p, 3s, and 3p of the Al atom. Equation �2� corresponds
to a series of convolutions of individual single-electron
energy-loss distributions.

Figure 2 shows the results of the coupled-channel calcu-
lations for the energy-loss probability of 98-keV H+ projec-
tiles colliding with atomic Al at b=0. The elastic peak ��E
=0� is not shown here. The main feature of the energy-loss
distributions in Fig. 2 is the significant contribution of the L
shell at large energy transfers. The contribution of the va-
lence electrons for the width of the surface peak is of minor

FIG. 1. Surface blocking minima �given in the number of effec-
tively visible monolayers� measured with 98-keV protons in the
geometries described in the sketches for three different scattering
angles �60°, 90°, and 120°�. Lines represent VEGAS �13� simulations
from where the structural parameters have been taken �14�.

FIG. 2. Energy-loss probability for a single collision with im-
pact parameter close to zero. The dotted line corresponds to
coupled-channel calculations without collective effects. Effects be-
yond IEM are considered as the dashed �including dynamical
screening� and solid �including two-step ionization� lines.
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importance since the corresponding M-shell energy loss is
much smaller than the experimental resolution. K-shell ion-
ization of Al atoms is kinematically suppressed for protons at
incident energies below about 1 MeV. The dotted line in Fig.
2 corresponds to results of the coupled-channel calculations
from Eqs. �1� and �2� without any additional correction.

As already noted in �11� the use of such energy-loss prob-
ability reproduces the shape of the Al surface peak reason-
ably well, but important deviations have been found and at-
tributed to the breakdown of the IEM and to the influence of
collective effects. The effect of the dynamic modification of
the target-electron density leading to a change of the interac-
tion potential �dressed projectile or dynamical screening� and
of the reduced probabilities for multiple target ionization are
investigated now �Fig. 2�.

Using the coupled-channel calculations we can go beyond
the independent-electron model by introducing a dynamical
screening of the projectile that can be determined self-
consistently from the time-dependent electronic density de-
livered by the coupled-channel calculations. For this purpose
we have assumed a dressed potential between the active elec-
tron and the projectile described by the Yukawa potential

Vp
dressed = Vp

Coul + Vind =
− exp�− 	�r� − R� ��

�r� − R� �
, �3�

where Vp
Coul corresponds to the bare �Coulomb� interaction.

The constant 	 has been determined by the induced potential
Vind at r�=0 and t=0 for each subshell electron �2s, 2px, 2py,
and 2pz� and for each impact parameter. In this way, the
influence of the collective screening of the passive electrons
on the active one has been estimated. This multielectron it-
eration procedure leads to a suppression of the energy trans-
fer by about 20% at b=0 and corresponds to the dashed line
in Fig. 2.

Besides the dynamical screening we have also taken into
account the effect of the modification of the target potential
after a fast ionization process. According to the IEM the
probability, in the case of double ionization, to remove the
second electron is equal to the one for the first electron. Here
we have adopted instead a sequencial two-step process for
double ionization. Instead of using Eq. �2� to describe multi-
ionization events we used, for instance, for the energy-loss
probability in a double ionization,

�dP

dT



double
= �dP

dT



single
�Al� * �dP

dT



single
�Al+� , �4�

which corresponds to a convolution of the energy-loss prob-
ability with the energy-loss probability in an ionized Al �Al+�
with a hole in the L shell. This corresponds to the so-called
two-step ionization model �19�, yielding results similar to the
average-electron model �6�. For head-on collisions this effect
together with dynamical screening is shown in Fig. 2 with
solid line. As expected the reduced double-ionization prob-
ability �with two L-shell vacancies� due to the collective
modification of the target potential affects mainly large en-
ergy transfers beyond the summed ionization potential.

The experimental energy distributions for 98-keV incident
protons backscattered from a clean Al�110� surface are

shown in Fig. 3 �open symbols� in comparison with simula-
tions described previously. The dashed curve corresponds the
SILISH simulations using the inelastic energy loss according
to the IEM as described by Eq. �2� for the calculations of
excitation and ionization of Al as a function of impact pa-
rameter �the dotted curve in Fig. 2 for the case b=0�. The
experimental resolution was determined from the leading
edge and is about 230 eV �assuming a Gaussian�. The agree-
ment between the experimental data and the SILISH simula-
tion is very good for the two larger scattering angles ��s
=120° and 90°�. But for the �s=60° geometry, important
deviations can be observed for larger energy losses, as re-
ported in Ref. �11�. The effects concerning the Al �110�
structure and the ion collision including all higher-order ef-
fects have been very accurately included. Other effects such

FIG. 3. Experimental data �the open symbols� for 98-keV H+

backscattered in Al�110� with three geometries �see sketches on
each panel�. The results are compared to Monte Carlo SILISH simu-
lations. The dotted line corresponds to coupled-channel calculations
without collective effects. Effects beyond IEM are considered as the
dashed �including dynamical screening� and solid �including two-
step ionization� lines. The energy scale for each geometry was
shifted to the same leading edge.
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as a better description of the valence electrons, dynamic
curved ion trajectories, and/or influence of a possible charge
state H0 are of minor importance. In addition, from the simu-
lations we have noticed besides the dominance of the L-shell
electrons on the energy-loss shape of the surface peak a sig-
nificant contribution of double inner-shell ionization of Al
�the triple inner-shell ionization contribution is negligible�.

The solid curves in Fig. 3 correspond to the SILISH calcu-
lations including collective effects such as dynamical screen-
ing and suppressed double ionization due to increased
L-shell binding according to the procedure explained in Fig.
2. As can be observed, the inclusion of collective effects for
the inner-shell electrons is responsible for the deviations and
reproduces rather well the experimental data, even for the
experimental data at 120° and 90° where the previous agree-
ment with the IEM model was already very good. In fact the
�s=60° geometry is distinguished from the others by the
number of near-central collisions involved before the back-
scattering for each layer �e.g., for the fourth layer there are
three of such collisions and just one collision for the other
geometries�. In this way, this particular geometry enhances
the effects beyond IEM. This is evidence for an influence of
the dynamic response of inner-shell electrons on the ion en-
ergy loss. It is pointed out that the breakdown of the IEM for
the projectile energy loss in multiply ionizing collisions has
been recently reported for gases and for highly charged ions.

But differently, here a comparable effect is observed even for
protons under a special sequence of near-central collisions as
in the �s=60° geometry.

In summary, we have observed the influence of inner-shell
collective effects such as dynamical screening and target-
potential rearrangement in the energy loss of backscattered
protons for a special geometry where the number of near-
central collisions is maximized. For the other geometries in-
vestigated here, however, these effects are barely visible.
Thus, the use of the IEM is quite reasonable unless a large
number of near-central collisions take place. This fact will be
essential for monolayer resolution analytics using the energy
loss of ionic projectiles and involving a large number of
atoms under shadowing and blocking conditions. It is sur-
prising that collective effects can be important even for pro-
tons, and much larger effects are expected for heavier pro-
jectiles. This observation has been only possible as a result
of the combination of improved energy-loss measurements
using a very-well-characterized surface with reliable
coupled-channel calculations.
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