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Abstract: We measured spectra of low energy electrons emitted in the interaction of singly charged
Ne+ ions with the Mg surface at incident ion energies ranging from 50 eV to 4 keV. The study
examines issues related to the excitation of both the surface and the bulk plasmons of the target. We
will also focus on the dynamics of the production of the singlet Ne2p4(1D)3s2 and triplet Ne2p4(3P)3s2

autoionizing states of projectiles scattered in a vacuum. The threshold behavior of the autoionization
lines show that double excitation occurs simultaneously in a single scattering. The predominant
excitation of the triplet state indicates the importance of charge rearrangement and the electron
correlation effects during the collisional excitation.
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1. Introduction

Electron emission is a fundamental consequence of the interaction of charged particles
with the surfaces of solids and is of crucial importance in many applications, such as
electrical discharge, spectroscopic techniques for the characterization of materials, as well
as microscopy. Advances in all these research areas call for an improved understanding of
electronic excitation and energy deposition and conversion processes in solids [1–3]. Two
quantities are measured in studies of electron emission as a function of several variables,
such as impact energy, incidence and emission angles, surface conditions, etc. These are the
energy distributions of emitted electrons and their integrals, the electron emission yield.
Knowledge of the yield, i.e., the number of electrons emitted per incident projectile, is
generally required for these applications, while studies of the energy distribution of emitted
electrons give information on specific emission phenomena, which are individuated by
their characteristic spectral signatures. In the case of atomic projectiles, since they carry
both potential and kinetic energy, a traditional classification divides electron emission
phenomena into two main categories, namely that of potential electron emission and that
of kinetic electron emission [1,4–11]. For potential electron emission (PEE) [1,4–7], the
potential energy stored in the excited or ionized states of the projectiles is converted into
electron excitation and emission by charge transfer processes between the projectile and
the surface. The energy conversion occurs through non-local resonant and/or Auger
processes that occur outside the surface and involve the electronic structure of the solid
surface. Resonant charge transfer does not give origin to electron emission directly but
can be the precursor of an Auger deexcitation process. Moreover, resonant processes can
determine the charge and excitation state of impinging particles, which in turn determines
the excitation process during a subsequent binary atomic collision. For example, according
to the taxonomy introduced by Hagstrum [4], an incoming ion can be neutralized via
Auger neutralization (AN), which involves two electrons from the solid surface, or via an
interatomic Auger deexcitation following the resonant capture of an electron from the solid
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into an excited level of the projectile. The neutralization of incoming ions can result also
in plasmon excitation if sufficient potential energy is released in the electron capture from
the surface. This is another important mechanism for PEE that has been investigated for
free-electron metal surfaces [1,7]. The excitation of plasmons is experimentally identified by
the characteristic structure that is produced in the energy distribution of emitted electrons
when the plasmons decay, transferring their energy to a valence or conduction electron.

PEE occurs when the projectile is outside the surface. It depends on the distance
from the surface but does not require the motion of the projectiles. However, this motion
influences the process via the distance-dependent shift of the energy levels of the atomic
projectile and the non-adiabaticity of the interaction with the surface. This introduces a
velocity-dependent broadening of the spectra of emitted electrons [12,13]. Therefore, PEE
dominates the emission at a low impact energy, while the transfer of the kinetic energy of
incoming particles (kinetic electron emission—KEE) [8–11] becomes increasingly important
with increasing ion energy. KEE can occur by the excitation of solid valence electrons in
binary collisions with the projectiles [8]. The process occurs at impact energies larger than
a threshold value, determined by energy and momentum conservation. At the impact
energies of interest here, because of the large mass mismatch between the electron and
the projectile, valence electron excitation is an important mechanism for light projectiles
such as protons and helium [12]. For heavier particles, the threshold velocity for valence
electron excitation is considerably larger and, below this threshold, KEE is determined
by electron promotion [14]. In addition, electron promotion processes are characterized
by sharp thresholds. However, below the threshold for promotion, electron emission
does not vanish, implying the existence of other emission phenomena which are not yet
understood [10].

Electron promotion [14,15] is therefore one of the main subjects of investigation of this
work. It is a local process that occurs during a collision between two atoms. According
to the molecular orbital model by Fano and Lichten [14,15], the collision is treated as
the formation of a transient molecular system in which the energy of some molecular
level increases with decreasing internuclear distance. Because of the motion of the atomic
nuclei, the molecular system evolves non-adiabatically, and electrons can be transferred to
higher energy levels (electron promotion) at the adiabatically forbidden crossings between
molecular levels [14,15]. Electron promotion processes are usually studied by molecular
orbital correlation diagrams that allow for the identification of the promoted orbitals
and the threshold internuclear distance for the excitation, which is generally sharp, as
experimentally verified. Therefore, electron emission is a direct consequence of electron
promotion, as electrons can be directly promoted into the continuum. More important
for the present study, electrons can be promoted into bound excited states above the
vacuum level that decay after the collision via Auger or autoionization emission. Therefore,
this emission can be revealed and studied in detail by electron spectroscopy techniques.
As above mentioned, these excitations are well accounted for by the molecular orbital
promotion model [14] developed for collisions in the gas phase. However, the solid
nature of the target introduces new effects so that the spectra of electron emission can
be quite different from those recorded in the gas phase. Therefore, the study of these
excitations through electron spectroscopy [16–20] gives a deep insight into the important
features of particle-solid interactions, providing additional information that can supplement
those obtained by other scattering techniques, such as charge fraction and energy loss
experiments, which are currently renewing interest in these processes [21–31].

Motivated by issues raised by recent research on charge exchange and energy deposi-
tion in ion scattering from solids [23–30], we have recently investigated electron emission
processes in ion-surface interactions [1,16–20]. Those works focused on the interaction of
noble gas and sodium ions on Al surfaces. In particular, we investigated electron promotion
and its importance in the understanding of the charge state and the energy loss of projectiles
scattered from the solid. In this new work we present new results obtained for the surfaces
of Mg, another prototypical free-electron metal that has been investigated less than Al.
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We measured the spectra of low energy electrons emitted in the interaction of 50–4000 eV
Ne+ ions with atomically clean Mg surfaces. The spectra of electrons emitted from the Mg
surface give insight into the mechanisms for electronic excitation and the dynamics of the
electronic interactions during the scattering. The importance of this study on the magne-
sium target is twofold. First, we will examine plasmon excitation and decay, discussing
issues that could not be addressed in studies of Al and were not resolved by previous
works on Mg [32,33]. Second, we will also focus on the two features due to the decay of
singlet 2p4(1D)3s2 and triplet 2p4(3P)3s2 autoionizing states of scattered projectiles, which
are investigated at varying the incident energies of incoming ions. These excited states are
produced by the simultaneous promotion of both 2p electrons in a collision involving a
neutralized neon and a target atom. The study of the autoionization lines provides basic
insight into details of the electronic interactions that determine collisional excitations and
energy loss, an insight that cannot be achieved by other ion scattering techniques. The
autoionization spectrum is dominated by the peaks due to the autoionization of the triplet
state, indicating the importance of charge rearrangement and the electron correlation effects
during collisional excitation. Throughout the paper we will compare the results with those
obtained with the Al target, highlighting similarities and differences.

2. Experiments

The experiments were carried out in an ultrahigh vacuum system equipped with an ion
pump that allowed us to reach an ultimate base pressure in the low 10−10 Torr range. Singly
charged neon ions are produced in an electron impact source. The discharge voltage in the
source was controlled so that doubly charged Ne++ species do not significantly contaminate
the beam [34]. The same neon beam at 4 keV was used to clean the polycrystalline Mg
surface by sputtering. The sample was sputter cleaned until no oxygen and carbon signals
were detected by Auger electron spectroscopy and until the ion-induced electron emission
spectra became constant. The spectrometer was a cylindrical mirror analyzer that collected
the electrons emitted in a cone with a semi aperture of 43◦ around the surface normal.
A constant pass energy of 40 eV and a resolution of about 0.2 eV were used for the
measurements of the ion-induced electron emission spectra. The spectra were measured in
the 0–30 eV energy range. The transmission of the spectrometer is constant in this electron
energy range. The beam impinged with an angle Θi = 78◦ measured with respect to the
surface normal. The normal to the surface was parallel to the axis of the spectrometer.
Under this geometry, the doppler shift and broadening of the autoionization lines of the
singlet Ne2p4(1D)3s2 and the triplet Ne2p4(3P)3s2 states of neon was negligible and the
lines appeared quite symmetric [16,17]. Calibration of the energy scale was achieved by
imposing that the autoionization line of the triplet Ne 2p4(3P)3s2 state appeared at an
energy of 20.35 eV, typical of the autoionization line for an isolated neon in a vacuum.

3. Results and Discussion

We measured the spectra of electrons emitted with energies in the range 0–30 eV by
finding the impact of singly charged Ne+ ions impinging on the Mg surface at incident
energies in the range from 50 eV to 4 keV and at an incidence angle Θi = 78◦. Electrons were
collected along the normal to the surface. Typical electron spectra are reported in Figure 1.



Surfaces 2023, 6 260

Surfaces 2023, 6, FOR PEER REVIEW  4 
 

 
Figure 1. N(E), the energy distributions of electrons emitted from Mg surfaces by 300 eV and 3 keV 
Ne+ ions. 

3.1. General Features of the Spectra 
The shapes of the electron spectra revealed during the interaction of 300 eV and 3000 

eV Ne+ ions with the Mg surface are compared in Figure 1. The spectra are consistent with 
earlier measurements [7] and are shown as acquired. The spectra show several features, 
which are superimposed on the background of secondary electrons. To better discern 
these features in Figure 2, we show the numerical derivatives of the spectra in Figure 1. 
The derivatives were calculated with a Sawitsky–Golay algorithm. A slight smoothing was 
applied, and care was taken so that this procedure did not introduce artifacts. 

The spectrum revealed with the 300 eV neon beam shows features that are character-
istic of PEE. PEE results in two broad features that are produced by the electrons emitted 
when the potential energy stored in the projectiles is released when they are neutralized 
via Auger capture or plasmon assisted neutralization. The electrons emitted by Auger neu-
tralization can have a maximum energy (when the two electrons participating in the Au-
ger process are at the Fermi level of the surface) Eb = I’–2Φ [4,7]. Here, I’ is the ionization 
potential of the parent atom, which is reduced by an energy Δ due to the image interaction, 
and Φ is the metal work function. Given that the work function of Mg is Φ = 3.75 and the 
ionization potential of an isolated neon atom is I = 21.6 eV, this emission is therefore iden-
tified by the feature revealed in the spectrum that is excited by the 300 eV Ne+ ions in the 
energy range 8–13 eV, which results in the minimum in the derivative dN(E)/dE in Figure 
2 at the energy Eb ~ 12 eV. This implies a shift of the ionization potential Δ ~ 2 eV consistent 
with the earlier estimations [4]. 

The feature revealed at a 4–8 eV energy in both spectra is assigned to the emission of 
electrons from the decay of plasmons [1,7]. This decay results in an electron spectrum that 
has a maximum energy at Em = Epl − Φ, where Epl is the plasmon energy. This edge corre-
sponds to the minimum which is marked by the red line in the derivatives dN(E)/dE of 
Figure 2. For 300 eV neon projectiles, the minimum is observed at about 6 eV, which is 
significantly lower than the energy expected from the decay of the Mg bulk plasmon (10.6 
eV minus Φ = 3.75 eV for Mg), but it is consistent with the energy expected for the multi-
pole surface plasmon [1]. These plasmons are excited when the projectile is still outside 
the surface [1,7] as a consequence of the electron capture processes that neutralize 

Figure 1. N(E), the energy distributions of electrons emitted from Mg surfaces by 300 eV and 3 keV
Ne+ ions.

3.1. General Features of the Spectra

The shapes of the electron spectra revealed during the interaction of 300 eV and 3000 eV
Ne+ ions with the Mg surface are compared in Figure 1. The spectra are consistent with
earlier measurements [7] and are shown as acquired. The spectra show several features,
which are superimposed on the background of secondary electrons. To better discern these
features in Figure 2, we show the numerical derivatives of the spectra in Figure 1. The
derivatives were calculated with a Sawitsky–Golay algorithm. A slight smoothing was
applied, and care was taken so that this procedure did not introduce artifacts.

The spectrum revealed with the 300 eV neon beam shows features that are characteris-
tic of PEE. PEE results in two broad features that are produced by the electrons emitted
when the potential energy stored in the projectiles is released when they are neutralized
via Auger capture or plasmon assisted neutralization. The electrons emitted by Auger
neutralization can have a maximum energy (when the two electrons participating in the
Auger process are at the Fermi level of the surface) Eb = I’–2Φ [4,7]. Here, I’ is the ionization
potential of the parent atom, which is reduced by an energy ∆ due to the image interaction,
and Φ is the metal work function. Given that the work function of Mg is Φ = 3.75 and
the ionization potential of an isolated neon atom is I = 21.6 eV, this emission is therefore
identified by the feature revealed in the spectrum that is excited by the 300 eV Ne+ ions
in the energy range 8–13 eV, which results in the minimum in the derivative dN(E)/dE in
Figure 2 at the energy Eb ~ 12 eV. This implies a shift of the ionization potential ∆ ~ 2 eV
consistent with the earlier estimations [4].

The feature revealed at a 4–8 eV energy in both spectra is assigned to the emission
of electrons from the decay of plasmons [1,7]. This decay results in an electron spectrum
that has a maximum energy at Em = Epl − Φ, where Epl is the plasmon energy. This
edge corresponds to the minimum which is marked by the red line in the derivatives
dN(E)/dE of Figure 2. For 300 eV neon projectiles, the minimum is observed at about
6 eV, which is significantly lower than the energy expected from the decay of the Mg bulk
plasmon (10.6 eV minus Φ = 3.75 eV for Mg), but it is consistent with the energy expected
for the multipole surface plasmon [1]. These plasmons are excited when the projectile
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is still outside the surface [1,7] as a consequence of the electron capture processes that
neutralize incoming (or outgoing) ions to their ground states. Differently from Al surfaces,
where the structures due to AN and to the decay of plasmons are strongly overlapped and
nearly undistinguishable [7], for Mg these structure are clearly distinguished because of the
lower energy of the plasmon of Mg. The structure due to the decay of plasmons is clearly
separated in energy from the feature due to AN (the separation being I’ − Φ − Epl). Our
measurements therefore provide an unambiguous identification of both the AN and the
plasmon structures, particularly the last one, that were not resolved in previous studies
using helium projectiles [32].

As mentioned above, the spectrum for 300 eV neon does not reveal bulk plasmon
excitation, as was theoretically proposed in the PEE regime [33]. In our experiments, bulk
plasmons are revealed at higher impact energies when KEE is the dominant mechanism, as
shown in the spectrum for 3 keV neon in Figure 1. KEE spectra are dominated by a broad
spectrum of secondary electrons. The plasmon structures appear as shoulders above the
smooth background of secondary electrons so that the plasmon dip in the derivative is less
pronounced, though clearly identified. Analysis of the plasmon dips has been discussed
in the case of Al samples [35]. For the Mg sample, the spectrum for 3 keV neon shows a
feature that results in the dip in the derivative at an energy of about 7 eV, closely matching
the energy expected for the bulk plasmon of Mg. This observation is consistent with earlier
ones on Al. Therefore, we propend to assign the excitation of bulk plasmons of Mg to the
energy loss suffered by fast secondary electrons, primarily the 2p Auger electrons of Mg
(not shown) excited in binary atomic collisions inside the solid [1].
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In the 18–30 eV electron energy range, both spectra in Figure 1 show two peaks due
to the decay of the autoionizing triplet Ne[2p4(3P)3s2] and singlet Ne[2p4(1D)3s2] state
of Neon [1]. These peaks are narrow, ensuring that they are produced by the decay of
projectiles in a vacuum excited in a previous collision with a target atom [16–19]. These
projectiles are scattered in a vacuum with holes in the 2p produced in a Ne-Al collision by
the promotion of the 4fσ molecular state, correlated to the 2p atomic orbital of the lighter
element [15,20]. This process has a sharp threshold, which is evidenced by the data shown
in Figure 3, reporting the threshold behavior of the autoionization lines of neon impacting
Mg. The results are consistent with the threshold measured in the neon impact on Al [36].

The intensities of the autoionization lines at varying incident ion energies Ei is reported
in Figure 4. The intensities have been evaluated by integrating the autoionization peaks
after the normalization of the spectra to the beam current and the subtraction of a smooth
background. We observe that the intensities increase with Ei while the ratio between the
intensity of the triplet 3P state over the intensity of the singlet 1D state decreases with Ei.
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Figure 3. Threshold behavior of the triplet Ne2p4(3P)2s2 and the singlet Ne2p4(1D)2s2 autoionization
lines. Inset: Comparison of the autoionization lines for the impact of 500 eV Ne+ on Mg and Al. The
normalization to the same height shows that the intensity ratio between the triplet and the singlet
line is larger for Mg. The different position of the spectra is due to the different work function of Al
and Mg [37].
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singlet Ne2p4(1D)2s2 autoionization lines.

3.2. 2p4 Excitation of Scattered Projectiles

The common heuristic approach to discussing the electronic interaction of the projectile
with the target is to divide the trajectory of the ions into three segments, separating non-
local interactions with the surface, during the incoming and the outgoing trajectories (the
first and the third segment), from the excitations that occur in local interactions during
binary collisions (the second segment).

In the first segment, non-local interactions lead to the efficient neutralization of incom-
ing ions [37–40]. Two mechanisms, which are clearly resolved in our spectra, contribute to
the neutralization of Ne+, Auger neutralization, and plasmon-assisted neutralization. Reso-
nant processes into excited states of the projectiles may be possible and may be followed
by an Auger deexcitation process leading to electron emission; this, however, is expected
to be quite weak as it does not produce a clear signature in the spectra. Moreover, as they
further approach the surface, the projectiles that have undergone a resonant neutralization
into excited states can be ionized again via a resonant electron transfer to the surface.
This complex sequence of non-local charge exchange processes determines the electronic
configuration of the projectiles, which is important for the subsequent atomic collision
because electron promotion processes depend critically on the charge and excitation state
of colliding particles [18]. Neutralization processes are very efficient at low impact energies
as their probabilities decrease with impact energy [17]. Previous results have shown that,
in the investigated ion energy range, neutralization to the ground state is dominant, while
only a few percent of the projectiles remain ionized [37–40]. This is consistent with our
observation that the autoionization spectrum of neon is dominated by the 2p4 features. The
2p excitation in Ne occurs during the second step by electron promotion. The observation of
the threshold behavior of these excitations in Figure 3 is consistent with the previous results
obtained for Ne-Al and Na-Al [16,36] and ensures the simultaneous excitation of both 2p
electrons of a neutralized neon during a single scattering [16]. The result excludes the
one-electron promotion and reionization model often invoked [23,24,41,42], particularly dis-
cussion of the 2p excitation in Ne-Mg collision [41,42]. The model considers that, for atomic
collisions in a solid, only one electron is promoted and delocalized into the continuum of
the conduction band. When the projectiles move away from the surface, non-local charge
exchange can occur again. This charge exchange can proceed via resonant mechanisms
that can populate high-lying excited states, or via Auger or plasmon assisted processes that
can change the 2p configuration of scattered particles. Ultimately, the complex sequence of
charge exchange and electronic excitation during the three segments results in a variety of
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2p excited states that autoionize producing several peaks [37–39], dominated by the singlet
and the triplet lines investigated here.

In the foregoing discussion, the second step (the binary collision) has been treated as a
pure atomic collision, exactly like in the gas phase. However, our spectra also indication
that the solid nature of the target is important in determining the electronic interactions
and charge exchange that occur during the collisions. A clear indication of this fact is the
prominence of the triplet peak.

The excitation of the 3P state is not predicted by the MO promotion model, which
predicts only the excitation of the singlet 1D through the promotion of the 4fσ molecular
orbital. Indeed, the triplet peak is very weak for collisions in the gas-phase. This weak
excitation has been ascribed to the conversion of the singlet excitation into the triplet
one through an Auger rearrangement mechanism during the collision [43]. This process
involves the recombination of one of the two holes in the 4fσ molecular orbital by an
electron from a Rydberg molecular state. The energy in this transition is released to an
electron in the 3dπ state that is excited to a higher lying state. In a solid, this two-electron
transition can involve electrons from the valence band. Therefore, because of the large
number of valence electrons that can be involved, it has been argued that the low probability
for this process can be enhanced for collisions in solids [19,37].

On the other hand, other mechanisms that have been invoked to interpret the domi-
nance of the triplet peak can be excluded. In the one-electron reionization mechanism [41],
the intense emission from the triplet state can be explained only if the collision involves a
singly charged neon with a hole in the 2p state correlated to the 3dπ MO. The promotion
of one 4fσ electron during the collisions involving these ions in this particular configura-
tion leads to the triplet configuration. Therefore, according to the reionization model, the
dominance of the triplet peak should not be observed for neutral projectiles, which is in
striking in contrast with the experiment performed [37–39] using Ne0 neutrals in which the
intensity of the triplet peak was similar to that measured under the Ne+ impact.

Furthermore, charge exchange during the outgoing trajectory has been invoked has a
possible mechanism for the production of the triplet state. These processes include atomic
Auger deexcitation, Auger neutralization of Ne+ 2p3nln’l’ or resonant autoionization of
excited projectiles [39]. However, all these processes should be strongly dependent on the
value of the work function of the surface. In contrast, the ratio between the intensities of
the triplet and the singlet lines resulted were independent of the variations in the work
function when Cs atoms were adsorbed on Al and other targets. Moreover, since the neon
projectiles cannot be excited in collisions with Cs atoms, but only with Al because of the
large mass difference, the independence of the intensity ratio when the macroscopic work
function of the sample is varied implies that the process is local and related to the electronic
properties close to the site of the collisional excitation [19,44].

The observation in Figure 4 that the intensity ratio between the triplet and the singlet
state decreases with Ei, coupled with a decrease in this ratio with the incidence angle ΘI
observed for Al samples [19], indicates that the process depends on the interaction time
during the collision. This is consistent with the simulations that showed the lower efficiency
of the conversion from the singlet to the triplet excitation for projectiles scattered with
larger velocities [38].

This observation fits with the mechanism of the two-electron Auger rearrangement
proposed for gas phase collisions [43]. This process occurs during the collision and involves
the molecular orbitals of the transient quasi-molecular system, showing the importance
of electron correlation effects occurring on a sub-femtosecond scale during the collision
because of electron-electron interactions leading to two electron transitions [1,45–47]. It
is energetically allowed when the internuclear distances is larger than about 2 a.u., when
the 3dπ4 configuration is below the 3dπ34fσ1. As above mentioned, the calculated cross
sections of the Auger rearrangement process are low in the gas phase [43]. However, it has
been argued that in the solid phase there is a large number of electrons that can participate,
which can enhance the process. These electrons are those in the valence band within 3.2 eV
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below the Fermi level (corresponding to the energy difference between the singlet and the
triplet states). The proposed Auger rearrangement is also consistent with the observation
reported in the inset of Figure 3. For Mg, the intensity ratio between the singlet and the
triplet peak is larger than Al. This is due to the larger mass of Al, which implies smaller
impact parameters for the Ne-Al than the Ne-Mg collisions. Collisions with Al result in
larger scattering angles and lower velocities of scattered Neon.

4. Conclusions

In conclusion, we reported on the measurements of the energy distributions of elec-
trons emitted by the interaction of low-energy singly charged neon ions with Mg surfaces.
The study focused on plasmon excitation and projectile autoionization. Unlike for Al
samples, the spectra for Mg show unambiguous signatures of plasmon excitation, clearly
separated in energy from the AN ones. At a low energy Ei of the incident ions, surface
plasmons are excited by PEE during the neutralization of incoming ions, while at a higher
Ei bulk, plasmons are excited by the transfer of the kinetic energy of incoming projectiles.
The excitation of bulk plasmons by potential energy transfer, as theoretically proposed, has
not been observed.

We have investigated the formation using the electron promotion of the triplet
Ne2p4(3P)3s2 and the singlet Ne2p4(1D)3s2 autoionizing states of projectiles scattered
in a vacuum. The threshold behavior of these lines ensures that the double excitation
is produced simultaneously in a single scattering. Besides the local description of the
collisional excitation process, the formation of the autoionizing states in the atomic collisions
in solids requires a consideration of non-local charge exchange in both the incoming and the
outgoing trajectories of the projectiles, and of the electron correlation effects that determine
the dominant excitation of the triplet state. These last phenomena have been poorly
investigated and electron spectroscopy represents a suited technique capable of providing
deep insight into these processes. Our results show the importance of properly considering
these effects for an accurate description of the dynamics of the electronic interactions during
the scattering at solid surfaces, which is relevant also to other techniques of ion scattering
such as charge fraction experiments and energy deposition.
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