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Auger Neutralization of He Ions at an Al(100) Surface Using Isotope Effect
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He atoms and ions of the isotopes 3He and 4He are scattered with keV energies under a grazing angle of
incidence from a flat and clean Al(100) surface. For the two isotopes we investigate Auger neutralization
of incident He� and He2� ions via fractions of surviving ions. Pronounced effects for the different
isotopes are observed which can be attributed to different time scales concerning the neutralization
process of He ions in front of a metal surface. From the analysis of the data obtained for singly and doubly
charged ions we find evidence that charge fractions for scattering of He� ions from an Al surface result
predominantly from a direct (Auger) electron capture event.
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Electronic transfer processes during the interaction of
atomic particles with solid surfaces play an important role
for a variety of phenomena and applications. Therefore,
substantial efforts have been invested over the last decades
to provide a fundamental understanding for the relevant
microscopic interaction mechanisms. It turns out that the
binding energy of the atoms, the electronic structure of the
surface, as well as the dynamic regime, determine the
outcome of atom-surface collisions in a decisive manner.
Collisions with energies in the hyperthermal regime (en-
ergies of up to some 10 eV) are specifically sensitive to
properties of surfaces, since projectiles do not penetrate the
vacuum-solid interface and electronic interactions and
charge transfer take place in front of the topmost layer of
surface atoms [1].

Two basic mechanisms for the neutralization of ions at
metal surfaces have been identified: (1) resonant neutrali-
zation (RN) where the energy of the electron active in
charge transfer is conserved during a one-electron transi-
tion, and (2) Auger neutralization (AN) where electronic
energies are shared in a two-electron transition. For the
neutralization of atoms with high binding energies, i.e.,
noble gas atoms, AN dominates charge transfer. A micro-
scopic understanding of basic features of these two funda-
mental interaction mechanisms was already provided in the
pioneering work of Hagstrum [2] in the 1950s. In these
studies, the (Auger) neutralization of noble gas ions in
front of metal surfaces was analyzed in terms of Auger
transition rates and shifted atomic levels (owing to re-
sponse of electron gas to presence of atom). By approx-
imating the level shifts using the concept of classical image
charges, Hagstrum deduced from energy shifts in electron
spectra effective distances for charge transfer and Auger
transition rates for the neutralization of various noble gas
ion metal combinations. Later studies on this problem [3–
5] were in accord with this work.

However, until recently the experimentally derived AN
rates showed substantial discrepancies of up to several
orders of magnitude compared to calculations [6–8]. The
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poor agreement between experiment and theory was attrib-
uted to the complexity of the problem, but also more recent
and sophisticated calculations could not remove the dis-
crepancy [8]. For theoretical transition rates, one has small
effective distances for charge transfer, where level shifts
derived from the approximation of classical image charges
are too large compared to experiments.

In work performed by various groups in recent years,
this puzzle concerning a microscopic understanding for
AN of noble gas atoms at metal surfaces could be resolved
[6,9–18]. It turns out that the energy shift of the atomic
level during the interaction plays a key role. AN of He� is
of particular interest here, since the binding energy of
unperturbed He atoms is sufficiently large to exclude con-
tributions from RN of the ground state. Aside from effects
of excited levels, neutralization of He� in front of an Al
surface (prototype of free-electron metal) can be consid-
ered as a model system for studies of AN of ions at surfaces
[5–10,17,19].

van Someren et al. [11], Merino et al. [9], and More
et al. [10] argued for AN of He� ions in front of an Al
surface that the approximation using classical image
charges for the dielectric response and level shift of the
He ground state energy breaks down at several a.u. (atomic
unit of length) from the topmost surface layer. Then the
level shift close to the surface is clearly modified, and
experimentally observed response effects are consistent
with effective charge exchange closer to the surface caused
by small AN transition rates. Important support for this
interpretation came from the observation of fractions of
surviving incident ions for grazing scattering from the
target surface [12–15,17], where projectiles are specularly
reflected with well-defined trajectories in front of the top-
most surface layer (surface channeling) [20,21]. The sur-
vival of ions over complete trajectories can only be
understood by sufficiently small AN transition rates as
predicted by theory.

Recently, it could be shown for Ag(111) and Ag(110)
that the fractions of surviving He� ions depend strongly on
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the orientation of the crystal surface, i.e., the position of the
electronic reference plane (e.g., ‘‘jellium edge’’) [6,14].
From comparison of angular distributions for incident
atoms and ions or from electron spectra, the energy shift
of the ground state of the He atom close to the surface was
measured and shows a change in sign from the (positive)
image charge limit to negative values for sufficiently close
distances (about 3 a.u. from topmost surface layer) [16,17].
As a result, substantial details on the interaction scenario of
He� ions in front of metal surfaces are currently available.

Despite this considerable recent progress, however, it is
so far an unsolved question to what extent transient pop-
ulations of excited levels in He atoms and other mecha-
nisms may affect final charge state distributions. This
would considerably modify the analysis and interpretation
of measured charge fractions. From the work function of an
Al surface (about 4.3 eV), effects involving, e.g., the
metastable He 2s levels, cannot be excluded [22]. In this
Letter we present experiments performed with two differ-
ent He isotopes (3He� and 4He�) which provide in a
straightforward manner evidence for the dominance of
one specific charge transfer process, i.e., AN.

The concept of our study is based on the feature that
trajectories of fast atoms and ions during surface scattering
result from the effective interaction potential and the ki-
netic energy of the projectiles. Since the interaction poten-
tial is determined by the electronic structure and charge of
the projectile, different isotopes of the same sort of atom
follow identical trajectories for the same scattering con-
ditions with respect to projectile energy and angle of
incidence. Key issues in using different isotopes are the
different velocities at the same kinetic energy and the
resulting different interaction times with the solid. For a
given projectile energy E � Mv2=2, interaction times
scale as tint � �M��1=2. As a consequence, the time scales
for collisions of 3He and 4He projectiles with the surface
differ by a factor of �3=4�1=2 � 0:866.

The description of the dynamics in charge transfer of
He� ions in front of a metal surface via AN as dominant
channel can be performed with a simple rate equation
approach based on an AN rate �A�z� with z being a coor-
dinate normal to the surface referred to the topmost atomic
layer. Following the neutralization over the complete tra-
jectory gives for the probability for survival in the charge
state of the incident ion

Psurv � exp
�
�
Z

traj
�A�z�

dz
vz

�
; (1)
FIG. 1. Ion fractions as function of normal energy for grazing
scattering of 3He� (full symbols, 1.5 keV and 2 keV) and 4He�

ions (open symbols, 2 keV and 3 keV) from Al(100).
where vz is the projectile velocity component along z
which governs the interaction time with the surface. For
surface scattering under a glancing angle �in and a scat-
tering potential V�z�, the energy of motion along the sur-
face normal (z axis) is Ez � Esin2�in � V�z�, with
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vz � �2Ez=M�1=2 we obtain from Eq. (1)

log e�Psurv�=M1=2 � �
Z

traj
�A�z�

dz

�2Ez�1=2
: (2)

For a scenario described by a single transition rate, ion
fractions for different isotopes scale according to
loge�Psurv�=�M�

1=2. On the other hand, for a more complex
scenario we expect deviations from this scaling of data.

In our experiments we have scattered the two stable
isotopes (mass M � 3 amu and 4 amu) of He� and He2�

ions as well as He0 atoms with keV energies from a clean
and flat Al(100) surface under a grazing angle of incidence
of typically �in � 1� and observed charge fractions of
reflected projectiles. The target surface was prepared by
cycles of grazing sputtering with 25 keV Ar� ions and
subsequent annealing. The direction of the incident beam
was aligned along a high index crystallographic direction
in the surface plane of the target (’’random orientation’’), in
order to avoid effects on the ion fractions owing to different
trajectories under axial surface channeling [18]. Scattered
projectiles are recorded at a distance of 66 cm behind the
target by means of a position sensitive channel plate de-
tector where charged fractions of the beams were separated
by biasing a pair of electric field plates.

In Fig. 1 we show ion fractions after scattering of 3He�

and 4He� ions with energies ranging from E � 1:5 to
3 keV from Al(100) as function of the (initial) normal
energy Eoz � Esin2�in (tuned via adjustment of incidence
angle). The small ion fractions for impact of ions are
attributed to survival of projectiles in the initial charge
state [12–14,17,18]. For neutral projectiles the observed
ion fractions are more than 1 order of magnitude smaller so
that reionization processes can be neglected here. A strik-
ing feature of the data is a pronounced isotope effect for the
fractions of surviving ions. Since, at given projectile en-
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ergies, interaction times for the lighter isotope 3He are
smaller by a factor of 0.866 (see above), less time is
available at a given electron transition rate for neutraliza-
tion of the projectile. This effect enhances the ion fractions
by a factor of about three here.

The observed interaction time effects are closely related
to different regimes of energy and velocity for the different
isotopes. This difference can be illustrated by enhancing
Eoz for 4He atoms by a factor 4=3 so that the atoms interact
in the same velocity and time regime as 3He atoms. Since
for different energies, however, the trajectories for the two
isotopes are different, the two cases will not have the same
outcome. Our experimental ion fractions show this feature
very clearly.

Recently a pronounced effect of the ion fractions on the
crystal face was concluded from the comparison of data for
Ag(111) and Ag(110) surfaces [14]. This observation
might be affected by the rather complex electronic struc-
ture, in particular, of the Ag(111) surface (projected band
gap within the conduction band, contributions of localized
3d electrons). When comparing the ion fractions for 4He�

ions and Al(100) as shown in Fig. 1 with data obtained
previously by us for Al(111) [17], we reveal in the present
case ion fractions for the more open surface [Al(100)]
which exceed those measured for Al(111) by a factor of
about four. This provides clear support for the effect re-
ported by Bandurin et al. [14].

We have scattered also He2� ions, in order to demon-
strate the result of a more complex electron transfer sce-
nario on our evaluation of data. Ion fractions for 3He2� and
4He2� projectiles are displayed in Fig. 2 and show also a
pronounced isotope effect. Since the He2� projectiles have
two 1s vacancies and a higher potential energy, the neu-
tralization scenario is richer than for He� ions. As outlined
by Becker and Hagstrum [23] and in detail by Niehaus
et al. [24,25], various processes involving ground and
excited states contribute to the neutralization of He2�
FIG. 2. Ion fractions as function of normal energy for grazing
scattering of 3He2� (full symbols, 2 keV and 3 keV) and 4He2�

ions (open symbols, 4 keV and 6 keV) from Al(100).
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ions. Only after filling of the first 1s hole in the projectile
ion, AN of the remaining 1s vacancy can take place.
Therefore, the onset of AN (or other mechanisms of final
neutralization) is delayed; the reduced time for AN leads to
an enhancement of ion survival compared to singly
charged ions. Note that ion fractions for He2� projectiles
are almost an order of magnitude larger than for He�

impact. Different interaction times explain also the isotope
effect observed for He2� ions, since for 3He2� ions less
time is available for filling of the 1s vacancies in two
consecutive processes.

Based on Eq. (2) we analyze the fractions for ion sur-
vival by a plot of loge�P

��=M1=2 as function of the normal
energy Eoz in Fig. 3. The plot reveals that the different ion
fractions observed for the two isotopes can be well cor-
rected with respect to effects caused by the interaction time
for singly charged ions, whereas for doubly charged pro-
jectiles this procedure fails. We conclude from this finding
that neutralization of He� ions is dominated here by a
single process (AN) with transition rate �A.

In order to demonstrate the additional information ob-
tained by our method, we have investigated possible con-
tributions of the metastable 2s levels via computer
simulations on level populations based on a rate equation
approach. With an adjustment of the AN rate ��z� �
0:0196 a:u: exp���z� zo�=1:1 a:u:	 which saturates at
zo � 1:3 a:u: and an appropriate scattering potential
[9,21], our data are well reproduced, and the different
interaction times are perfectly corrected (c.f. dotted curve
in inset of Fig. 3). However, for incorporation of resonant
FIG. 3. loge�P
��=M1=2 as function of normal energy for scat-

tering of 3He� (full circles), 4He� (open circles), 3He2� (full
squares), 4He2� ions (open squares) from Al(100). Inset shows
part of data for 3He� and 4He� ions on enlarged scale; system-
atic uncertainties of data are estimated to be of same order as
scatter of data. Dotted curve: simulation for both isotopes using
single AN rate 0.0196 a.u. exp���z� zo�=1:1 a:u:	; solid curve:
simulation for 3He� with AN rate 0.01785 a.u. exp���z�
zo�=1:1 a:u:	 and occupation of 2s level; dashed curve: same
for 4He�. For details, see text.
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neutralization and ionization of 2s in the simulations using
theoretical transition rates [22,26], we can adjust with a
slightly reduced AN rate the calculations to the data for
3He� (solid curve in inset), but we then find a clear
deviation for 4He� (dashed curve in inset). Since this shift
is not found in the data, excited states can have only small
contributions to ion survival. A quantitative estimate, how-
ever, is beyond the scope of the present Letter.

The plot in Fig. 3 for the He2� data indicates that the
description of charge exchange based on a single transition
rate is not adequate. This is expected from the neutraliza-
tion scenario for He2� ions as derived from electron spec-
troscopy [23,24]. The deviation between the reduced data
for the two isotopes provides support for the concept of our
method for detailed studies on charge transfer.

In conclusion, we have performed studies on AN at a
metal surface by making use of the different time regimes
for scattering of the two stable isotopes of He atoms and
ions. Since the trajectories for atomic projectiles result
from their energy and the scattering geometry, interaction
processes at surfaces can be studied for different time
regimes in a defined manner. In our work on the neutral-
ization of He� ions at Al(100) via AN we observe pro-
nounced differences in the fractions of surviving ions (for
neutral projectiles no ions are detected here) for 3He� and
4He� ions. We show that this effect is caused by different
interaction times for scattering along the same trajectories.
The ion fractions observed for the different isotopes can be
well referred to each other in terms of a rate equation
approach assuming one defined transition rate. We con-
clude that AN into the 1s2 ground state of the He atom is
the absolutely dominant process for neutralization of scat-
tered ions and determines the resulting fractions of surviv-
ing ions.

For He2� ions we also observe a pronounced isotope
effect and clearly larger fractions of surviving ions than for
He�. The reduction of the He2� data in terms of a single
process fails owing to the complex scenario involving a
sequence of different charge transfer processes. This latter
observation supports our interpretation of results for singly
charged ions. Thus we have presently arrived at a rather
complete conceptual understanding for the Auger process
of He� ions in front of metal surfaces. The considerable
recent progress for this fundamental system in atom-
surface interactions provides a profound basis for a de-
tailed microscopic theoretical study.
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