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In this work, electron emission spectra produced by impact of fast protons on Al(111) surfaces are theoreti-
cally and experimentally studied. Contributions coming from the different electronic sources of the metal—
atomic inner shells and valence band—are analyzed as a function of the angle of electron emission. In the
forward direction, the inner-shell ionization process is the dominant mechanism. The valence emission, instead,
becomes important when the ejection angle is separated from the specular-reflection direction. In both angular
regions, theoretical and experimental values are in reasonable agreement. The energy shift and broadening of
the convoy electron peak at glancing observation angles are well described by the present model, which takes
into account the influence of the induced surface field on the ionized electron.
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I. INTRODUCTION

Electron emission produced during the grazing scattering
of fast ions from solid surfaces has been extensively inves-
tigated during the last several years[1–12]. The interest in
these collisions has been motivated by the particular features
of the collisional system, which allow one to extract specific
information about the electronic structure of the surface from
the electron spectra.

When a fast ion collides on a metal surface with an inci-
dence angle smaller than a given critical angle, the ion is
specularly reflected from the surface without penetrating in-
side the bulk. At high impact velocities, the charge state of
the ion can be considered as fixed[14,15], and the projectile
moving along a grazing trajectory induces the emission of
electrons from the metal. These electrons may come from
two different electronic sources: the valence band and the
inner shells of target atoms.

With the purpose of analyzing the angular regions where
inner-shell and valence ionization processes are relevant, we
study both theoretically and experimentally the electron dis-
tributions produced by fast protons impinging grazingly on
an Al(111) surface. We consider different angles of electron
ejection, varying not only the elevation angle relative to the
surface but also the angle between the direction of emission
and the scattering plane.

In the present work, inner-shell and valence contributions
are calculated separately. To evaluate the inner-shell emis-
sion yield, also called core contribution, we employ the re-
cently proposedfield distorted-wave(FDW) approximation
[16]. It is an extension of the continuum-distorted-wave–
eikonal-initial-state (CDW-EIS) approximation, which al-
lows us to describe the ionization from atomic bound states,
taking into account the effect of the electric field induced by
the projectile. In the model, atomic ionization probabilities
depend not only on the modulus of the impact parameter, but
also on its direction. The contribution from the valence band
is calculated within the binary collisional formalism, using

the modified specular reflection(MSR) model to represent
the surface wake interaction[17]. The plasmon decay
mechanism is not included in the valence emission because it
only contributes in the low electron-energy range[18–20],
which is not considered here.

The article is organized as follows. In Sec. II the theoret-
ical models used to calculate inner-shell and valence contri-
butions are outlined. The experimental technique is described
in Sec. III. In Sec. IV results are shown and discussed, and
Sec. V contains our conclusions.

II. THEORETICAL MODEL

We consider a heavy projectilesPd, of chargeZP and mass
MP, impinging grazingly on a metal surface. As a result of
the collision, an electron(e) belonging to the solid is emitted

with momentumkW f, which is measured in vacuum semispace.
Due to the large massMP of the projectile, the description of
its motion in terms of a classical trajectory is a reasonable
approximation. We use a frame of reference fixed to the po-
sition of the first atomic layer, with the projectile trajectory
contained in thex−z plane, and the surface in thex−y plane
(see Fig. 1). Within this frame, the position of the projectile

at a given timet readsRW sxd=(x,0 ,Zsxd), with Zsxd the clas-
sical projectile trajectory. Atomic units are used unless oth-
erwise stated.

For grazing incidence, the projectile path can be divided
into differential portions, with widthDx, situated at different
distancesZsxd from the surface. In every portion, the com-
ponent of the projectile velocity perpendicular to the surface
is considered negligible, and the ion moving parallel to the
surface plane with velocityvWs=svs,0 ,0d ionizes electrons
from the solid. In the case of metal surfaces, emitted elec-
trons can be separated into inner-shell and valence-band
electrons, according to their initial binding energies. The dif-

ferential probability of electron emission,dP/dkW f, is ob-
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tained by adding the core and valence contributions along the
projectile trajectory; that is,

dP

dkW f

=E
−`

+`

dx „P
kW f

sisdsxd + P
kW f

svaldsxd…, s1d

whereP
kW f

s jd
sxd, j =sis,vald denotes the transition probability

per unit path to the final state with momentumkW f from
inner-shellsisd and valence-bandsvald states, respectively.
The theoretical models employed to evaluate the emission

probabilitiesP
kW f

sisd
and P

kW f

svald
in this work will be summed

up in the following sections.
The double-differential yield of electron emission

d2P/d« fdV f is derived from Eq. (1) as d2P/d« fdV f

=kfdP/dkW f, where « f =kf
2/2 is the electron energy andV f

=sue,fed is the ejection angle. The angleue is the elevation
angle with respect to the surface andfe is the angle between
the direction of emission and the scattering plane, measured
on the surface plane. In this way, the final electron

momentum, outside the solid, readskW f =kfscosue cosfe,
cosue sin fe,sin ued.

A. Inner-shell emission

Since core electrons are strongly localized around the tar-
get nucleus, when the projectile moves along the portionDx
of its trajectory, it ionizes essentially electrons bounded to
atoms situated at the first atomic plane of the corresponding
surface band(see Fig. 1). Under this assumption, the prob-

ability per unit pathP
ikW f

sisd
sxd, for the transition from the initial

bound statei to the final statef with momentumkW f, is given
by

P
ikW f

sisdsxd = dSE
−`

+`

dy P
ikW f

satd
„rWsx,yd…, s2d

whereP
ikW f

satd
srWd is the probability of atomic ionization depend-

ing on the impact parameterrW, anddS is the surface atomic
density, which is considered as constant. In Eq.s2d the im-

pact parameter depends on the position of the surface atom
considered, being

rsx,yd = Îy2 + Z2sxd, ursx,yd = arctanSZsxd
− y

D s3d

the modulus and the azimuthal angle, respectively, ofrWsx,yd.
In collisions with metal surfaces, the atomic ionization is

developed in the presence of the induced potentialV0 origi-
nated by the surface. To describe this process we employ the
FDW approximation, which is a distorted wave theory that
takes into account the action of the wake potential on the
ejected electron. Here we resume the main results of the
FDW model, while details of its derivation can be found in
Ref. [16].

Within FDW formalism, the interaction of the electron

with the surface induced field,EW 0srW ,td=−¹W rWV0srW ,td, is in-
cluded in the initialfi

+ and final f f
− collisional states by

means of the Volkov ansatz[21]. The distorted wave func-
tions are defined fromfi

+ and f f
− by introducing the Cou-

lomb distortions of the projectile and the target

xi
+srWT,td = fi

+srWT,tdEP
+s− vWs,rWPd,

x f
−srWT,td = f f

−srWT,tdDT
−skWT,rWTdDP

−skWP,rWPd, s4d

whererWP andrWT are the position vectors ofe with respect to
the projectileP and to the target nucleusT of chargeZT,
respectively. The vectors

kWT = kW f + AW fstd,

kWP = kW f − vWs + AW fstd, s5d

are the electron momenta with respect toT and P, respec-

tively, involved in the hard atomic collision, withkW f the final
electron momentum measured by the detector, after being

accelerated by the fieldEW 0. The vectorAW fstd is the vector

potential of the surface fieldEW 0 acting on the ionized elec-
tron,

AW fstd = AW f0 −E
+`

t

dt8EW 0„RW st8d,t8…, s6d

whereRW std denotes the projectile position at the timet and

AW f0 is a constant value. In Eq. s4d, Dc
±skW ,rWd

=Fc
±skd1Fs±iZc/k,1 , ±ikr − ikW ·rWd represents the Coulomb dis-

tortion produced by the chargeZc, and Ec
±skW ,rWd

=expf7iZc/k lnskr7kW ·rWdg is the eikonal phase, withc
=P,T. In the definition ofDc

±, the function1F1 denotes the

confluent hypergeometric function,k= ukWu, and

Fc
±skd = expSpZc

2k
DGs1 7 iZc/kd, c = P,T, s7d

is a normalization factor that coincides with the value of the

Coulomb wave function atrW=0W sJost functiond.

FIG. 1. Schematic picture of the coordinate system.
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The FDW transition matrix,T
ikW f

FDW
, is derived fromxi

+ and

x f
− as the first order of a distorted wave theory. After lengthy

algebra,T
ikW f

FDW
can be expressed in terms analytical Nords-

ieck integrals, and an approximated expression of it is given
by [16]

T
ikW f

FDW .
FP

ssd−*skPd

FP
−*sukW f − vWsud

FT
−*skTd

FT
−*skfd

T
ikW f

CDW-EIS
, s8d

where T
ikW f

CDW-EIS
is T-matrix element calculated with the

usual CDW-EIS approximationf22g. Note thatT
ikW f

CDW-EIS

can be obtained from the distorted wave functions defined

in Eq. s4d by fixing EW 0=0W. The functionFP
ssd− takes into

account that in collisions with metals the projectile is
shielded by valence electrons, and theP-e interaction is
not more represented by a Coulomb potential.FP

ssd−skd is
defined as the value at the origin of the eigenfunction with

momentum kW corresponding to the screening potential
VP

ssd=−ZP exps−lrPd / rP, with l=wssvs
2+vF

2 /3d−1/2, which
describes the dynamic shielding of the projectile. The pa-
rameterws denotes the surface plasmon frequency andvF
is the Fermi velocity.

In Eq. (8), the electron momentakWT andkWP are expressed
as a function of thex position of the ion,

kWT = kW f + AW fsxd,

kWP = kW f − vWs + AW fsxd, s9d

where the vector potential

AW fsxd = − EW 0„RW sxd,x/vs…tint s10d

has been derived from Eq.s6d by considering that:sid the

time dependence ofEW 0 is determined by the projectile posi-

tion RW sxd, with x=vst, andsii d the fieldEW 0=sE0x,0 ,E0zd does
not vary appreciably along an effective interaction timetint
when the interaction takes place. Therefore, the action of the
surface field on the emitted electron produces a supplemen-

tary momentum transferAW fsxd, which depends on the point of
the projectile trajectory considered.

The field EW 0 acting on the emitted electron can be ex-

pressed as the sum of the fieldsEW 0
sPd and EW 0

sed, which are
induced by the projectile and the ejected electron, respec-
tively. The medium cannot immediately react to the presence

of the electron, and the fieldEW 0
sed arises around a timetwf after

the hard atomic collision took place. The timetwf is associ-
ated with the so-called wake formation time[23,24]. Taking
into account that emitted electrons are mainly produced in-

side the solid, we have roughly definedEW 0
sed as a step func-

tion, EW 0
sedsrW ,td=EW 0

sedQst− twfd, with twf<p / s4 wpd andwp the

bulk plasmon frequency. The field induced by projectileEW 0
sPd

has been derived by employing the specular-reflection(SR)

model [23,25], while the field induced by the electronEW 0
sed

has been obtained from the stopping of electrons inside met-
als [26].

The effectiveinteraction timetint, used in Eq.(10), is de-

fined as the interval of time in which the electric fieldEW 0 is
important. For the collisional system composed by 100 keV
H+ impinging on aluminum, considered in the present work,
we estimate the interaction time astint< twf. Then, in the

rangef0,tintg the contribution ofEW 0
sed in Eq. (10) can be ne-

glected, the electron being mainly accelerated by the field

EW 0
sPd during the collisional time. Aroundt< tint the projectile

has already separated approximately 3–4 a.u. from the
nucleus target. Subsequently, the ionized electron suffers the

simultaneous action of the opposite fieldsEW 0
sPd and EW 0

sed,
whose absolute values are nearly similar for intermediate
electron energies. So, fort. tint the electron keeps escaping
from the projectile with a nearly constant velocity. Therefore,
under this picture convoy electrons, which are primary pro-
duced at the closest distance to the surface, abandon the me-
dium with a velocity larger than the projectile one, moving
far away from the incident ion. By the time when the pro-
jectile crosses the surface(jellium border), the convoy elec-
tron is separated a distance of several ten atomic units from
the projectile. For other collisional systems, the definition of
tint should be opened to discussion.

Finally, the atomic ionization probabilityP
ikW f

satd
srWd

= uA
ikW f

satd
srWdu2 is derived from Eq.(8) by using the eikonal

transformation[27]

A
ikW f

satdsrWd =
2p

vs
E dhW expsihW · rWdT

ikW f

FDW
, s11d

wherehW is the component of the transferred momentum per-
pendicular tovWs. The inner-shell emission probability per

unit path,P
kW f

sisd
sxd, is obtained from Eq.s2d by adding over all

occupied initial states; that is,

P
kW f

sisdsxd = o
i

P
ikW f

sisdsxd. s12d

In the calculations, the atomic bound states have been de-
scribed by Hartree-Fock double-z functionsf28g, and an ef-
fective charge satisfying the binding energy has been used to
represent the final continuum state around the target. The
factorFP

ssd− has been numerically evaluated by using the code
of Ref. f29g.

B. Valence emission

To evaluate the electron emission from the valence band
of the solid we employ the binary collisional theory[30].
This formalism describes the multiple collisions of the pro-
jectile with valence electrons, which form the free-electron
gas, along its trajectory.

Within the binary collisional formalism, the probability

per unit pathP
kWi8kW f8

svald
sxd, for the transition from the initial
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valence-band state with momentumkW i8 to the final state with

momentumkW f8, reads[30]

P
kWi8kW f8
svaldsxd =

2p

vs
dsDduT kWi8kW f8

u2, s13d

where T kWi8kW f8
is the T-matrix element corresponding to the

inelastic transitionkW i8→kW f8, and the prime indicates that the
initial and final electron momenta are both measured inside
the solid. The delta function imposes the energy conserva-

tion, D=vWs·skW f8−kW i8d−s«kW f8
−«kWi8

d, with «kWi8
s«kW f8

d the initial sfi-
nald electron energy. In the first Born approximation, the
transition matrix readsT

kWi8kW f8
B

=kf
kW f8
− uVPeuf

kWi8
+ l, where VPe is

the CoulombP-e interaction shielded by the presence of the
other valence electrons, andf

kWi8
+

and f
kW f8
−

are the initial and

final electronic states, respectively.
We use the surface jellium model to represent the conduc-

tion band of the solid. In this model, the electrons are con-
fined inside the solid by a square barrier, which is placed at a
distanceD /2 in front of the first atomic layer, withD the
interplanar separation. By using the jellium model, the
T-matrix elementT

kWi8kW f8
B

is expressed as an integral in the

momentum space

T
kWi8kW f8
B

=
ZP

2p2E
−`

+`

du
WPesudfsud

sps
2 + u2d

, s14d

where WPesud is a screening factor, which depends on the
approximation used to represent the induced potential, and

pW =kW f8−kW i8=spWs,pzd is the transferred electron momentum,
with pWs the component ofpW parallel to the surface. The factor
fsud represents an one-dimensional electronic form factor,
whose expression can be found in Ref.f30g. sAlso, see Ref.
f17g for details.d

To evaluateWPe we employ the MSR model, which is
derived from the specular reflection model[23] by including
the momentum transfer perpendicular to the surface,pz , in
the wake potential. Such a modification corrects the failure
found in the binary results when SR model is used[31]. The
MSR screening factor reads[17]

WPe
sMSRdsud = Vs+dsudQsZ8d −

1

e
Vs−dsudQs− Z8d, s15d

with

Vs±dsud =
s1 − ed
s1 + ed

exps− psuZ8ud ± exps− iuZ8d, s16d

wheree=espW ,vd is the bulk dielectric function, evaluated on
the total momentumpW and on the frequencyv=pW .vWs, and
Z8=Zsxd−D /2 is the distance of the projectile to the jellium
border. In the calculations, the bulk dielectric function
esqW ,vd is derived from the random-phase approximation
sLindhard’s dielectric functiond f32g together with the Mer-
min’s prescription, which allows us to deal with finite values
of the lifetime 1/g f33g.

The differential probability of valence-electron emission

per unit pathP
kW f

svald
sxd can be obtained from Eq.(13) by in-

tegrating on the all initial valence-band states,

P
kW f

svaldsxd = skfz/kfz8 d E dkW i8 re QsvF − ki8dPkWi8kW f8
svaldsxd, s17d

where the unitary Heaviside functionQsvF−ki8d restricts the
initial states to those contained inside the Fermi sphere, with
vF the Fermi velocity, andre=2 takes into account the spin
states. In the derivation of Eq.s17d, we have replaced the

momentumkW f8 measured inside the solid by the momentum

kW f =skW fs,kfzd measured outside the solid, in the vacuum re-

gion, by using the relationskW fs=kW fs8 andkfz=skfz8
2−kc

2d1/2, with
kc=s2EW+vF

2d1/2 andEW the work function.

III. EXPERIMENTAL DETAILS

The experiments were conducted in an ultrahigh vacuum
chamber at an operating pressure of 3310−10 Torr with the
ion beam line open. The ions were generated in a radio fre-
quency source, mass selected and collimated to better than
0.1°. The emitted electrons were analyzed with a custom-
made[34] cylindrical mirror energy spectrometer working at
1% energy resolution and ±0.7° angular resolution. The ro-
tation of the inner cylinder around its main axis defines the
electron observation anglesue andfe, measured with respect
to the surface and the scattering planes, respectively. These
angles cannot be chosen independently; for grazing observa-
tion sue,10°d, the azimuthal anglefe remains in the scat-
tering planesfeø1°d, but for large elevation anglessue

ù20°d fe moves away from it[35]. For the present measure-
ments the incident direction was selected to be random, i.e.,
not along a low-index surface crystallographic axis. All the
electron energy spectra shown here have been corrected for
the transmission function of the spectrometer in order to
compare them with the calculated electron distributions.

The Als111d sample was prepared by repeated cycles of
grazing sputtering (0.5° –2° incidence angle) with
20 keV Ar+ followed by annealing at 450°C. The azimuthal
orientation of the surface was continuously changed during
the Ar irradiation. This method produces a very flat surface
as has been shown in previous works[11,37]. The surface
roughness was checkedin situ by measuring the convoy
electron emission produced by 60 keV H+ at 1° incidence
and the Al Auger electron peak produced by 20 keV Ne+ as a
function of the incident angle. Both measurements show that
the vast majority of the incident ionss.90%d interact with
flat surface regions[10,36]. The surface cleanliness,
achieved with the repeated sputtering-annealing cycles, was
verified with Auger electron spectroscopy before and after
performing the measurements.

IV. RESULTS

Our study has concentrated on 100 keV protons imping-
ing on an Als111d surface with the angle of incidenceui

=1°. As the Al atoms contain three electrons in the outermost
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FIG. 2. Inner-shell and valence-band emission probabilities, as a function of the electron energy, for 100 keV protons impinging on an
Al (111) surface with the incidence angleui =1°. Three different electron ejection angles are considered:(a) V f =sue=1° ,fe=0°d, (b) sue

=3° ,fe=0.15°d, and(c) sue=10° ,fe=1.2°d. Solid line, inner-shell emission probability calculated with the FDW approximation; dashed-
dotted line, valence emission probability obtained with the binary MSR model; dotted line, inner-shell emission probability evaluated with
the CDW-EIS approximation, in absence of the surface interaction. The symbolD«sCEPd denotes the energy shift of the CEP, with respect to

its position forEW 0=0W.

FIG. 3. Double differential probability of electron emission,d2P/d« fdV f, for 100 keV-protons impinging on an Al(111) surface with the
incidence angleui =1°. Two electron observation angles around the forward direction are considered:(a) V f =sue=1° ,fe=0°d and (b)
sue=3° ,fe=0.15°d. Empty circles, present experimental values, normalized with the theory. Theoretical predictions: solid line, total prob-
ability of electron emission calculated by adding inner-shell(with the FDW model) and binary valence contributions; dashed and dashed-
dotted lines, inner-shell and valence emission probabilities, respectively.
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shell n=3, we consider that they cede these external elec-
trons to the free-electron gas, keeping the rest of the elec-
trons in the inner shells. The parameters used to describe the
aluminum surface are: the Fermi velocityvF=0.91 a.u., the
interplanar distanceD=4.4 a.u., the work functionEW
=0.15 a.u., and the damping coefficientg=0.037 a.u.[37].

In the calculation of the core emission, only the initial
states corresponding to theL shell of aluminum were in-
cluded in Eq.(12) because theK-shell ionization is negli-
gible at the considered impact energy. For every initial state,

the evaluation ofP
ikW f

sisd
involves a three-dimensional integra-

tion on the variableshW and y [Eqs. (11) and (2), respec-
tively], that was numerically evaluated with a relative error
lower than 3%. For the valence contribution, the numerical

integration onkW i8 [Eq. (17)] was done with a relative error of
1%. In both cases, the further integration on the variablex
involved in Eq. (1) was solved by interpolating approxi-
mately 20 pivots on the classical trajectoryZsxd, determined
by the projectile-surface potential. To represent this interac-
tion we employ the Molière potential[38] plus dynamical
image potential given in Ref.[37]. Our theoretical probabili-
ties were not convoluted with the acceptation angle of the
detector.

Since our goal is to investigate the contribution originated
from the different electronic sources of the metal, in Fig. 2
we compare calculated inner-shell and valence emission
probabilities for three different angles of electron emission.

We begin our analysis with the forward direction, moving the
ejection angle around this angular region. At the angleV f
=sue=1° ,fe=0°d, which coincides with the direction of the
outgoing projectile, the core emission is more than one order
of magnitude higher than the valence emission, even for the
lowest electron energies where the valence contribution is
maximal. For this particular ejection angle, the inner-shell
emission probability displays a prominent structure, usually
named convoy electron peak(CEP), which is associated with
electrons that recede from the target atoms in close spacial
correlation with the projectile[3]. Precisely, for electron en-
ergies around the CEP, the emission of valence electrons is

not possible by binary collisions. It is due to the values ofkW f
reached by the binary ionization from the valence band are
confined in the region[30]

Kmin ø ukW f − vWsu ø Kmax, s18d

where Kmax=fsvs+vFd2−kc
2g1/2, and Kmin=fsvs−vFd2−kc

2g1/2

Qfvs−skc+vFdg. It is a consequence of the energy conser-
vation imposed by the delta function in Eq.s13d. From
Fig. 2, when the ejection angleV f is separated from the
forward direction, the valence contribution increases. For
V f =sue=10° ,fe=1.2°d, the valence emission probability
displays only a minimum around 54 eV, being higher than
the inner-shell contribution for the lowest and the highest
electron energies considered.

FIG. 4. Similar to Fig. 3 for the electron observation angleV f

=sue=10° ,fe=1.2°d.
FIG. 5. Similar to Fig. 3 for the electron observation angleV f

=sue=20° ,fe=4.6°d.
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Since the position and shape of the CEP markedly depend
on the surface interaction, to study the effect of the induced
field on the core emission we also plot in Fig. 2 the prob-
ability of inner-shell ionization calculated with the usual
CDW-EIS approximation, without taking into account either

the surface fieldEW 0 or the shielding of the projectile. The
core electron distribution obtained with the CDW-EIS theory

shows a cusp-shaped peak placed atkW f .vWs, similar to the
one observed in collisions with gaseous targets. Within the
FDW approximation, instead, the CEP is determined by the

function FP
ssd−skPd, which displays a wide maximum askWP

=kW f −vWs+AW fsxd→0W. Then, in the presence ofEW 0 the peak is

moved to a new positionkW f .vWs−AW fsxd, which is convoluted
along the projectile path. For metals, the two components of
the vector potential,Afx andAfz, are negative in the wholex
range, and they originate anaccelerationof the convoy elec-
trons, shifting the position of the CEP to higher velocities, as
indicated in Fig. 2(a). On the other hand, in the FDW theory
the broadens of the CEP is produced by two different effects.
First and mainly, the screening of the projectile inside the
jellium, which is introduced in the model by replacing the
CoulombP-e interaction by the screening potentialVP

ssd. And
second and less important, the convolution of the momentum

transferAW fsxd along the projectile pathZsxd, which produces
an additional smearing of the peak. As observed from Figs.
2(b) and 2(c), the surface interaction affects essentially elec-

trons ejected in the forward direction, and this effect de-
creases rapidly when the elevation angleue increases.

In Figs. 3–6, theoretical and experimental electron distri-
butions corresponding to different ejection angles are plotted
as a function of the final electron energy. Total predictions
were obtained by adding valence and core emission prob-
abilities, which were also included in the figures to display
the electron energy range where each mechanism is domi-
nant. In all the cases, the experimental spectra were normal-
ized by using the theoretical values for the electron energy of
200 eV. Although this electron energy was arbitrarily cho-
sen, the value of the normalization factor does not change
appreciably for« f varying in ±25 eV.

In Fig. 3, we analyze the forward electron emission.
Around this direction, the most discernible structure of the
theoretical and experimental spectra is the CEP, which is
placed at an electron velocitykf .vs. For the two considered
angles,ue=1° and ue=3°, the theoretical curve presents a
similar shape to the experimental one, displaying an energy

shift of the CEP(with respect to its position forEW 0=0W)
D«sCEPd.13.5 eV, which is close to the measured shift
D«exp

sCEPd.14.5 eV. Although for both observation angles the
agreement found with the experiments is reasonable, it
should be remarked that forue=1°, ionized electrons travel a
long distance through the jellium before being emitted to the
vacuum, losing energy in multiple collisions along the out-
going path. This effect(transport) has not been included in
our theoretical model, which only gives theprimary electron
distribution that is obtained by considering that electrons
ionized from surface atoms are directly ejected to the
vacuum. When the emission angle is slightly separated from
the grazing direction, as forue=3°, the path of ionized elec-
trons inside the jellium decreases rapidly, and in this case,
our theoretical results could be directly compared with the
experimental data.

At the angleV f =sue=10° ,fe=1.2°d, displayed in Fig. 4,
the valence emission becomes the dominant mechanism at
low and high electron energies, in the velocity region usually
known asbinary ridge. In the electron momentum space, the
binary sphere is determined from Eq.(18) by considering the
initial electron velocity as negligible, i.e.,vF<0. The theo-
retical spectrum clearly displays the footprints of both, the
CEP and the binary ridge, coming from the inner-shell and
valence contributions, respectively. Calculated electron emis-
sion yields coincide with the experimental values for large
electron velocities, but in the intermediate energy range,
around the projection of the CEP, the theory underestimates
the experiment. Similar behavior can be observed in Fig. 5
for the emission angleV f =sue=20° ,fe=4.6°d. Such dis-
crepancies could be a consequence of the presence of other
mechanisms not included in the theory.

Finally, in Fig. 6 we consider the ejection angleV f =sue

=30° ,fe=11.8°d, which corresponds to the largest anglesue

and fe studied in this work. Note that in all the cases con-
sidered, the core emission is extended over the whole elec-
tron energy range, tending slowly to zero for high electron
velocities, while valence emission is only localized in the
region determined by Eq.(18). At ue=30°, the theoretical
and experimental spectra agree for low and intermediate

FIG. 6. Similar to Fig. 3 for the electron observation angleV f

=sue=30° ,fe=11.8°d.
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electron energies, where the inner-shell contribution is neg-
ligible. At high electron energies, where the core emission is
the only possible binary mechanism, the theoretical curve
runs slightly below the experimental data. This small differ-
ence may be caused by emission of energetic valence elec-
trons as a consequence of multiple scattering processes[7],
which are not contained in our formalism.

V. CONCLUSIONS

We have presented theoretical and experimental results
for the angle and energy distributions of electrons emitted
during the grazing scattering of fast protons on an aluminum
surface. From the theoretical point of view, we have put for-
ward a consistent method to deal with the electron emission
from metal surfaces. In the present model, partial contribu-
tions coming from inner-shell and valence-band electrons are
calculated separately. The core emission is evaluated with a
distorted-wave formalism, that we name FDW approxima-
tion. It incorporates approximately the effect of the induced
surface potential on the atomic ionization. To calculate the
emission from the valence band we employ the binary colli-
sional formalism, using MSR model to represent the effec-
tive P-e interaction.

The relative importance of the contributions arising from
the different sources of electrons of the metal has been ana-
lyzed as a function of the electron ejection angle. Theoretical
electron emission yields are in reasonable agreement with
the experiments for the different considered angles. In the

forward direction, the inner-shell ionization is the dominant
mechanism, the CEP being the most striking feature of the
emission spectrum. When the ejection angle increases, va-
lence emission begins to be relevant, and the signatures of
the valence binary ridge appear in the electron distributions.
And for very large angles, the valence contribution domi-
nates at low and intermediate electron energies.

We have also investigated the action of the surface poten-
tial on the CEP by comparing the core emission probabilities
calculated with and without including the surface interaction.
We found that the induced field accelerates convoy electrons,
and the influence of the surface interaction on ionized elec-
trons diminishes rapidly as emission angle is separated from
the forward direction. Another important effect, confirmed
by the experiments, is that the broadens of CEP is well de-
scribed by the enhancement factor(Jost function) given by a
simple screening potential, which is used to represent the
dynamic shielding of the projectile. In both, theoretical and
experimental spectra, the CEP looks like a wide maximum
instead of a sharp peak, characteristic of the Coulomb inter-
actions.
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