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Single versus double 2p excitation in neon projectiles scattered from surfaces
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We scattered 0.45–5 keV Ne+ ions at Al surfaces, performing angle resolved measurements of electron spectra
from autoionizing decay of excitations in the scattered projectiles, produced by electron promotion in close
atomic encounters with target atoms. The shift and the broadening of the autoionization lines due to the motion
of the emitting atoms in vacuum show that the double 2p excitation in neon projectiles occurs simultaneously in a
single scattering event and not in two consecutive collisions, as commonly assumed. Implications of our findings
are commented upon for their relevance in research on charge exchange and energy deposition in ion-solid
interactions, which are expected to be of interest for many fields.
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I. INTRODUCTION

Charge exchange and electronic interactions during the
scattering of charged particles at solid surfaces are impor-
tant in a wide variety of research areas and applications,
including spectroscopy and microscopy of surfaces and
two-dimensional (2D) materials, gas discharge, particle ac-
celerators, biomedical research, and the space environment
[1–8]. Historically, the scattering of energetic ions at surfaces
has been described by the classical dynamics of two-body
elastic collisions. Within this framework, charge exchange
phenomena have been included by the long range resonant,
Auger, or plasmon assisted electron transfer processes [9–15],
which occur at a large distance from the surface and there-
fore are treated separately from the close encounter of the
projectile with a target atom. In real ion scattering events,
however, there is clear evidence that inelastic effects during
binary atomic collisions also play a crucial role in determining
the charge and excitation states of the scattered projectiles
[16–26]. For example, a substantial deviation from the pre-
diction of the model of neutralization at a jellium surfaces has
been recently reported for the ion fraction of sodium ions im-
pinging on aluminum surfaces [16,17], and has been ascribed
to the formation of extra Na+ ions due to the Auger decay
of the projectiles’ excited states [18], formed in collisions
with Al atoms. These collisional excitations are generally
described within a molecular orbital (MO) model, that de-
scribes the collision systems as transient quasimolecules in
which some MOs are promoted to higher energies [27–29].
For atomic collisions in a solid environment, it is commonly
accepted that excitation results from promotion of one elec-
tron into the continuum of conduction band states [30–32].
For the most investigated He and Ne projectiles, this process
entails an inelastic loss of about 20 eV, due to the promo-
tion of the projectiles’ 1s and 2p levels, respectively [33,34].
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Recently, this model has been used to interpret the large
difference between the energy losses [24,25] of projectiles
heavier than protons, including helium and neon, transmitted
through Si foils along channeled and random trajectories, for
which charge exchange collisions are more frequent. Since
the energy loss of about 20 eV predicted in the one-electron
excitation model is too low to account for the observed losses,
it has been argued that electron capture and loss processes
produce a trajectory dependence of the mean charge states,
so that the collisionally reionized projectiles suffer larger
energy losses while traveling along the random trajectory in
a charged state, before being neutralized again by electron
capture [25]. On the other hand, however, this interpretation
neglects several known processes which entail larger energy
losses, such as the simultaneous excitation of two 2p elec-
trons [35–47], and the involvement of a deeper electronic
shell in the promotion process at higher impact energies
[37,39,48–52].

In view of its relevance in both charge fractions and en-
ergy loss studies, in this work we address the question of
the relative importance of one-electron versus simultaneous
excitation of two 2p electrons for neon projectiles at Al sur-
faces. We performed angle resolved measurements of electron
spectra from autoionizing decay of 2p excitations in the scat-
tered projectiles, produced by electron promotion in close
atomic encounters with target atoms. We discuss experimental
evidence demonstrating that the excitation of two 2p electrons
in neon occurs simultaneously, in a single scattering event
and not in two consecutive collisions, as expected in the one-
electron excitation model.

II. EXPERIMENTS

The experiments were performed in a previously described
UHV chamber setup [18,19], with a base pressure of 3 ×
10−10 Torr. Singly charged neon ions were produced in an
electron impact source, operated at a low discharge voltage
of 30 V to avoid significant amounts of doubly charged ions
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FIG. 1. Ne autoionization spectrum obtained by bombarding an
Al surface with 5-keV Ne+ ions incident at an angle of �i = 80◦ and
an observation angle �e = 60◦ relative to the surface normal.

reaching the surface with twice the energy. The absence of
contamination with doubly charged ions was routinely ver-
ified by measuring the threshold energy for the observation
of the Auger signal of both projectiles and target atoms [42].
The ion beam currents were of the order of 10−9 A and had
a Gaussian spatial distribution in both horizontal and vertical
directions, as measured by a movable Faraday cup situated
in the target position. To reduce the bombardment-induced
topography problem and to avoid the change in the analyzer
detection area with detection angles, the beam was set to
raster over a large sample surface of 4 × 4 mm2, constant for
all incidence angles. The polycrystalline Al samples (with
99.999% purity) were mounted on a rotatable manipulator
and were sputter cleaned by 6-keV Ar+ bombardment. The
energy distributions of emitted electrons were acquired by a
hemispherical analyzer mounted on a rotatable goniometer
that had semiacceptance angles of 1.5° and was operated at
a constant pass energy of 20 eV. The incidence angle �i and
the observation angle �e (measured with respect to the surface
normal) were varied independently. The ion beam, the surface
normal, and the analyzer axes were coplanar, as sketched in
Fig. 1.

III. FORMATION OF AUTOIONIZING STATES

Figure 1 reports a representative spectrum of electrons
emitted with energies in the 18–30 eV energy range during the
impact of Ne+ ions on an Al surface for an incident ion energy
Ei = 5 keV and for an incidence angle �i = 80◦ and obser-
vation angle �e = 60◦. The spectrum shows two prominent
features, labeled Ne-I and Ne-II in Fig. 1, and a weaker one
labeled “b.” Ne-I and Ne-II are due, respectively, to the decay
of a triplet Ne∗∗[2p4(3P)3s2] and a singlet Ne∗∗[2p4(1D)3s2]
doubly excited state. As discussed below, the position and the

width of the peaks is typical of atomic transitions, indicating
that they result from the decay in vacuum of reflected pro-
jectiles [35].The formation of these excited states has been
described within the framework of the “three steps” model,
by dividing the interaction of the incoming ions with the
surface into three segments: the incoming trajectory, the bi-
nary atomic collision, and the outgoing trajectory. In the first
step, incoming ions are efficiently neutralized to their ground
state [12,35,37], so that only a few percent survive as an ion.
During the subsequent binary collision with an Al atom, 2p
excitation in neon occurs because of electron promotion. The
promoted MO is the 4fσ state, correlated to the 2p atomic
orbital of the lighter collision partner, as shown by correlation
diagrams [17,27,28,35]. The final charge and excitation state
of scattered projectiles is determined in the outgoing trajec-
tory by charge exchange with the surface, that can alter the 2p
configuration and/or can feed their outer shell. This sequence
of processes results in the formation of many 2p excited states,
whose decay produces several spectral features [35–41], the
most prominent of which are Ne-I and Ne-II. An important
aspect of these excitation processes in solids is that they result
in the strong production of the triplet 3P state, which cannot
be produced by the promotion of the 4 f σ state and is virtually
absent in gas phase collisions [35]. This implies that the solid
environment enables charge rearrangement mechanisms lead-
ing to the singlet to triplet conversion. Several possible charge
rearrangement mechanisms have been proposed [35,37,40].
Here we observe that observation of the triplet state provides
a first argument against the reionization model. Within the
framework of the reionization mechanism [33], the triplet
state can be created only in a collision involving a Ne+ that
survived surface neutralization with a hole originally present
in the 2p level correlated to the 3dπ MO, so that the promo-
tion of one 4 f σ electron leads to the triplet configuration. This
implies that collisions involving neutral projectiles should not
lead to the triplet configuration, in contrast with the very
similar singlet to triplet intensity ratio observed for the impact
of both Ne+ ions and Ne0 neutrals [35–38].

For the weak feature labeled “b” in Fig. 1, sev-
eral initial excited states are possible [39]. These include
Ne[2p4(3P)3s3p] of neutral Ne, the Ne+[2p3(4S)3s2(4S)]
and some Ne+(2s2p5nl ) and Ne (2s2p6nl) configurations.
In particular, the Ne+2p3 states can be formed in collisions
involving Ne+ ions that have survived surface neutralization
with a hole in the 2p levels correlated with the 3dπ molecular
orbital. The 2s excitation becomes possible by 3pσ -3pπ rota-
tional coupling closer to the united atom limit, which requires
a small approach distance, consistently with the observation
that the associated features become important at higher impact
energies [39]. This last excitation has been revealed through
photon spectroscopy for 15-keV Ne+ impact [37].

IV. LINE-SHAPE VARIATIONS

The spectral features in Fig. 1 appear significantly shifted
to higher energy, with respect to their expected values
(20.35 eV for Ne-I and 23.55 eV for Ne-II). This is visualized
in Fig. 2 which reports spectra acquired at varying incident ion
energy in the range Ei = 0.45–5 keV and for fixed incidence
angle �i = 60◦ and observation angle �e = 80◦. Since the
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FIG. 2. Ne autoionization spectra at different energies for an
incidence angle of �i = 60◦ and an observation angle �e = 80◦

relative to the surface normal. The spectra have been normalized to
the same height, and shifted on the vertical scale in proportion to the
ion energy. The circles mark the position of the Ne-I feature, showing
a parabolic Doppler shift.

autoionizing projectiles are moving, the energy Klab of Auger
electrons measured in the laboratory frame will be shifted by
�K = Klab − K0 ∼ mv0vI cos α = √

2mK0vI cos α, where

v0 =
√

2K0
m is the velocity of the electron in the frame of

the projectile moving with velocity vI , and α is the angle
between directions of motion of the atom and of the emitted
electron (i.e., vI cos α is the component of the velocity of the
emitting source in the analyzer direction); m is the electron
mass, and we used the condition that vI � v0. The measured
energy spectrum of emitted electrons is therefore “Doppler”
shifted and broadened [53], according to the distribution of
the velocity components of the decaying atoms in the direction
of observation. The spectra in Fig. 2 are shifted vertically by
an amount proportional to the energy of incoming projectiles,
which aids the visualization of the Doppler shift caused by the
motion of the autoionizing scattered particle, as it is indicated
by the parabolic line indicating the position of the peak Ne-I
[41,42]. At low impact energies scattered projectiles have low
energy and the peaks appear quite symmetric, and their posi-
tion is close to the unshifted value. With increasing incident
energy, scattered projectiles have higher energy, so that the
electrons collected in a forward direction will be revealed with
a positive energy shift, since the scattered flux is on average
traveling toward the analyzer.

FIG. 3. Detection-angle-resolved Ne autoionization spectra for a
primary energy of Ei = 5-keV for an incidence angle of �i = 60◦

relative to the surface normal. The spectra have been background
subtracted, normalized to the same height, and arbitrarily shifted on
the vertical scale.

With increasing ion energy, the spectra become also in-
creasingly asymmetric, broadening on the low energy side,
due to electrons emitted by excited neon atoms scattered with
lower components of velocity in the observation direction.
These projectiles with low components of velocity in the
observation directions reveal the contribution to the emission
of projectiles severely scattered, such as those excited in sub-
surface collisions. To gain more insight into the line-shape
changes of the spectral features, we performed measurements
as a function of the observation and the incidence angles.

Figure 3 reports the background subtracted spectra of elec-
trons emitted by the impact of 5-keV Ne+ ions on Al for
an incidence angle �i = 60◦ at varying observation angles
�e. The spectra have been normalized to the same maximum
height to compare line shapes. Figure 3 shows that the peak
energy increases as �e is changed from 0° to 80°. The shift
toward higher energies of the peaks in Fig. 3 reveals that
components of velocity in the direction of observation of
the emitting neon are on average increasing with �e. Since
the classical physics of two-body collisions shows that the
energy of the scattered projectile increases as the scattering
angle is decreased, this observation is a clear signal of the
dominance of the single scattering regime, consistently also
with results of simulations reported in the literature [37,38].
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FIG. 4. Hard collision inelasticities for scattered Ne+ resulting
from Ne+ impact on Al [44] and on Si [43].

This conclusion is further corroborated by comparison with
the inelasticities Qbin (reproduced in Fig. 4 from Refs. [43,44])
measured in single scattering experiments of Ne ions on Al
and Si as a function of the closest approach distance Rmin.
Starting from a threshold of about 0.7–0.8 Å, Qbin for Al
steadily increase as Rmin decreases until saturation behavior
occurs for both targets for Rmin around 0.5 Å. Collisions with
Si targets show the same behavior with a lower Rmin, due to
the larger mass of the target atom. For both targets, the values
of Qbin in the saturation region correspond to the 45-eV loss
needed to form the doubly excited autoionizing states of Ne in
the hard collision from a projectile that has been neutralized
on the incoming path. Evidence for direct ionization of Ne0 to
Ne+ (Qbin ∼ 20 eV), expected in the one-electron excitation
and reionization model, has not been observed. Therefore,
there is full correspondence between energy losses measured
in ion scattering experiments and electron spectroscopy data
relating to the autoionizing decay of neon projectiles, which
verifies that the simultaneous excitation of the two 2p elec-
trons in neon projectiles is conclusively established.

As mentioned above, Figs. 1–3 also reveal the onset of a
low energy tailing which asymmetrically broadens the spec-
tra. This broadening is therefore due to electrons emitted by
projectiles scattered with lower components of velocity in the
observation directions. The low energy tail extends down to
the value of the unshifted peaks, indicating that the majority of
the decaying atoms are moving with velocity components to-
ward the analyzer. To investigate the origin of these projectiles
scattered with low components of velocity in the observation
directions we performed measurements at varying the inci-
dence angle of the neon beam. Figure 5 reports the variation
of the spectral line shape with the incidence angle �i for fixed
ion energy Ei = 5 keV and observation angle �e = 60◦. The
spectra are reported normalized to beam current and width.
At near normal incidence, the autoionization peaks in Fig. 5

FIG. 5. Background subtracted autoionization spectra of neon at
varying the incidence angle �i, for a primary energy of Ei = 5 keV
and an observation angle of �e = 60◦ relative to the surface normal.
The spectra have been normalized to the beam current and width.

are very weak because most of the projectiles penetrate inside
the solid. Moreover, the peaks appear close to the unshifted
value because electrons are emitted by slow projectiles that
have been reflected in vacuum after being severely deflected
in a large angle scattering event or in a sequence of collisions
inside the solid. As the ion beam is moved to oblique inci-
dence, the Auger intensity increases and the Doppler effects in
the position and the asymmetrically broadened line shapes ap-
pear because single scattering events produce with increasing
efficiency energetic excited projectiles reflected in vacuum.
Our conclusions agree with earlier experimental results for
the Ne-Al and the Ne-Mg collision systems at lower energies
[37,41]. These experiments showed that the intensity of the
autoionization lines Ne-I and Ne-II increase and reach max-
imum values around 70°–80°. At larger incidence angle the
intensity of emission decreases because the projectiles cannot
get close enough to the target atom to determine excitation, as
also shown by simulations [37]. This is also consistent with
the strong suppression of the autoionization peaks at grazing
incidence on carefully prepared flat surfaces [39].

V. CONCLUDING REMARKS

Thus the shift and the asymmetric broadening of the au-
toionization peaks are determined by the angular and energy
distributions of excited scattered projectiles, reflecting the
kinematic properties of two-body scattering. This allows us
to conclude that double excitations in reflected projectiles are
efficiently produced in single scattering events. When this
scattering event occurs inside the solid during the collision
cascade, prevalent for near normal incidence, the excited pro-
jectiles will be reflected with low energy and revealed in the
asymmetric spectral broadening.
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The above results have implications in recent investigations
on energy deposition [24,25] and on charge fraction measure-
ments [16,17]. For instance, the energy losses of heavy ions
transmitted through Si foils along random trajectories [24,25]
can be traced back to the several promotion processes that
are operative in the energy range from several tens to some
hundreds of keV of those experiments. Besides the 4 f σ and
the 3pσ -3pπ promotion discussed above, also the 2pσ -2pπ
promotion [48,49] should be considered. For collisions in
solid targets, promotion from the 2pσ MO (correlated to the
1s level of the lighter atom) is possible, provided charge
transfer and/or solid target effects in previous collisions pro-
duced holes in the L2,3 levels of the heavier partner, correlated
to the 2pπ MO [48]. K x-ray emission from Si and Ne has
been identified for the Ar-Si system [50] and from neon im-
pacting on Mg, Al, and Si [51,52]. These observations imply
large energy losses per collision. For example, the K line
of Si is at ∼1740 eV. A few of these processes explain the
different energy losses of Ar and Si projectiles along random
and channeled trajectories (see Fig. 2 of Ref. [24]). Similar
x-ray emission should be observed also in the experiments
under consideration.

The autoionization emission provides direct evidence that
ion production at the Al surface is determined by collisional
electronic excitation, as recently reported for sodium projec-
tiles, which show similar electron promotion effects to those
here reported for neon [16–19]. These electron promotion
effects depend on the actual charge states of the projectiles at
the moment of collision, that for neon leads to the production
of both 2p doubly and triply excited states. The decay of these
excited states results, respectively, in the production of singly
and doubly charged ions that determine the scattered ion frac-
tions. The same conclusion holds for sodium projectiles, since
the parent autoionizing states of sodium have been identified
in electron spectroscopy experiments [18].

In summary, the simultaneous excitation of two 2p elec-
trons in neon projectiles colliding with Al target atoms and
its dominance over one-electron excitation is undisputed. We
expect that a sizable fraction of doubly charged ions should
be observed also in the case of sodium projectiles. Since
several promotion processes become operative with increas-
ing energies, the trajectory dependence of the energy losses
recently reported in Si samples needs to be reexamined, prop-
erly considering collisional excitations that entail deep shell
promotion and large energy losses.
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