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Abstract

Electron emission after grazing ion-surface collisions is studied for high impact

velocities. We have focused on glancing angles of electron emission where the

dominant mechanism is the ionization from atomic bound states. To describe

this process, we introduce a quantum model called field distorted-wave (FDW)

approximation, which takes into account the effect of the surface interaction

on the electronic transition.

The FDW model is applied to analyze electron distributions produced by

impact of protons on Al and LiF surfaces, which are metal and insulator

materials respectively. In the case of metals, we also evaluate the contibution

coming from the valence band by employing the binary collisional formalism.

Calculated electron emission yields are in reasonable agreement with the

available experimental data. We find that the maximum of the convoy electron

distribution is accelerated for Al and decelerated for LiF, with respect to its

position in ion-atom collisions, in quantitative accordance with experiments.

1. Introduction

Electron emission produced during the grazing scattering
of ions from solid surfaces has been the subject of intense
experimental and theoretical research in the last ten years
[1–11]. The interest in such an inelastic process has been
motivated by the particular features of the collisional
system, which allows us to extract specific information
about the chemical and topographic composition of the
surface from the electron distributions. Depending on the
charge state and the velocity of the incident ion, different
phenomena are involved in the ejection of electrons from
surfaces. A complete review of these processes can be
found in Ref. [12] and references inside.
At high impact velocities, the charge state of the ion can

be considered as fixed [13,14], and one of the most
interesting regions of electron observation angles is around
the direction of specular reflection of the projectile. In this
angular region, the energy distribution of the emitted
electrons displays a prominent structure, usually named
convoy electron peak (CEP), whose shape and position
differ markedly from that observed in ion-atom collisions.
While for gaseous targets the CEP looks like a cusp-shaped
peak at electron velocities that match the projectile
velocity, for collisions involving solid surfaces the peak
appears appreciably shifted and broadened. And both
features are a direct consequence of the presence of an
effective surface interaction, as earlier proposed by
Burgdörfer [3]. In the theoretical field, Burgdörfer and
Reinhold [4,5] were the first ones to tackle the problem
within the framework of the classical trajectory Monte
Carlo approach.
In the present work, we study the energy distribution of

electrons originated by grazing impact of fast protons on
surfaces, considering two different materials: metals and

insulators. The focus of interest is the forward direction,
where the electron emission is primarily due to direct
ionization of surface atoms. Our intention is to investigate
the performance of a recently proposed method, called field
distorted-wave (FDW) approximation [15]. It is an exten-
sion of the continuum-distorted-wave-eikonal-initial-state
(CDW-EIS) approximation, which allows us to describe
the ionization from atomic bound states taking into
account the influence of the surface electric field. The
final goal is to get information about the surface potentials
from electron spectra. Throughout this article, atomic units
are used unless otherwise stated.

2. Electron emission from atomic bound states

In collisions involving surfaces, the ionization of the
surface atoms develops in the presence of the potential
V0 originated by the solid medium. In the case of metals,
V0 represents the surface induced potential, while for
insulators it also includes the track potential produced by
the target ionization along the ion path. We employ the
field-distorted-wave (FDW) approximation to evaluate the
electron emission from atoms situated at the topmost
atomic layer. The physics underlying the FDW model can
be outlined as follows: Due to the nearness of the solid, the
active electron feels the action of the surface field,
E0ðr; tÞ ¼ �rrV0ðr; tÞ: Within the FDW approximation,
the effect of the field E0 on the evolution of the electronic
state, before and after the collision, is described with the
Volkov anzats [16], while the electronic transition, pro-
duced during the close interaction with the projectile, is
represented with a CDW-EIS-type theory [17].
In the FDW model, the T-matrix element, T FDW

if ;
corresponding to the transition from the initial atomic
state i to the final state f; with momentum kf; is expressed
in terms of analytical Nordsieck integrals (see Ref. [15] for
details). An approximated expression of T FDW

if is given by

T FDW
if ’ F

ðsÞ��
P ðkPÞ

F ��
P ðjkf � vjÞ

F ��
T ðkTÞ

F ��
T ðkfÞ

T CDW�EIS
if ; ð1Þ

where T CDW�EIS
if denotes the transition matrix calculated

with the usual CDW-EIS approximation [17], and F �
c is the

well-known Coulomb Jost function,

F �
c ðkÞ ¼ exp

�Zc

2k

� �
�ð1þ iZc=kÞ; c ¼ P;T; ð2Þ

with ZPðZTÞ the charge of the projectile (target nucleus)
and v the projectile velocity. The function F

ðsÞ�
P ðkÞ is
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determined by the effective projectile potential and depends
on the electronic structure of the surface. In insulator
surfaces, as the mobility of valence electrons is weak, the
projectile interaction can be represented by a pure
Coulomb potential, the function F

ðsÞ�
P being defined as

F
ðsÞ�
P ðkÞ ¼ F �

P ðkÞ: For metals, instead, the projectile is
shielded by valence electrons, and F

ðsÞ�
P ðkÞ represents the

Jost function corresponding to the potential
V

ðsÞ
P ¼ �ZP expð�lrÞ=r; which is used to describe the

dynamic screening of the incident ion. The parameter l is
fixed as l ¼ ws ðv 2 þ v2F=3Þ

�1=2; with ws the surface
plasmon frequency and vF the Fermi velocity.
The vectors kP and kT; involved in Eq. (1), are the

electron momenta with respect to the projectile and to the
target nucleus respectively, just after the atomic collision.
They are related to the final electron momentum measured
by the detector, kf; by:

kT ¼ kf þ AfðxÞ; kP ¼ kf � vþ AfðxÞ; ð3Þ

where Af is a supplementary transferred momentum
introduced by the field E0: From the electromagnetic
point of view, the vector

Af ðxÞ ¼ � ds

2

� �
E0ðRðxÞ; x=vÞ

v
ð4Þ

represents the vector potential of the surface field acting on
the emitted electron. It depends on the projectile position
RðxÞ � ðx;ZðxÞÞ; where x and ZðxÞ are the components of
R parallel and perpendicular to the surface respectively,
with ZðxÞ the classical projectile trajectory. In Eq. (4), E0 is
evaluated at the time t ¼ x=v when the atomic collision
takes place and ds denotes an effective collisional distance.
By employing a frame of reference fixed to the atomic

surface, with the projectile trajectory contained in the plane
x̂x � ẑz and the surface in the plane x̂x � ŷy; the final electron
momentum reads kf ¼ kfðcos �e cos�e; cos �e sin�e; sin �eÞ:
The angle �e represents the elevation angle with respect to
the surface and �e is the angle between the direction of
emission and the scattering plane, measured on the surface
plane.

3. Results for metal surfaces

The study on metal surfaces is confined here to 100 keV-
protons impinging on an Al(111) surface with a glancing
incidence angle ð�i ¼ 1�Þ: For this collisional system, recent
experimental spectra have been published [18]. In metals,
the surface field is originated by the induced potential
associated with the dielectric response of the material. We
employ the specular-reflection (SR) model [19] to describe
the electric field E0 induced by the projectile. Although the
surface field should also include the self-image field induced
by the ionized electron, its contribution can be neglected, as
explained in Ref. [18].
We start the analysis investigating the main features of

the convoy electron emission. At the ejection angle
ð�e ¼ 1�; �e ¼ 0�Þ—which coincides with the direction of
the outgoing projectile—the CEP is the most striking
structure in the electron spectrum. Within the FDWmodel,
the behavior of the atomic ionization probability around

the CEP is determined by the Jost function F
ðsÞ�
P ðkPÞ;

which presents a maximum for kP ! 0: In Fig. 1, we show
the absolute value of F

ðsÞ�
P ðkPÞ;

J FDW
P ðkfÞ ¼ F

ðsÞ�
P ðkPÞ

��� ���2; ð5Þ

with kP ¼ kf � vþ Af ðxÞ; considering the projectile at the
closest distance to the surface, which is reached as x ¼ 0:
The Jost function in absence of the surface interaction,
JPðkfÞ ¼ jF �

P ðjkf � vjÞj2; is also plotted in the figure for
comparison. The enhancement factor J FDW

P ; defined by Eq.
(5), dominates the energy spectrum obtained with the
FDW approximation in the region of the convoy electron
emission. It displays a peak for values of the final electron
momentum kf close to k

ðPÞ
f ¼ v� Af ðxÞ; with k

ðPÞ
fz ¼

�AfzðxÞ > 0; which corresponds to electrons ejected almost
parallel to the surface. And this peak does not present the
cusp shape characteristic of Coulomb interactions,
observed in JP: In metals, the induced field E0 is essentially
responsible for the displacement of the maximum of J FDW

P

towards higher energies, while the widening of the peak is
mainly due to the shielding of the projectile, included in the
potential V

ðsÞ
P [15]. Note that the function J FDW

P displayed
in Fig. 1 must be then integrated along the projectile
trajectory, giving rise to a small additional broadening of
the convoy structure.
In order to compare with experimental electron distribu-

tions, we also evaluate the contribution coming from the
valence band of the metal. The ionization of valence
electrons, which form the surface free-electron gas, is
calculated within the binary collisional formalism, using
the modified specular reflection (MSR) model to represent
the surface wake potential [20]. The plasmon decay
mechanism is not included in the calculations because it
only contributes for low electron energies [21], not
considered here. Differential probabilities of electron
emission are shown in Fig. 2, for two electron observation

Fig. 1. Enhancement factor involved in the calculation of the atomic

ionization probability, as a function of the final electron energy, for

100 keV-protons colliding with an Al(111) surface with the incidence angle

�i ¼ 1�: The projectile is considered at the closest distance to the surface
and the electron emission angle is ð�e ¼ 1�; �e ¼ 0�Þ: Solid line, function
J FDW

P ðkfÞ; as defined by Eq. (5); dotted line, enhancement factor in

absence of the surface interaction, JPðkfÞ ¼ jF �
P ðjkf � vjÞj2: A schematic

drawing of the position of the CEP in the final momentum space is shown

in the inset.
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angles: ð�e ¼ 1�; �e ¼ 0�Þ and ð�e ¼ 10�; �e ¼ 1:2�Þ: Our
total predictions were obtained by adding core and valence
contributions, which are also plotted in the figure to

display the electron energy range where each process is

relevant. Experiments extracted from Ref. [18] are normal-
ized with the theory.
As mentioned above, for the angle �e ¼ 1�; the presence

of the convoy structure dominates the shape of the
experimental and theoretical spectra. At this electron

emission angle, the inner-shell ionization is more than

one order of magnitude higher than the valence contribu-
tion in the whole electron energy range. And in particular,

for electron energies around the CEP, the emission of
valence electrons is not possible by binary collisions. It is

due to the fact that the values of kf reached by the

mechanism of binary ionization from the valence band are
confined in the region Kmin � jkf � vj � Kmax; as a con-
sequence of the energy conservation [22]. The limits of this
area in the momentum space are Kmin ¼
½ðv � vFÞ2 � k2c �1=2 �½v � ðkc þ vFÞ� and Kmax ¼ ½ðv þ vFÞ2�
k2c �1=2; with kc ¼ ð2EW þ v2FÞ1=2;EW the work function, and
� the unitary Heaviside function.
The general characteristics of the experimental spectrum

displayed in Fig. 2(a) are well described by the FDW
approximation. The model predicts an energy shift of the

CEP (defined as the difference between the positions of the
maximum of the energy distribution with and without

including E0) �"ðCEPÞ ’ 13:5 eV; which is quite similar to
the experimental value �"ðCEPÞ

exptt ’ 14:5 eV [18].
When the electron path departs from the forward

direction, the valence emission increases and the ionization

from atomic bound states diminishes. For the angle
�e ¼ 10�; shown in Fig. 2(b), the theoretical spectrum

shows the footprints of both, the CEP and the binary ridge,
coming from the inner-shell and valence contributions

respectively. At this emission angle, theoretical results

coincide with the experimental data for high electron

energies, but around the projection of the CEP, the theory
underestimates the experiment. Such a discrepancy could
be a consequence of the presence of other mechanisms not
included in the model.
Finally, in spite of the reasonable agreement found with

experiments, we should add that for metals, the electrons
ionized with �e ¼ 1� travel a long distance through the
jellium before being emitted to the vacuum region,
suffering multiple collisions in the outgoing path. This
effect (transport) has not been included in the theoretical
model. Then, the theoretical probabilities shown in Fig.
2(a) correspond to the primary electron distribution that is
obtained by considering that ionized electrons are directly
ejected to the vacuum. For larger �e; instead, the path of
emitted electrons inside the jellium decreases rapidly, and
the primary distribution displayed in Fig. 2(b) can be
directly compared with the observable spectrum.

4. Results for insulator surfaces

As an example of collision with insulator materials, we
consider the system composed by 100 keV-protons imping-
ing on an LiF(100) surface with the incidence angle
�i ¼ 0:7�: At this impact energy, emitted electrons come
mainly from bound states to F� target ions.
In insulator surfaces, due to the low conductivity of the

medium, the ionization of the target along the projectile
path originates a surface charge density which is respon-
sible for the track potential. We consider, as a first
estimate, that the track potential represents the dominant
surface interaction that affects the movement of emitted
electrons [8,11], and the dielectric response of the medium
is weak in comparison with it [23]. In this work, the track
field has been derived from the CDW-EIS approximation,
without including the shielding originated by slow ionized
electrons [24].
We consider a small emission angle, �e ¼ 0:7�; for which

the CEP is the most noticeable structure of the electron
distribution. As in the previous Section, to analyze the
effect of the surface field on convoy electrons, in Fig. 3 we
plot the enhancement factor J FDW

P ; given by Eq. (5), when
the projectile is at the distance of maximum approach to

Fig. 2. Differential probability of electron emission, d2P=d"f d	f; for

100 keV-protons impinging on an Al(111) surface with the incidence angle

�i ¼ 1�: The electron emission angles are: (a) ð�e ¼ 1�; �e ¼ 0�Þ; and (b)
ð�e ¼ 10�; �e ¼ 1:2�Þ: Empty circles, normalized experimental data of Ref.
[18]. Theoretical predictions: solid line, total probability of electron

emission calculated by adding inner-shell (FDW model) and binary

valence contributions; dashed (dotted) line, inner-shell emission prob-

ability calculated with (without) including the surface interaction; dashed-

dotted line, valence emission probability. The symbol �"ðCEPÞ denotes the
energy shift of the CEP, with respect to its position for E0 ¼ 0:

Fig. 3. Similar to Fig. 1 for 100 keV-protons colliding with a LiF(100)

surface with the incidence angle �i ¼ 0:7�: The electron observation angle
is ð�e ¼ 0:7�; �e ¼ 0�Þ:
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the surface. The function JP ¼ jF�
P ðjkf � vjÞj2; correspond-

ing to E0 ¼ 0; is again shown as a reference. Although for
insulators the projectile interaction is represented by a
Coulomb potential, the function JFDW

P does not display the
typical Coulomb divergent shape around the maximum.
We observe that, as a result of the additional momentum
transfer Af; the maximum of JFDW

P is energy displaced and
lowered. This last effect is because the Coulomb peak of
J FDW

P as kP ! 0 is now centered on the position k
ðPÞ
f ¼

v� AfðxÞ; with k
ðPÞ
fz ¼ �AfzðxÞ < 0; in the final momentum

space, which corresponds to electrons emitted inside the
solid, not detected in experiments. Therefore, the action of
track field on ionized electrons produces not only the
energy shift but also the broadening of the convoy
structure. Besides, the form of the total spectrum is
obtained by integrating the ionization probability on the
projectile path, which widens the peak even more.
In Fig. 4 we plot the differential probability of electron

emission along the direction of specular-reflection of the
projectile, i.e. ð�e ¼ 0:7�; �e ¼ 0�Þ: Results of the FDW
model are compared with the ones obtained by considering
the track potential equal to zero. The FDW energy
distribution shows a convoy structure that is remarkably
broadened and shifted towards a lower energy. The theory
provides an energy shift of the convoy peak
�"ðCEPÞ ’ �4 eV; which is close to the experimental value
�"ðCEPÞ

exp t ’ �5 eV [8]. Even though experiments for these
high impact velocities are not available, the shape of the
electron distribution qualitatively agrees with experimental
spectra obtained for lower projectile energies [8].
Note that, unlike what happens with metals, in insulator

surfaces the electrons emitted in all the directions can be
supposed as being directly ejected to the vacuum semi-
space. The FDW model seems to give an appropriate
description of the broadening and the energy shift of the
CEP, which are the signs of the presence of the track
potential. However, there are other effects not included in
our calculations, like screening by low energy electrons or
polarization of the surrounding anions, that might strongly

reduce the strength of the track potential, attenuating the
influence of this potential on electron emission spectra.
Calculations to take into account these processes are being
carried out.

5. Conclusions

We have presented a theoretical model to describe the
angle and energy distributions of electrons emitted during
the grazing impact of fast protons on solid surfaces. We
have concentrated on the description of the ionization
process from atomic bound states, for which a quantum
model named FDW approximation has been proposed.
Within the FDW approach, the presence of the solid
medium introduces an additional transferred momentum
Af; which depends on the surface field at the different
positions of the projectile.
In order to investigate the role played by electronic

characteristics of the surface, we have applied the model to
collisions with Al and LiF, which are metal and insulator
respectively. For aluminum surfaces, we have also calcu-
lated the electron emission from the valence band (free-
electron gas) by using the binary collisional formalism,
with the surface induced potential given by the MSR
model. Energy distributions for different angles of electron
emission were found in reasonable agreement with the
available experimental spectra. In the forward direction,
the FDW model predicts an energy shift and broadening of
the CEP, that are confirmed by experiments for both, Al
and LiF surfaces. However, in the case of insulators an
exhaustive experimental study should be useful to analyze
the relative importance of the different surface interactions.
It would allow us to verify the validity of the proposed
model for a wider range of electron observation angles.
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