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We present a theoretical analysis of experimental data on ion fractions and polar angular distributions for He
atoms and ions produced during grazing scattering of keV neutral He atoms from an atomically clean and flat
Al�111� surface. The discussion focuses on the mechanism of Auger ionization for which we have recently
presented the first quantitative treatment by an ab initio method �S. Wethekam, Diego Valdés, R. C. Monreal,
and H. Winter, Phys. Rev. B 78, 033105 �2008��. Auger ionization, the inverse process of Auger neutralization,
is a dynamical process that converts kinetic energy from the projectile to electronic excitations. We calculate
Auger ionization rates and perform molecular-dynamics and Monte Carlo simulations of trajectory and charge
state of scattered projectiles. We achieve quantitative agreement with experimental ion fractions and angular
distributions. This demonstrates that Auger ionization is an efficient mechanism of ionization. We also discuss
the sensitivity of the results on the theoretical input used in the simulations and give an estimate on the
contribution of resonant processes.
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I. INTRODUCTION

Charge transfer reactions between atomic particles and
metal surfaces are important processes in different fields of
physics and chemistry. The two basic mechanisms of charge
transfer are named resonant electron transfer and Auger elec-
tron transfer. The binding energy of the atom and the elec-
tronic structure of the surface determine the dominant
mechanism. The interaction of particles of low binding
energy as, e.g., alkali atoms, with metal surfaces has been
extensively studied experimentally and is well understood
theoretically on the basis of the one-electron resonant
mechanism.1–8 However, a similar degree of understanding
has not been achieved so far concerning reactions for atoms
of higher electronic binding energy. This is largely due to the
fact that here charge transfer proceeds via two-electron Au-
ger processes.2,9,10 In Auger neutralization �AN�, a metal
electron neutralizes the ion with the excess energy and mo-
mentum being transferred to another metal electron or a plas-
mon. In the inverse process of Auger ionization �AI�, an
electron bound to the projectile is excited to an unoccupied
state of the metal accompanied by excitation of another
metal electron or a plasmon.2,11–13 The particle velocity sets a
fundamental limit between these two types of Auger pro-
cesses. AN can operate as long as the atomic level is below
the Fermi level also for the atom at rest, while AI requires a
minimum of kinetic energy of the projectile to excite the
electronic system.

The problem of charge transfer between noble gas ions/
atoms and metal surfaces has received attention for a long
time.9 In this respect, He/Al is considered as a model system
since He is the simplest noble gas atom and Al is the proto-
type of a nearly-free-electron metal.10 In spite of its apparent
simplicity, a microscopic understanding of the AN process
has only been achieved recently. Experimental
findings9,14–27,36 and theoretical calculations of AN rates28–33

are in accord only if the atomic energy level is substantially
modified near the surface.4,17,19,23,25,32,34–37 These former the-

oretical and experimental efforts were focused on the under-
standing of the AN process at low energies where
reionization2,11–13,18,26,38 can be generally neglected and the
ion fractions result from an incomplete neutralization of the
incident ions.20,21,36 This understanding allows us to address
the inverse problem of AI. Earlier experimental results on the
ionization of neutral atoms12,13 seemed to agree with theoret-
ical estimates11 for the existence of a kinetic energy thresh-
old below which AI is forbidden, but a full theory is still
lacking.

This paper is devoted to the study of the Auger ionization
process. We will give theoretical and experimental evidence
that AI is an efficient contribution to charge transfer for the
system He/Al for small perpendicular velocities with a
threshold in parallel energy of 4–5 keV. A preliminary study
was published in Ref. 39. We find that the Auger ionization
process is closely related to collisions of projectiles with
thermally displaced target atoms, which gives a characteristic
time scale for the ionization process on the order of some 10
as. As the neutralization mechanism for this system
�He+-Al�111�� is understood on a quantitative level,36 this
yields the interesting opportunity to study the attosecond
electron dynamics40 of the ionization process under well-
defined conditions. Aside from fundamental aspects, our
work may contribute to the understanding of collision cas-
cades for keV atoms in solids, where the production of hot
electrons in close collisions is a relevant mechanism of en-
ergy dissipation.41

The article is organized as follows. Section II describes
the experimental techniques. The theory for Auger ionization
is expounded in Sec. III A, where we show that the AI rate
depends exponentially on distance between projectile and
surface; energy level and projectile velocity. In Sec. III B, we
summarize the rest of the theoretical input to be included in
the molecular-dynamics and Monte Carlo simulations of ion
fractions and polar angular distributions of scattered particles
for comparison with our experiments. Comparison of theory
and experiment is made in Sec. IV. We show in Sec. IV A
that the calculations reproduce the observed kinetic energy
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threshold, the overall magnitude of the ion fractions, and
their increase with energy. The polar angular distributions for
scattered ions and neutrals are also reproduced on a quanti-
tative level �Sec. IV B�. In our analysis, we find that a suffi-
ciently large number of the incident neutrals reach distances
to the surface where the He-1s level has been promoted and
efficient AI is present. We also estimate the role of resonant
processes in Sec. V. Using a simple model, we find these
processes to be as important as the Auger effect. The role of
the interaction potentials and lattice vibrations on the polar
angular distributions is analyzed in Sec. VI. Section VII pre-
sents results where we combine Auger and resonant pro-
cesses. Finally, we conclude in Sec. VIII that AN and AI
have to be included for the quantitative description of charge
transfer between noble gas atoms and metal surfaces under
grazing scattering conditions.

In our analysis, we make use of concepts and results pre-
sented in Refs. 32 and 36, which are only briefly discussed
here. The reader is referred to our previous works for more
details. Atomic units �a.u.� �e=�=m=1� are used if not oth-
erwise stated.

II. EXPERIMENTS

In our experiments, we have scattered 4He0 atoms with
energies E of 1–11 keV under grazing angles of incidence
�in of typically 2° along high-index �“random”� directions
from an atomically clean and flat Al�111� surface. After dis-
persion with respect to charge in an electric field, scattered
projectiles were detected using a position-sensitive micro-
channel plate detector. A simple sketch of the essential com-
ponents of the experimental setup is shown in the inset of
Fig. 2.

The target was prepared by cycles of grazing sputtering
with 25 keV Ar+ ions and subsequent annealing at 430 °C
for about 10 min. The morphology of the surface was moni-
tored by recording angular distributions for grazingly scat-
tered atoms. Due to the long trajectories for this extreme
geometry, the shape of angular distributions is extremely
sensitive to surface defects.42 From the absence of pro-
nounced tails, we conclude from simulated angular distribu-
tions �see below� a high quality of the Al�111� surface widely
free from defects. For a more detailed discussion of the ex-
perimental techniques, we refer to Ref. 36.

For grazing incidence, scattering proceeds in the surface
channeling regime2,43 where the projectiles are steered well
above the topmost layer of the surface and the motions par-
allel and normal with respect to the surface are widely de-
coupled. The parallel motion takes place with nearly constant
velocity such that the energy can be decomposed into a par-
allel and a normal part: E=E� +E�, with E� =E cos2 �in. The
effective energy for impact onto the surface is given by the
normal incident energy E�

in =E sin2 �in which is on the order
of eV for keV projectiles and �in�2°.

III. THEORY

In this section, we present the theoretical ingredients for
the calculation of ion fractions and polar angular distribu-

tions for scattered projectiles that will be compared to our
experiments. The most recent aspect of this work is the
theory of the Auger ionization rate expounded in subsection
A. In subsection B, we summarize the further theoretical
input for the simulations.

A. Auger ionization rate

The theory for Auger ionization follows closely that of
Auger neutralization since both processes are inverse to each
other. Using a simple electronic model of a metal surface
�jellium model�, the transition rate for AN can be
calculated,29,30 including one-electron and multielectron
�plasmon� channels. For AI, we follow a similar approach,
however, incorporating the kinetic energy of the projectile. In
the jellium model, electronic surface wave functions are
translationally invariant which simplifies the treatment of
Auger ionization mathematically. The generalization of the
approach presented here to cases where molecular orbitals
can be formed is deferred to a future study. For grazing in-
cidence experiments, one has a projectile motion parallel to
the surface with velocity v and perpendicular distance za. As
reference, distances are measured with respect to the first
atomic layer of Al, with the jellium edge for Al�111� at 2.21
a.u. Energies of electronic states are referred to the bottom of
the conduction band.

In the restframe of the solid, the initial state of the elec-
tron bound to the atom is written as

��a� = �a�x − vt,z − za�eix·ve−i�Ea+�1/2�v2�t, �1�

with �a�x ,z� being the wave function of the bound electron
in the restframe of the ion, �x ,z� being the electron coordi-
nates parallel and perpendicular to the surface, respectively,
and Ea being the electron binding energy. Equation �1� in-
cludes the translation factor eix·v as well as the additional
kinetic energy v2 /2 of the electron. The final state of this
electron is an unoccupied state of the conduction band of the
metal

FIG. 1. �Color online� Auger ionization rate as function of pro-
jectile velocity for two values of energy level of He �shifted by
�Ea=10 and 13 eV with respect to its unperturbed value in
vacuum� and distances to topmost surface layer za=0.21 a.u. and
za=1.21 a.u.
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�k� =
1

	2�
eik�·x�kz

�z�e−iEkt, �2�

with electron wave vector k= �k� ,kz� and energy Ek=k2 /2.

The electron-electron Coulomb interaction V̂ causes at the
same time the excitation of the metal from its many-body
ground state �0�, energy E0, to a state �n� of energy En. The
matrix elements for the process are


f �V̂�i� =� dq

�2��2� dz1
n��n̂�q,z1��0�
2�

q

k�iq·xe−q�z−z1���a� .

�3�

In Eq. �3�, 
n��n̂�q ,z1��0� are the matrix elements of the
charge-density operator of the metal surface. A Fourier trans-
form in the coordinates x parallel to the surface has been
performed, with q being the corresponding wave vector. Due

to the translational invariance of the metal surface, the time
dependence of the matrix elements can be factored out com-
pletely as e−i�E0−En+Ea−v2/2−Ek+�k�−q�·v�t, which allows us to
make use of Fermi’s golden rule and write down the transi-
tion rate for the process as

1

	AI
= 2��

n
�

k
kF

�
0

�

d��
f �V̂�i��2��� − �En − E0��


��− � + Ea − v2/2 − Ek + �k� − q� · v� , �4�

with kF being the Fermi wave vector and 
f �V̂�i� denoting
here the spatial part of Eq. �3�. The sum over excited states
�n� can be related to the imaginary part of the dielectric sus-
ceptibility of the metal surface ��� ,q ;z1 ,z2�. The Galilean
transformation k→k+v yields our final expression for the
Auger ionization rate as follows:

1

	AI
�v,za,Ea� = 2 �

�k+v�
kF

�
0

�

d�� dq

�2��2� dz1� dz2�− Im ���,q;z1,z2��V�k;q,z1�V��k;q,z2���Ea − Ek − � − q · v� , �5�

where

V�k;q,z� =
2�

q

k�eiq·x�e−q�z�−z���a�x�,z� − za�� . �6�

The states �k� and ��a�x� ,z�−za�� are required to be orthogo-
nal to each other. We use the orthogonalized plane wave
method �OPW� and orthogonalize �k� �cf. Eq. �2�� to the
atomic wave function ��a�x� ,z�−za��, which we take as the
Hartree-Fock one for the He atom. Then, the matrix elements
given by Eq. �6� are obtained by integration in the coordi-
nates �x� ,z��.

In Eq. �5�, energy conservation implies that frequency and
wave vector are related via the Doppler relation ��=�
+q ·v. As a consequence, different from previous
assumptions,2,11–13 there is no clear-cut threshold for the ki-
netic energy of the projectile below which the AI process is
energetically forbidden. Rather, the � function of Eq. �5� can
be used to give the cosine of the angle between vectors q and
v and, therefore, imposes the constraint

− 1 �
Ea − Ek − �

qv
� 1. �7�

The bound electron has to be excited to an empty state of the
shifted Fermi sphere so that

1

2
�kF − v�2 � Ek. �8�

Equations �7� and �8� and the condition ��0 yield a lower
limit for q as follows:

q �

1
2 �kF − v�2 − Ea

v
. �9�

Then, for small v or negative Ea with large modulus, the
allowed values of the parallel wave vector q will be much
larger than kF. However, the surface response function
strongly disfavors excitations of large wave vectors and, con-
sequently, the efficiency of the Auger ionization process can
be very small. This is illustrated in Fig. 1, where we plot
Auger ionization rates for He in front of Al as a function of
the projectile velocity for two values of the energy-level shift
�Ea of the 1s level of He. Instead of a thresholdlike behav-
ior, the AI rates show an overall exponential increase with
velocity. We also find an exponential increase with Ea �see
Fig. 2 of Ref. 39�. However, the increase is steeper for
smaller values of velocity and Ea, as expected from our dis-
cussion above. We showed in Ref. 39 that the AI rate is
nearly exponentially decreasing with distance. Here, we
present results for two distances illustrating that the spatial
decay length depends mainly on Ea and it is less dependent
on velocity or distance �only indirectly via variation of Ea�
since, for a given Ea, the curves for different za are nearly
parallel. Note also in this figure that the AI rates can become
quite large. As a reference, the calculated AN rates for He/Al
are about 0.01–0.02 a.u. at the distances shown in Fig. 1.
Then efficient Auger ionization is expected for neutral He
atoms with a velocity of about 0.25 a.u. closer than about 1
a.u. in front of the Al surface, where calculated values of Ea
�Ref. 32� show level shifts greater than 10 eV. This will be
demonstrated in Sec. IV.
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B. Interaction potentials and energy levels of He
in front of Al(111)

Theoretical32,34,35,37 and experimentally23 derived energy-
level shifts �Ea�r� of the 1s level of He in front of Al�111�
show pronounced variations close to the surface. −�Ea�r�
represents the change in the ionization potential of the He
atom at a position r in front of the surface with respect to its
unperturbed value. As a consequence, the analysis of the ex-
perimental data requires detailed three-dimensional calcula-
tions of the trajectories for atoms/ions including charge
transfer during their interaction with the surface, where the
energy level varies along the trajectory.

The input of the simulations is as follows. The He0-Al
interaction VHe0�r� is described by the Molière potential with
modified Firsov screening length as proposed by O’Connor
and Biersack44 �OCB�. This potential reproduces in simula-
tions the width and shape of experimental polar angular dis-
tributions of scattered neutral He. This aspect is relevant here
as the width of angular distributions is determined by binary
collisions with thermally displaced target atoms.2,42,45 As
ionization processes are closely related to the latter, their
realistic reproduction in the simulations is of paramount im-
portance. For a more detailed discussion on the choice of the
He0-Al interaction potential, we refer to Ref. 36. The inter-
action potential for charged projectiles VHe+�r� is constructed
from the potential for neutrals reduced by the level shift
�Ea�r�,2,10,23,34

VHe+�r� = VHe0�r� − �Ea�r� . �10�

The analysis of the experimental data indicates that the range
of distances for ionization of He0 is about 0.5–1 a.u. from a
surface atom. At these distances, strong hybridization be-
tween He and Al causes the formation of molecular orbitals.
The strong variation in the He-1s level shown in Ref. 32
stems from its interaction with the core 2s and 2p electrons
of Al. As the calculated Ea corresponds to the on-top posi-
tion, it is evaluated as function of distance to the closest
target atom �with slight modifications to ensure continuity�.
Also as a consequence of hybridization, the matrix elements
for charge transfer processes cannot be computed from un-
perturbed atomic wave functions but have to be corrected by
the weight coefficient of He in the molecular orbital that
approaches the pure He orbital at infinite distance between
atom and surface.46 The correction factor is about 0.6 for
close He-Al distances and is included in the AI rates used.

Ions produced in the ionization process can be Auger neu-
tralized on their way away from the surface. We use the
Auger neutralization rate as calculated with a linear combi-
nation of atomic orbitals �LCAOs� method in Ref. 32 on a
hollow position which reproduces the experimental fractions
of surviving ions obtained for small incident energies36 better
than the jellium rates. Since the main difference between the
jellium and LCAO calculations of AN in Ref. 32 is due to
orthogonalization effects, we consistently correct the jellium
rates for AI by the same factor that brings the rates for AN
from the jellium to the LCAO values.

With the interaction potentials for ions and neutrals and
the neutralization and ionization rates, we perform combined

Monte Carlo and molecular-dynamics simulations of charge
state and trajectory for scattered projectiles. The surface is
represented by clusters of Al atoms centered below the pro-
jectile including correlated thermal displacements �for details
we refer to Ref. 45�. For each time step of the calculations,
the Newton equations of motion for the projectile and the Al
target atoms as well as the rate equation for electron capture
or loss are solved using a fourth-order Runge-Kutta method.
The charge state of the projectile after each step is deter-
mined by reference of the calculated average charge state
�from the Runge-Kutta solution of the rate equation for cap-
ture or loss� to a random number. For each trajectory, the
final charge state and exit angle are stored for comparison
with measured charge fractions and angular distributions.
The angular acceptance window used in the simulations is
that of the experimental setup.

IV. RESULTS

A. Ion fractions

In Fig. 2�a�, we compare ion fractions from our simula-
tions as a function of beam energy E �curves with open sym-
bols� with the experimental data �full symbols� for scattering
of He0 atoms from Al�111� under grazing angles of incidence
indicated. In the simulations, we find that incident neutrals
reach distances to the surface where the energy level of He
has been substantially promoted and efficient Auger loss is
present. The increase in the ion fractions with incident en-

FIG. 2. �Color online� Ion fractions for scattering of 4He0 atoms
from Al�111� along high-indexed �“random”� directions under graz-
ing angles of incidence �in indicated as function of energy E. Full
symbols: experimental data; open symbols with curves: results from
simulations including AN and AI processes for original rates �panel
a� and for AN rates multiplied by a factor of 1.2 �panel b�. Inset:
simple sketch of experimental setup.
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ergy and angle is reproduced by the simulations on a quan-
titative level. The largest discrepancy between theory and
experiment occurs at the largest calculated values of incident
energy and angle of incidence. This could be due to a poorer
description of the interaction potentials and energy-level
variation close to the surface. The interaction potential deter-
mines the number of neutrals that reaches distances where
efficient ionization can occur. This efficiency depends
strongly on the values of Ea, as it is apparent from Fig. 1. We
will discuss this point below. Another source of uncertainty
is related to the accuracy of the calculated Auger neutraliza-
tion rates due to theoretical approximations such as distin-
guishability of electrons and use of unperturbed metal wave
functions. In our former analysis of ion fractions in the sur-
vival regime36 calculated AN rates have to be increased by a
factor of 1.2 in order to get perfect quantitative agreement
between theory and experiment for Al�111�.47 Such a factor
is within the estimated error of theory.30,48 Its effect in the
present experimental case is shown in Fig. 2�b� where the
overall agreement with experiment is improved.

We attribute the discrepancy between experimental data
and simulation for the smallest angles of incidence to surface
defects. The role of surface defects for the ion fractions is
expected to be most pronounced for long trajectories �small
angles of incidence �in, i.e., large probability to “hit” a sur-
face defect� and low ionization efficiencies for the ideal sur-
face �small “real” signal�. Therefore, the increase in ion frac-
tions with angle cannot be attributed to surface defects. In
order to explain the experimental data for �in=1.55°, only a
few percent of incident He0 atoms have to undergo ionization
at surface defects. For the typical length scale of about 2

1 a.u. /sin 1.55° 
70 a.u. of the trajectory close to the
turning point, this is still in accord with a good quality of the
surface. Moreover, collisions with surface defects can be
identified by characteristically broadened angular distribu-
tions for outgoing ions. These are observed for ionized pro-
jectiles at the smallest angle of �in=1.55° and for about half
of the ions at �in=1.85° but not for the larger angles.
Whereas the influence of surface defects cannot be fully ne-
glected for �in=1.55° and �in=1.85°, our data at larger
angles are not masked by surface defects �see also discussion
in Sec. IV B�.

In the simulations, we also obtain fractions Pionized of ini-
tially neutral projectiles that have been ionized at least once.
These that survive Auger neutralization on their way out de-
termine the ion fractions P+ plotted in Fig. 2�a�. The �aver-
aged� Auger survival probability on the way out of the ion-
ized projectiles is obtained as PAN

+,out� P+ / Pionized which
represents an average value over the different trajectories
�see Eq. �11� below�. Pionized and PAN

+,out are plotted in Fig. 3
as a function of the incident energy for several angles of
incidence. The efficiency of the Auger ionization process can
be inferred from this figure: the ionization probability in-
creases with energy and angle up to 35%. The Auger survival
probability on the way out is significantly smaller and shows
much weaker variations. This is because this magnitude de-
pends basically on the perpendicular outgoing velocity and
the ionization distance zion in front of the surface via

PAN
+,out = exp�− �

zion

� dz

vz	AN�z�� , �11�

where vz and zion do not change much under the present
experimental conditions, when averaged over the trajectories
�see Figs. 4 and 5 below�.

B. Polar angular distributions

Figure 4�a� shows experimental polar angular distribu-
tions �polar exit angle �out� for outgoing He0 atoms �open
black circles� and He+ ions �full red circles� produced during
scattering of 7.5 keV neutral 4He0 atoms from Al�111� under
different grazing angles of incidence �in. All distributions
are normalized to 1 at their maximum. The distributions for
outgoing ions are displaced from the distributions for outgo-
ing neutrals toward larger exit angles. This fact is opposite to
the effect of the classical image potential interaction between
a charged particle and a metal surface where the charged
particle would be attracted by its image and deflected toward
smaller polar exit angles. Thus, this interaction has to be
strongly modified by nonimagelike contributions. But, even
for a strongly modified level shift in front of the surface, it
would also be difficult to explain the shifts as the normal
energy E�

out=E sin2 �out for the maxima of the distributions
of outgoing ions is enhanced to about 15 eV with respect to
the maxima of the distributions for outgoing neutral atoms.
This value is too large to be consistent with a downward shift
of the He-1s level.32,36 Therefore, the shifts of the angular
distributions may have their origin in the production of ions
in close collisions and angle-dependent survival probabilities
for ions along the outgoing trajectory.

For the smallest two angles of incidence, �in=1.55° and
�in=1.85°, the distributions for ions are broad so that surface
steps and/or defects play an important role, responsible also
for the long tail of the distributions extending to small exit
angles. For the three largest angles, the angular distributions

FIG. 3. �Color online� Full symbols with solid curves: fractions
Pionized of initially neutral He projectiles that have been ionized at
least once along trajectory. Open symbols with dashed curves: frac-
tions PAN

+,out of ionized projectiles that are not neutralized by AN on
outgoing trajectory. Results are shown as function of energy for
scattering from Al�111� under angles of incidence �in indicated.
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are well defined and in good accord with our trajectory simu-
lations, which indicates a minor role of surface defects. We
conclude that for �in
1.85°, surface defects can be ne-
glected for ion fractions and angular distributions.

The results of the simulations are plotted in Fig. 4�b�.
While the distributions for neutrals �black open circles� are
well reproduced, the agreement for the distributions for ions
�full red circles with solid red curves� with the experimental
data is poorer. The discrepancy in the region of small polar
angles can be attributed to defects. The simulations repro-
duce the displacement of the angular distributions toward
larger polar angles for scattered ions. However, the simulated
distributions peak at too small values of the polar exit angle,
with the differences being larger for larger angles of inci-
dence. The discrepancy at large angles of incidence was al-
ready noted in the analysis of the ion fractions and is as-
cribed to deficiencies in the interactions potentials, which
become more important for closer distances of approach be-
tween He and Al atoms. In order to understand the physical
origin of the angular displacement, we plot in Fig. 4�c� simu-
lated distributions for projectiles that have never been ion-
ized �open blue triangles� for ionized projectiles Pionized �full
magenta triangles� and, from its ratio to P+, the dependence
with the polar exit angle of the �average� Auger survival
probability on the outgoing trajectories PAN

+,out �full green
squares�. PAN

+,out can be written as a function of the polar exit

angle �out by noting that, for the small values of �out, v�

=v sin��out��v�out so that �cf. Eq. �11��

PAN
+,out��out� � exp�− �/�out� , �12�

where � is a constant. This function is also plotted in Fig.
4�c� �solid green curve� and shows that the simulated PAN

+,out

follows the theoretically expected behavior of increase with
�out. On the other hand, the distribution of the ionized pro-
jectiles is peaked, decreasing for large outgoing angles.
Then, the competition between the opposite trends of Pionized
and PAN

+,out with �out determines the final shape of the distri-
bution for outgoing ions. Note also in Fig. 4�c� that Pionized is
displaced toward larger polar exit angles with respect to the
distribution of projectiles that always remain neutrals. This
indicates that the ionization process has occurred in close
collisions with Al atoms and a corresponding deflection of
ions toward larger exit angles.

In Fig. 5, we show simulated distributions for the projec-
tiles that have not been ionized �open blue triangles�, the
ionized projectiles �full magenta triangles�, and the total
number of projectiles �solid black curve� as a function of the
minimum distance of approach to a target atom. In this fig-
ure, the distributions are normalized so that they give the
calculated ion fractions. Those incident neutral atoms that
reach distances shorter than about 1.1 a.u. are ionized in the

FIG. 4. �Color online� Panel a: experimental angular distributions as function of polar exit angle �out for scattering of 7.5 keV 4He0

atoms from Al�111� under angles of incidence as indicated. Open black circles �full red circles�: outgoing atoms “0” �ions “+”�. Panel b:
simulated angular distributions for the same conditions based on AI and AN as charge transfer mechanisms. Panel c �same conditions�:
normalized angular distributions for projectiles that have never been ionized �blue open triangles� and projectiles that have been ionized at
least once �magenta full triangles with solid curve�. Ion survival probability PAN

+,out on the outgoing trajectory �full green squares� and
theoretical scaling of PAN

+,out according to Eq. �12� as function of the exit angle. All distributions are normalized to 1. Data are offset by
multiples of 1.1.
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close collision with appreciable probability on a time scale of
about tion� 0.5

0.3a.u.�40 as. At these distances, the promotion
of the He-1s level is large enough to make the Auger process
an efficient mechanism for ionization for kinetic energies
larger than 5 keV. Since the interaction potentials and the
lattice vibrations determine the distribution in distances of
closest approach of the incident particles, they are crucial
parameters, together with the ionization and neutralization
rates, for simulated ion fractions and polar distributions. We
will address this issue in Sec. VI.

V. ROLE OF RESONANT PROCESSES

As shown in Fig. 5, He+ ions are produced at distances
smaller than 1.1 a.u. to a target atom where the promoted He
level overlaps with the conduction band and, consequently,
resonant processes cannot be excluded. In this range of dis-
tances, the strong hybridization between He and Al would
require a full quantum calculation for these processes which
is outside the scope of the present work. A semiclassical
calculation is used here to calculate the rates for resonant
neutralization and resonant ionization.

In general, the level width ��Ea ,za� of an atomic level of
energy Ea interacting with a continuum of states at a distance
za is defined as the imaginary part of its self-energy,

��Ea,za� = − 2 Im �
k

Tk
2�za�

1

Ea − �k + i�
, �13�

where Tk�za� are the hopping matrix elements between the
atom and the continuum of k states of energy �k and � is an
infinitesimal. We now assume that the matrix elements de-
pend only on energy and change �k by �d�����, with ����
being the density of states. The densities of states and the
hopping matrix elements can also be expressed in a local
basis of 3s and 3p states for the case of Al. Figure 1a of Ref.
35 shows the hopping matrix elements between He and Al,
where the hopping with the 3pz orbital goes to zero for the
distances shorter than 1 a.u. Moreover, the total charge of
this orbital is small �0.15 electrons� in comparison with the
one of the 3s orbital �0.89 electrons�. Then, keeping only the
contribution of the 3s orbital of Al to the level width, we
have

��Ea,za� = 2��3s�Ea��T3s�za��2. �14�

The rates for resonant neutralization �RN� and ionization
�RI� are obtained from Eq. �14� as3

1

	RN
�Ea,za� = gcfFD�Ea,v���Ea,za� �15�

and

1

	RI
�Ea,za� = gl�1 − fFD�Ea,v����Ea,za� , �16�

respectively. fFD�� ,v� is the Fermi-Dirac distribution func-
tion modified by the parallel velocity2,3,11 and gc=1 and gl
=2 are the statistical spin factors for capture and loss2,11 of
one electron by He+ and He0, respectively. We assume a
constant density of states containing 0.89 electrons up to the
Fermi level. We have checked that this simple model repro-
duces the magnitude and the trends with projectile energy of
the full quantum calculations of the ion fractions of Refs. 35
and 46 if we use gc=gl=1 as it is appropriate for a compari-
son with those spinless calculations. We think that our ap-
proximation will give the order of magnitude of the ion frac-
tions in the present case.

The resonant rates are plotted in Fig. 6 for parallel ener-
gies of 4 and 8 keV. The rates have been calculated using
Eqs. �15� and �16� up to the distance of 0.75 a.u. and satu-
rated for shorter distances. This is because, for za
�0.75 a.u., the values of Ea are such that the calculated
densities of 3s and 3p states and, consequently, the resonant
ionization rate go to zero. This kind of behavior does not
seem realistic, and actually it would not occur if higher Al
states would be included in our theory or in a free-electron
description of the conduction band. We consider the satura-
tion of the rate to be a reasonable approximation. Comparing
the resonant ionization rate with the Auger rate of Fig. 1 for
8 keV, we note that the resonant rate is typically a factor of 2
larger than the Auger rate at short distances. However, the
resonant rate goes to zero as soon as the He level is below

FIG. 5. �Color online� Simulated �for charge transfer mecha-
nisms AI and AN� distributions as function of minimum distance to
a target atom for: all projectiles �black solid curve�, projectiles that
have not been ionized �blue open triangles�, and projectiles that
have been ionized �magenta full triangles�. The incident energy of
4He0 atoms is 7.5 keV at grazing angles of incidence as indicated.
The maxima of distributions for all projectiles are normalized to
one and other distributions are normalized to give the correct ion
fractions. Results for different angles of incidence offset by mul-
tiples of 1.1.
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the Fermi level. On the other hand, the resonant rates depend
weakly on projectile velocity �except for the small range of
distances where the He-1s level crosses the Fermi level�
while the Auger ionization rate depends exponentially on
velocity. These differences produce the differences in our
calculated ion fractions considering Auger or resonant pro-
cesses at the smaller energies and angles of incidence.

The simulated ion fractions due to resonant processes are
plotted in Fig. 7 together with the experimental results. We
see that this order-of-magnitude calculation reproduces the
experimental trends even though it tends to overestimate the
increase in the ion fractions with angle of incidence. We thus
conclude that Auger and resonant processes are equally im-
portant for ionization of He on Al�111�. The simulated polar
angular distributions are not very different to the ones shown
in Figs. 4�b� and 5 obtained for Auger processes as in both
cases ions are produced under similar conditions, i.e., in

close collisions with thermally displaced target atoms.
In this work, we are basically interested in the ionization

process of He0, initially in its ground state. We estimate the
rates for the resonant neutralization/ionization to the 1s state
of He as competing with Auger processes to the same state.
Once He+ is formed, resonant as well as Auger charge trans-
fer can occur to excited states due to the large parallel veloc-
ity of the projectile. These processes might also play a role in
the measured ion fractions. However, the large spatial extent
of the excited states makes it even more difficult to describe
its interaction with the metal surface, and we do not attempt
any estimation of its contribution here.

VI. ROLE OF INTERACTION POTENTIAL AND
LATTICE VIBRATIONS

Figure 8, shows simulated polar angular distributions of
neutrals and ions for incident 4He0 scattered from Al�111�
with E=7.5 keV and �in=2.15°, obtained by changing the
screening length of the OCB potential or the rms �root-mean-
square� amplitude of the thermal displacements by �20%.
All the distributions have been normalized to 1 at their maxi-
mum. Panels a and b present results using Auger and reso-
nant processes, respectively. As we have anticipated, the pa-
rameters defining the interaction potentials have a major
influence on the widths and the position of the maximum of
the distributions, independent of the mechanism of charge
transfer, since both operate essentially in the same range of
distances.49 The respective ion fractions as a function of en-
ergy are shown in panels c and d. As expected, the ion frac-
tions increase �decrease� if the probability for close collisions
with thermally displaced target atoms is increased �de-
creased� by weakening �strengthening� the potential or en-
hancing �reducing� the amplitude of thermal vibrations.

VII. COMBINED TREATMENT OF AUGER AND
RESONANT PROCESSES

In Fig. 9, we summarize our main findings. Figure 9�a�
shows ion fractions resulting from a calculation that includes
Auger and resonant processes. These present very much the
same characteristics already discussed. In Fig. 9�b�, we
present the same results but with the Auger neutralization
rate multiplied by the factor of 1.2 mentioned above. The
remarkable agreement between theory and experiment
should not be overestimated in view of the limitations and
approximations of the theory. A more refined and realistic
theory should be based on improved calculations of interac-
tion potentials, level shifts, thermal displacements, and tran-
sition rates including Auger ionization and neutralization as
well as resonant processes for a quantitative description of
charge transfer.

A better control of the relative contributions of Auger and
resonant ionization processes could be achieved using metal
surfaces with a larger threshold energy for RI as, e.g., Cu or
Ag.18,26,38 Under the present experimental conditions, this
may result in a dominance of the AI process; however, the
electronic structure of the surface is more complex. An op-
tion is the use of different isotopes of He for a controlled

FIG. 6. �Color online� RN �thin solid black curve and thin dot-
ted red curve� and RI �thick dashed black curve and thick dash-
dotted red curve� rates as function of distance from a target atom for
energies E=4 keV �thin solid black curve and thick dashed black
curve� and E=8 keV �thin dotted red curve and thick dash-dotted
red curve�.

FIG. 7. �Color online� Ion fractions as function of energy for
scattering of 4He0 from Al�111� under grazing angles of incidence
indicated. Full symbols: experimental results; open symbols with
curves: simulation including AN, RI, and RN as charge transfer
mechanisms.
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variation in the projectile velocity for the same trajectories
�same interaction potential for isotopes�. Changes in velocity
affect the AI but almost not the RI rates. This may allow one
to isolate the contribution to ionization of the AI process. A
suppression of the AI process can be achieved for heavier
noble gas atoms �Ne� due to the reduced velocities at the
same energies.

VIII. CONCLUSIONS

In this work, we have analyzed experimental data on ion
fractions and polar angular distributions of scattered ions and
neutrals, produced in the ionization process of neutral He
impinging at grazing angles on Al�111�, with energy of sev-
eral keV. Our analysis focuses on the previously ignored
mechanism of Auger ionization. We first calculate the rate
for this process and find a nearly exponential dependence on
velocity, energy level, and distance to the surface. From
molecular-dynamics and Monte Carlo simulations of projec-
tile trajectory and charge state, this process turns out to be an
efficient mechanism of ionization, yielding threshold behav-
ior and angular dependencies of ion fractions in quantitative
agreement with experiments. The simulations show that Au-
ger ionization occurs efficiently in a range of distances where
resonant processes can also be operative. We estimate the
contributions of these processes in a simple model and find
both equally important. We also analyze the effect of the
interaction potentials and lattice vibrations, which are re-
sponsible for the probability for close collisions with target
atoms and the shape of the angular distributions. Excellent

FIG. 8. �Color online� Simulated polar angular distributions for outgoing ions and neutrals �panels a and b, E=7.5 keV� and ion fractions
as function of energy �panels c and d� for scattering of 4He0 atoms under �in=2.15° from Al�111�. 1.2 /1.0 /0.8
 rms displ.: rms amplitudes
of thermal displacements multiplied by 1.2/1.0/0.8. 1.2 /1.0 /0.8
aOCB: screening length of the OCB potential �Ref. 44� multiplied by
1.2/1.0/0.8. Different results are offset by multiples of 1.1.

FIG. 9. �Color online� Ion fractions as function of energy for
scattering of 4He0 under grazing angles of indicated from Al�111�.
Full symbols: experimental data; open symbols with curves: simu-
lations. Panel a: theoretical simulations including all charge transfer
processes �AI, AN, RI, and RN� with original theoretical rates.
Panel b: same as panel a but AN rate increased by a factor of 1.2.
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agreement between measured and simulated ion fractions is
obtained if we include resonant and Auger processes and, in
addition, multiply the Auger neutralization rate by a factor of
1.2. This factor, which is within the estimated error of the
theory, was previously found in our analysis of ion survival.
We conclude that a realistic description of charge transfer
between He and metal surfaces should include Auger ioniza-
tion as well as Auger neutralization and resonant processes.
In particular, the process of Auger ionization should be con-
sidered as one of the possible mechanisms involved in the

so-called collision induced ionization/neutralization regime
of atom-solid interactions.18,26,38,41
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