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In this work, electron emission spectra produced by impact of fast protons(dhlpsurfaces 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 the modified specular reflectioMSR) model to represent

Electron emission produced during the grazing scattering’® Surface wake interactioil7]. The plasmon decay
of fast ions from solid surfaces has been extensively invesMechanism is not included in the valence emission because it
tigated during the last several yeds-12. The interest in  Only contributes in the low electron-energy rang8-2q,
these collisions has been motivated by the particular featureghich is not considered here.
of the collisional system, which allow one to extract specific ~ The article is organized as follows. In Sec. Il the theoret-
information about the electronic structure of the surface fromical models used to calculate inner-shell and valence contri-
the electron spectra. butions are outlined. The experimental technique is described

When a fast ion collides on a metal surface with an inci-in Sec. lll. In Sec. IV results are shown and discussed, and
dence angle smaller than a given critical angle, the ion isSec. V contains our conclusions.
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 fixgd!,15, and the projectile
moving along a grazing trajectory induces the emission of We consider a heavy projecti(®), of chargeZ, and mass
electrons from the metal. These electrons may come fronM,, impinging grazingly on a metal surface. As a result of
two different electronic sources: the valence band and thehe collision, an electrote) belonging to the solid is emitted

inner ihills of target a;tomsl- — | _ N with momenturk;, which is measured in vacuum semispace.
With the purpose of analyzing the angular regions whergy, o 14 the large masd» of the projectile, the description of

inner-shell and val_ence ionization processes are relevant,_V\{Fs motion in terms of a classical trajectory is a reasonable
study both theoretically and experimentally the electron d's'approximation. We use a frame of reference fixed to the po-

tributlions pro?uced by fast proton; impingin? grafzinlgly ONsition of the first atomic layer, with the projectile trajectory
an Al(111) surface. We consider different angles of electron,qiained in thec-z plane, and the surface in the'y plane
ejection, varying not only the elevation angle relative to the

I . %see Fig. 1 Within this frame, the position of the projectile
surface but also the angle between the direction of emissio . . > .
and the scattering plane at a given timet readsR(x)=(x,0,Z(x)), with Z(x) the clas-

In the present work, inner-shell and valence contributionSical projectile trajectory. Atomic units are used unless oth-

are calculated separately. To evaluate the inner-shell emi€rwise stated. o o
sion yield, also called core contribution, we employ the re- ©Or grazing incidence, the projectile path can be divided

cently proposedield distorted-waveFDW) approximation in_to differential portions, with width\x, situated_ at different
[16]. It is an extension of the continuum-distorted-wave-distancesZ(x) from the surface. In every portion, the com-
eikonal-initial-state (CDW-EIS) approximation, which al- ponent_of the propct_ﬂe velocity pe_rpendlcglar to the surface
lows us to describe the ionization from atomic bound statedS considered negligible, and the ion moving parallel to the
taking into account the effect of the electric field induced bySurface plane with velocitys=(vs,0,0) ionizes electrons
the projectile. In the model, atomic ionization probabilities from the solid. In the case of metal surfaces, emitted elec-
depend not only on the modulus of the impact parameter, bdfons can be separated into inner-shell and valence-band
also on its direction. The contribution from the valence bancglectrons, according to their initial binding energies. The dif-
is calculated within the binary collisional formalism, using ferential probability of electron emissiodP/dk;, is ob-

Il. THEORETICAL MODEL
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zZ A pact parameter depends on the position of the surface atom
projectile trajectory considered, being

p(xYy) =\Y?+Z2(x),  0,(xy) = arctar(%?) (3)
/ P 4 the modulus and the azimuthal angle, respectively(sfy).

/ v / In collisions with metal surfaces, the atomic ionization is

/ R developed in the presence of the induced poteMjabrigi-

Vit / / y' nated by the surface. To describe this process we employ the
/ AL/ e -7 /4 FDW approximation, which is a distorted wave theory that
Y = el 7 ax takes into account the action of the wake potential on the
/ \ ejected electron. Here we resume the main results of the
4l _7 N6,y FDW model, while details of its derivation can be found in

X topmost atomic layer Ref. [16].
Within FDW formalism, the interaction of the electron
with the surface induced fieldgy(,t) ==V, (1), is in-
) ) o cluded in the initial¢; and final ¢; collisional states by
tained by adding the core and valence contributions along thg,eans of the Volkov ansaf21]. The distorted wave func-
projectile trajectory; that is, tions are defined fromp" and ¢; by introducing the Cou-
lomb distortions of the projectile and the target

FIG. 1. Schematic picture of the coordinate system.

ap_ J dx (P () + PY (%)), (1) b e e o
dkf —o f f XI (rT,t) - ¢| (rTlt)EP(_ vS’rP)y

wherePE)(x), j=(is,val) denotes the transition probability
f

. . . - Xt (F,t) = ¢ (T, ) DK, 1) Dp(Kp, p), (4)
per unit path to the final state with momentukp from . . . .
inner-shell(is) and valence-bantval) states, respectively. Whererp andry are the position vectors @& with respect to

The theoretical models employed to evaluate the emissioH'e ProjectileP and to the target nucleus of chargeZr,

probabilities PES) and P(lzval) in this work will be summed respectively. The vectors
f

f - . o

up in the following sections. k= k¢ + Ag(t),
The double-differential yield of electron emission

d’P/dedQ) is derived from Eq. (1) as d’P/deqdQ; ...

_ " —L2/0 i kp=Ki = vs+ A1), 5

=kidP/dk;, wheree¢=kf/2 is the electron energy and

=(6e, ¢¢) is the ejection angle. The angi is the elevation  are the electron momenta with respectTtand P, respec-

angle with respect to the surface aglis the angle between jye|y, involved in the hard atomic collision, witk the final

the direction of emission and the scattering plane, measurédectron momentum measured by the detector, after being

on the surface .plane. n .th|s way, the final eIeCtronaccelerated by the fieléo. The vector,&f(t) is the vector
momentum, outside the solid, readéts=k;(cos 6, cos ¢, . = . o

: . potential of the surface fiel&, acting on the ionized elec-
COS 6, SiN g, SiN O,). tron

. . - - t - -
A. Inner-shell emission AD) :Afo‘f dt' Ey(R(t'), 1), (6)
Since core electrons are strongly localized around the tar- +e

get nucleus, when the projectile moves along the porAign - L . .
of its trajectory, it ionizes essentially electrons bounded td’l’her? R(t) denotes the projectile position at the th?nd
atoms situated at the first atomic plane of the correspondinso is a constant value. In Eq.(4), Dg(k,r)

surface bandsee Fi%é)J_ Under this assumption, the prob- =F(K),F(xiZc/k, 1, tikr—iIZ-F) represents the Coulomb dis-
ability per unit pathP, - (x), for the transition from the initial  tortion  produced by the chargez, and Eg(g )
f ) 1

bound state to the final stated with momenturrizf, is given =exd*iZ./kIn(kr=+ E-F)] is the eikonal phase, witlc
by =P,T. In the definition ofDg, the function,F; denotes the
A oo confluent hypergeometric functi0|k,=|lz|, and
Pl =05 ayPGxy), @

Fi(k) = ex;n(LZ°>F(1 FizZJk), c=P,T, (7)
wherePi(Et)(ﬁ) is the probability of atomic ionization depend- 2K
ing on the impact parametg; and & is the surface atomic 1S @ normalization factor that coincides with the value of the
density, which is considered as constant. In B).the im-  Coulomb wave function at=0 (Jost function.
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The FDW transition matrix7" F?W is derived fromy{ and  model [23,25, while the field induced by the electr(‘éﬁe)
X; as the flrst order of a distorted wave theory. After lengthyhas been obtained from the stopping of electrons inside met-

aIgebraT W can be expressed in terms analytical Nords- als [26].
ieck inte ra{ls and an approximated expression of it is give The effectiveinteraction timetiy, used in Eq(10), is de-
by [16] gras, PP P g r?ned as the interval of time in which the electric f|e&'g is
important. For the collisional system composed by 100 keV
Fow _ s)—*(k ) F(Kr) _cow.gis H* impinging on aluminum, considered in the present work,
T, P FT kT i e (8) we estimate the interaction time &s;,=~t,s Then, in the
f _ f . . = .
Fo ( vd) T (k) range[0,t;,.] the contribution onge) in Eq. (10) can be ne-

CDW-EIS . . . glected, the electron being mainly accelerated by the field
is T-matrix element calculated with the (p)

CDW-EIS during the collisional time. Arount~t;,; the projectile
usual CDW EIS approximation22]. Note thatT. has already separated approximately 3—4 a.u. from the

can be obtained from the distorted wave funct|ons definediucleus target. Subsequently, the ionized electron suffers the

in Eq. (4) by fixing Eo 0. The funct|onF(S) takes into Simultaneous action of the opposite fleIE%P) and Ee)
account that in collisions with metals the projectile is Whose absolute values are nearly similar for |ntermed|ate
shielded by valence electrons, and tRee interaction is  €lectron energies. So, fort;, the electron keeps escaping
not more represented by a Coulomb potentpﬁ) (K) is from the projectile with a nearly constant velocity. Therefore,
defined as the value at the origin of the eigenfunction withUnder this picture convoy electrons, which are primary pro-
momentum k corresponding to the screening potentlalduced at the closest distance to the surface, abandon the me-
. ) dium with a velocity larger than the projectile one, movin
VS'=-Z, exp-\rp)/rp, with A=wyv2+v2/3)"2 which y larg prol 9

far away from the incident ion. By the time when the pro-
describes the dynamic shielding of the projectile. The pajectjle crosses the surfaggellium borded, the convoy elec-
rameterwg denotes the surface plasmon frequency apd

. : s tron is separated a distance of several ten atomic units from
Is the Fermi velocity. ) ) the projectile. For other collisional systems, the definition of
In Eq. (8), the electron momente: andkp are expressed t;,, should be opened to discussion.

as a function of thes position of the ion, Finally, the atomic ionization probabilityPi(Et)(ﬁ)
f

.. (at)
K = ke + Af(X), = A B
transformatlor{27]

where T

is derived from EQ.(8) by using the eikonal

ke = ki — U+ A(), (9) A
K (P)= fdﬂeXF(”] ﬁ)T : (11
where the vector potential

- - - where 7 is the component of the transferred momentum per-
As(X) = = Eo(R(X), Xvtin (10) pend|cular t0vS The inner-shell emission probability per

has been derived from Ed6) by considering that(i) the  UMitPath, Pf '(x),is obtained from Eq(2) by adding over all

time dependence d&, is determined by the projectile posi- °ccupied initial states; that is,

tion R(x), with x=v4t, and(ii) the field Ey=(Eg,0,E,) does (is) E (IS)

not vary appreciably along an effective interaction titpe Py (X) P

when the interaction takes place. Therefore, the action of the

surface field on the emitted electron produces a supplemenn the calculations, the atomic bound states have been de-

tary momentum transfek;(x), which depends on the point of scribed by Hartree-Fock doubtefunctions[28], and an ef-

the projectile trajectory considered. fective charge satisfying the binding energy has been used to
The field EO acting on the emitted electron can be ex- represe(nt_ the final continuum state around the target. The

pressed as the sum of the ﬁeléép and |§<e), which are fa}clt:zorfF Szghas been numerically evaluated by using the code

induced by the projectile and the ejected electron, respeO ef.[29]

tively. The medium cannot immediately react to the presence

of the electron, and the fieléée) arises around a timig,; after B. Valence emission

the hard atomic collision took place. The timyg is associ-

ated with the so-called wake formation tirf23,24. Taking of the solid we employ the binary collisional theofgQ].

into account that emitted electrons are mainly produced |n.|.hIS formalism describes the multiol li f i

) ple collisions of the pro

side the solid, we have roughly demeée as a step func-  jectile with valence electrons, which form the free-electron

tion, Ef)e)(F ,t):Ege)(@(t—th), with t,.= /(4 w,) andw, the  gas, along its trajectory.

bulk plasmon frequency. The field induced by projecﬁf)@ Within the binary collisional formalism, the probability

has been derived by employing the specular-reflecf®®  per unit path P(F,%',)(x) for the transition from the initial

12

To evaluate the electron emission from the valence band
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valence-band state with momentu%to the final state with The differential probability of valence-electron emission
momentumlzf’, reads[30] per unit pathP(Izval)(x) can be obtained from Eq13) by in-

f
tegrating on the all initial valence-band states,
0l
klfi/( X) = —5(A)|Tk ol

: (13
(val val)

Pe (00 = (kidki,) f dk’ pe O ~K)PEE (), (17)
where 7y is the T-matrix element corresponding to the

Ll where the unitary Heaviside functigh(vg—k) restricts the

émtlal states to those contained inside the Fermi sphere, with
ve the Fermi velocity, angh.=2 takes into account the spin
states. In the derivation of Eq17), we have replaced the
momentumk’ measured inside the solid by the momentum
kf (kfs,kfz) measured outside the solid, in the vacuum re-

gion, by using the relationig=k!, andk,= (k;2-k)¥2, with
ke=(2Ew+v2)Y2 andE,, the work function.

inelastic transitiorizi’—>lzf’, and the prime indicates that the
initial and final electron momenta are both measured insid
the solid. The delta function imposes the energy conserva-

tion, A=v,- kf K) (sk/—sk) with sk/(ek) the initial (fi-
nal) electron energy. In the first Born apprOX|mat|on the
transition matrix readSTkk, <¢>k,|Vpe|¢k,> where Vp, i

the CoulombP-e mteractlon sh|elded by the presence of the
other valence electrons, anﬁi and ¢k, are the initial and

final electronic states, respectlvely

We use the surface jellium model to represent the conduc-
tion band of the solid. In this model, the electrons are con- The experiments were conducted in an ultrahigh vacuum
fined inside the solid by a square barrier, which is placed at @hamber at an operating pressure of B0~ Torr with the
distanceD/2 in front of the first atomic layer, witlD the  ion beam line open. The ions were generated in a radio fre-
interplanar separation By using the jellium model, thequency source, mass selected and collimated to better than
T-matrix eIementT is expressed as an integral in the 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-

IIl. EXPERIMENTAL DETAILS

k'Kl
momentum space

7o (™ W f tation of the inner cylinder around its main axis defines the

B ) pe(U)f(U) . .

TE ‘f, =52 u—(p2 ) (14)  electron observation angl#s and ¢, measured with respect
) <

to the surface and the scattering planes, respectively. These

where Wpg(U) is a screening factor, which depends on the@ngles cannot be chosen independently; for grazing observa-

approximation used to represent the induced potential, anfion (fe<<10°), the azimuthal angleb, remains in the scat-

S =<1°
p=ki{—k'=(ps,p,) is the transferred electron momentum tering plane(¢e=<1°), but for large elevation angle&s,

T '=20° mov way from i . For the present m re-
with i; the component of parallel to the surface. The factor mer?t.z, ﬁfe ir?ci?jsegt (jli)r/ec?ion Iv:\g/?s sgletcteec? t(ce)ste)etrar?(?os% ei e
f(u) represents an one-dimensional electronic form factor P

) . hot along a low-index surface crystallographic axis. All the
\[Agﬁsreég;ei;?on can be found in R@&0). (Also, see Ref. electron energy spectra shown here have been corrected for

. . the transmission function of th trometer in order t
To evaluateWp, we employ the MSR model, which is € transmission function ot the spectromete order to

derived from the specular reflection mod28] by includin compare them with the calculated electron distributions.
P ) | by 9 The Al(111) sample was prepared by repeated cycles of
the momentum transfer perpendicular to the surfage,in

. L . razing sputtering (0.5°—-2° incidence angle with
the wake potential. Such a modification corrects the failur . A .
found in th% binary results when SR model is ugati. The 0 keV Ar* followed by annealing at 450°C. The azimuthal

: orientation of the surface was continuously changed during
MSR screening factor reads7] the Ar irradiation. This method produces a very flat surface
1 as has been shown in previous woil4,37. The surface
WEESR(U) = VI(W)©O(Z') - =V(W)O(-Z'), (15  roughness was checked situ by measuring the convoy
€ electron emission produced by 60 keV Ht 1° incidence
with and the Al Auger electron peak produced by 20 keV Ng a
function of the incident angle. Both measurements show that
(1-e the vast majority of the incident ions>90%) interact with
(1+¢

flat surface regions[10,3§. The surface cleanliness,
achieved with the repeated sputtering-annealing cycles, was
wheree=¢(p, w) is the bulk dielectric function, evaluated on verified with Auger electron spectroscopy before and after
the total momentump and on the frequencw=p.vs, and  performing the measurements.
Z'=Z(x)-D/2 is the distance of the projectile to the jellium
border. In the calculations, the bulk dielectric function
e(g,w) is derived from the random-phase approximation
(Lindhard’s dielectric function[32] together with the Mer- Our study has concentrated on 100 keV protons imping-
min’s prescription, which allows us to deal with finite values ing on an A[111) surface with the angle of incidencg
of the lifetime 1/y [33]. =1°. As the Al atoms contain three electrons in the outermost

V®(u) =

exp(— pJZ'|) texp-iuz’),  (16)

IV. RESULTS
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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(11)) surface with the incidence angte=1°. Three different electron ejection angles are considg®@d;=(0,=1°,$.=0°), (b) (6
=3°,¢.=0.15°), and(c) (6,=10° ,¢po=1.2°). Solid line, inner-shell emission probability calculated with the FDW approximation; dashed-
dotted line, valence emission probability obtained with the binary MSR model; dotted line, inner-shell emission probability evaluated with
the CDW-EIS approximation, in absence of the surface interaction. The sykefdiP denotes the energy shift of the CEP, with respect to
its position foréozé.
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FIG. 3. Double differential probability of electron emissialRP/ded();, for 100 keV-protons impinging on an @l11) surface with the
incidence angled,=1°. Two electron observation angles around the forward direction are considered;=(6.=1°,$.=0°) and (b)
(0e=3°,¢.=0.15°). Empty circles, present experimental values, normalized with the theory. Theoretical predictions: solid line, total prob-
ability of electron emission calculated by adding inner-shwlth the FDW model and binary valence contributions; dashed and dashed-
dotted lines, inner-shell and valence emission probabilities, respectively.
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FIG. 4. Similar to Fig. 3 for the electron observation anfle FIG. 5. Similar to Fig. 3 for the electron observation anfle
=(6,=10° ,po=1.2°). =(6=20° ,p¢=4.6°).

shell n=3, we consider that they cede these external elec- i o . .
trons to the free-electron gas, keeping the rest of the eleél\_/e b'egln our analysis Wlt_h the forward Q|rect|on, moving the
trons in the inner shells. The parameters used to describe ti§éection angle around this angular region. At the arigle
aluminum surface are: the Fermi velocity=0.91 a.u., the =(6e=1°,¢¢=0°), which coincides with the direction of the
interplanar distanceD=4.4 a.u., the work functiong,  ©Outgoing projectile, the core emission is more than one order
=0.15 a.u., and the damping coefficiept 0.037 a.u[37]. of magnitude higher than the valence emission, even for the
In the calculation of the core emission, only the initial lowest electron energies where the valence contribution is
states corresponding to tHe shell of aluminum were in- Maximal. For this particular ejection angle, the inner-shell
cluded in Eq.(12) because thé-shell ionization is negli- €mission probability displays a prominent structure, usually
gible at the considered impact energy. For every initial statefamed convoy electron pe@kEP), which is associated with
the evaluation oP'"" involves a three-dimensional integra- electrons that recede from the target atoms in close spacial
ke correlation with the projectil¢3]. Precisely, for electron en-
tion on the variablesy andy [Egs. (11) and (2), respec- ergies around the CEP, the emission of valence electrons is
Itglvsgr] ’t;gﬁt g’gzs Qgrn:ﬁgc\ililé ﬁgjlgg;[ﬁgbm}g'na trr?elag\é?ngirgar\ ot possible by binary collisions. It is due to the valueskpf
_ _ ey _ T eached by the binary ionization from the valence band are
integration onk{ [Eq.(17)] was done with a relative error of cgnfined in the regiofi30]
1%. In both cases, the further integration on the variable
involved in Eq. (1) was solved by interpolating approxi-
mately 20 pivots on the classical trajectat{x), determined
by the projectile-surface potential. To represent this interachere Ko =[(vstvp)?=keJ¥2, and Kpyin=[(vs~vg)?-K:]*2
tion we employ the Moliére potentigB8] plus dynamical ©®[vs—(k.+vg)]. It is a consequence of the energy conser-
image potential given in Ref37]. Our theoretical probabili- vation imposed by the delta function in E(L3). From
ties were not convoluted with the acceptation angle of thérig. 2, when the ejection angl@; is separated from the
detector. forward direction, the valence contribution increases. For
Since our goal is to investigate the contribution originated(2;=(6.=10°,¢.=1.2°), the valence emission probability
from the different electronic sources of the metal, in Fig. 2displays only a minimum around 54 eV, being higher than
we compare calculated inner-shell and valence emissiothe inner-shell contribution for the lowest and the highest
probabilities for three different angles of electron emissionelectron energies considered.

Kmin = |kf - Js| = Kmaxv (18)
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0wWre—r—"/———7 7 trons ejected in the forward direction, and this effect de-
creases rapidly when the elevation anglencreases.

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
expt were obtained by adding valence and core emission prob-
10° Rees, 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
-~<_ is appreciably fore; 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
N placed at an electron velocily > v, For the two considered
N ) angles,f,=1° and 6,=3°, the theoretical curve presents a

S 3 similar shape to the experimental one, displaying an energy

shift of the CEP(with respect to its position foEy=0)
AelCEP =135 eV, which is close to the measured shift
N\ L, ] AelSEP~14.5 eV. Although for both observation angles the
o agreement found with the experiments is reasonable, it
N should be remarked that fék=1°, ionized electrons travel a
° long distance through the jellium before being emitted to the
10 100 200 300 vacuum, losing energy in multiple collisions along the out-
going path. This effecttransport has not been included in
our theoretical model, which only gives tpeimary electron
FIG. 6. Similar to Fig. 3 for the electron observation anflg _dis'Fribution that is obtained by cons_idering Fhat electrons
=(0,=30° ,b,=11.89. ionized from surface ~atoms are _dlre_ctly ejected to the
vacuum. When the emission angle is slightly separated from

Since the position and shape of the CEP markedly depentcg]e grazing direction, as fof=3°, the path of ionized elec-

) : : érons inside the jellium decreases rapidly, and in this case,
on the surface interaction, to study the effect of the induce our theoretical results could be directly compared with the
field on the core emission we also plot in Fig. 2 the prob- y P

ability of inner-shell ionization calculated with the usual experimental data.

CDW-EIS approximation, without taking into account either Atthe angIeQ_f:_(ee: 10°,4e=1.29), dlsplayed in Fig. 4
the valence emission becomes the dominant mechanism at

the surface fieldg, or the shielding of the projectile. The |4, and high electron energies, in the velocity region usually
core electron distribution obtained with the CDW-EIS theoryynown asbinary ridge In the electron momentum space, the
shows a cusp-shaped peak placedsat v, similar to the  binary sphere is determined from E48) by considering the
one observed in collisions with gaseous targets. Within thénitial electron velocity as negligible, i.evg~0. The theo-
FDW approximation, instead, the CEP is determined by theetical spectrum clearly displays the footprints of both, the
function |:<PS)‘(kP), which displays a wide maximum ds CEP and the binary ridge, coming from the inner-shell and
:sz—v*sh&f(x)ad Then, in the presence éo the peak is vglenc_e contnk_)ut!ons, respecuvely. Qalculated electron emis-
s L s o sion yields coincide with the experimental values for large
moved to a new positioks=vs—As(x), which is convoluted  gjectron velocities, but in the intermediate energy range,
along the projectile path. For metals, the two components ofround the projection of the CEP, the theory underestimates
the vector potentiald, andAy,, are negative in the whole  the experiment. Similar behavior can be observed in Fig. 5
range, and they originate @tcelerationof the convoy elec-  for the emission anglé);=(0,=20° ,.=4.6°). Such dis-

trons, shifting the position of the CEP to higher velocities, aSrepancies could be a consequence of the presence of other
indicated in Fig. 2a). On the other hand, in the FDW theory mechanisms not included in the theory.

the broadens of the CEP is produced by two different effects. ringjly, in Fig. 6 we consider the ejection angls=(6,

First and mainly, the screening of the projectile inside the_gqo .$.=11.89), which corresponds to the largest angfes
jellium, which is introduced in the model by repl?cing the and ¢, studied in this work. Note that in all the cases con-
CoulombP-e interaction by the screening potenﬂéff -And  gidered, the core emission is extended over the whole elec-
second gnd less important, the convolution of the momentury, energy range, tending slowly to zero for high electron
transferA¢(x) along the projectile paté(x), which produces velocities, while valence emission is only localized in the
an additional smearing of the peak. As observed from Figstegion determined by Eq18). At 6,=30°, the theoretical
2(b) and Zc), the surface interaction affects essentially elec-and experimental spectra agree for low and intermediate

(o] o]
0,=30°, ¢,=11.8
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electron energies, where the inner-shell contribution is negforward direction, the inner-shell ionization is the dominant
ligible. At high electron energies, where the core emission isnechanism, the CEP being the most striking feature of the
the only possible binary mechanism, the theoretical curvemission spectrum. When the ejection angle increases, va-
runs slightly below the experimental data. This small differ-lence emission begins to be relevant, and the signatures of
ence may be caused by emission of energetic valence elethe valence binary ridge appear in the electron distributions.

trons as a consequence of multiple scattering procd3$es And for very large angles, the valence contribution domi-

which are not contained in our formalism. 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

V. CONCLUSIONS calculated with and without including the surface interaction.

We have presented theoretical and experimental resulte found that the induced field accelerates convoy electrons,
for the angle and energy distributions of electrons emittecfmd the influence of the surface interaction on ionized elec-

during the grazing scattering of fast protons on an aluminundrons diminishes rapidly as emission angle is separated from

surface. From the theoretical point of view, we have put for-the forward direction. Another important effect, confirmed

ward a consistent method to deal with the electron emissiopy _tgedegperrllmenrt]s, is that tf}e b(;oad]?ns c.)f CE.P 'St\)Ne” de-
from metal surfaces. In the present model, partial contribuSC"! Ie yt een ancemelnt ar‘:?( h"?t uncgon given by a h
tions coming from inner-shell and valence-band electrons ar&'™PI€ screening potential, which is used to represent the

calculated separately. The core emission is evaluated with namic shielding of the projectile. In poth, thgoretlcal_ and
distorted-wave formalism, that we name FDW approxima—fe)(per'rnental spectra, the CEP looks like a wide maximum

tion. It incorporates approximately the effect of the inducedms’?ead of a sharp peak, characteristic of the Coulomb inter-

surface potential on the atomic ionization. To calculate the?ctions.

emission from the valence band we employ the binary colli-

sional formalism, using MSR model to represent the effec-

tive P-e interaction. The authors are very grateful to N.R. Arista for providing
The relative importance of the contributions arising fromus data for the stopping of electrons. Financial support

the different sources of electrons of the metal has been anérom the ANPCyT (PICTs 03-03579/06249/6325/4420

lyzed as a function of the electron ejection angle. TheoreticaCONICET (PIP 0423, UBACyT (01-X044), ICTP-CLAF,

electron emission yields are in reasonable agreement witand Fundacién Antorchad4116/86 are acknowledged and

the experiments for the different considered angles. In thgreatly valued.
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