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Kinetic electron emission induced by grazing scattering of heavy ions from metal surfaces
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The angle-resolved energy spectra of the electrons emitted from a metal surface during specular reflection of
heavy ions have been studied by means of the first-order, time-dependent perturbation theory, with the electron
states obtained from a finite step-barrier potential model. The surface response has been described by the
dielectric formalism within the specular reflection model, where the local-field correction and the plasmon-pole
approximation have been used for the dielectric function in the cases of low and high ion velocities, respec-
tively. The ion trajectory has been evaluated based on the surface continuum potential and the ion image
potential, whereas the screening of the ion by the bound electrons has been taken into account by means of the
Brandt-Kitagawa model. It has been found that the electron spectra are dominated by the decay of surface
plasmons for fast incident ions, whereas the electron emission is dominated by the single-electron excitation
mechanism for slow incident ions.
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[. INTRODUCTION nism and by the transmission across the surface. While the
spectra of KEE due to single-electron excitation are gener-

The interactions of accelerated ions with solid surfacesally smooth, the plasmon excitation mechanism can give rise
including the inelastic energy-loss processes, the charge eie electron emission, owing to the decay of plasmon into the
change, and the secondary emission phenomena, have besactron-hole pairs, which can be emitted with a characteris-
the subject of many experimental and theoretical studietic peak structure.

[1-4]. Special attention has been paid to the ion-surface The excitation of plasmons in the bulk and at the surface
grazing scattering owing to its prolonged interaction timesof solid targets by fast charges has been studied for some
with the surface and the extreme sensitivity to the surfacéime. Most of the experimental studies have used fast projec-
properties. When an energetic ion approaches a solid surfacéles which can excite plasmons via direct Coulomb interac-
it loses its kinetic energy due to ionization and excitation oftion [5-7]. However, an increasing attention has been fo-
the electrons in the solid via dynamically screened Coulomizused in the past several years on the plasmon excitation
interactions. While the excitation of the electrons bound tonduced by slow ions. Although this mechanism is not ex-
the surface atoms is only important under the large-angl@ected to operate under such conditions due to the conserva-
scattering conditions, the energy losses during the glancingion of energy and momentum restrictions, several recent ex-
angle incidence on the surface are dominated by the excitgperimental studies[8—15 have reported characteristic
tions of the valence-band electrons in the near-surface rdeatures in the emitted electron energy spectra induced by
gion. Thus, in the case of grazing scattering, the excitatioslow ions, which can be ascribed to the plasmon excitation
processes in the valence band include two mechanisms: tled decay mechanism. Several explanations of this effect
collective excitations giving rise to the surface-plasmonhave been discussed, but detailed interaction mechanism for
field, and the single-particle excitations of the quasi-freeplasmon excitation by slow ions is still not understood com-
electrons via binary collisions with the projectile. pletely.

The so-called kinetic electron emissigKEE) is gener- From the theoretical point of viejd 6], the energy spectra
ally perceived as being closely related to the projectile enof the electrons emitted from the surface can be deduced
ergy losses, where the excited target electrons are transportédm calculations of the energy-loss rate experienced by a
and emitted through the surface into vacuum. When the proeharged particle due to the creation of the electron-hole pairs.
jectile approaches the surface under planar channeling corurthermore, the first-order perturbation theory has been
ditions, the electron emission originates from the region justised to describe the ion-induced electron emis$ibh18
above the topmost atomic layer of the solid, so that the mulfor ions traveling on trajectories which are parallel or normal
tiple inelastic scattering during the transport of electrons toto the surface, where the surface wake potential was de-
wards the surface plays minor role in the spectra of emittedcribed by means of the specular-reflection mo@&RM)
electrons. Then, the energy spectra of emitted electrons af&9,20, and the electron wave functions were used, which
determined by the characteristics of the excitation mechatake the presence of the surface into account. These studies

showed that the energy distributions of the emitted electrons
contain features which originate in the deexcitation of plas-
*Email address: songyh@dlut.edu.cn mons. On the other hand, the role of single-electron excita-
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tions in the electron emission, produced by the screenethe incidencex should be of the order of milliradians, char-
Coulomb interaction between the incident ion and the suracterizing planar channeling. The ion distange evolves
face electrons, has been studied by means of the first Boradiabatically, that is, on a time scale much longer than the
approximation[21,22. It has been found that this mecha- other characteristic time scales of the problem. The total
nism provides the dominant contribution, in comparison withcharge density of the projectile is
the experimental data, to the electron emission for angles far
from the direction of specular reflection of the projectile. In Pexd I ) =[Z16(R—vt) —on(R=Vvjt)]8(z—2zp), (1)
addition, while neglecting the plasmon decay mechanism,
the SRM model has been modifig2B,24 and used to study WhereZ; is the atomic number of the projectile andt(z)
the binary collisions with the free-electron gas, giving thelS its position vector, whiler,(R) = [p,(r) dz is the two-
results which compared well with the experimental data fordimensional projection of the full three-dimensional distribu-
large ejection angles of electrons. Finally, as an alternative t§0n pn(r) of the electrons bound at the projectile. Using the
the plasmon excitation and decay mechanism, the interfestatistical model of Brandt and KitagawK) [29] for p,(r)
ence arising from the decay of surface Bloch waves via sca€nables one to express the Fourier transform of the total
tering on surface atoms has been recently proppgflas  charge density as follows:
responsible for the characteristic features in the electron _ _ _
emission spectra induced by grazing scattering of slow ions. Pexi(k,w)=270,(Q)8(w—Q-v))e'k, (2

In this work, we attempt to describe the contributions to
the KEE spectra from both the collective and the singlewhere o,(Q)=2Z4[q(zo) + (QA)?)/[1+(QA)?], with A
electron excitations under the grazing scattering conditionbeing the screening lengf29], q(zo) =1—N,(z,)/Z; the
by using the dielectric function theory. In our previous work ionization degree, and,(zy) the number of electrons bound
[26], we had developed a theoretical model to simulate thet the ion located at,.
position-dependent stopping power, the scattering trajectory, The surface response to the incident ions is obtained by
and the energy loss for heavy ions, grazingly scattered frormeans of the SRM model, in which the dispersion effects are
a solid surface. The fact that such a model gave reasonablyicorporated by expressing the surface response in terms of
good comparison with the experimental d@2x,28 lends the bulk dielectric function. In this model, the electrons
some confidence in the present calculations of the differentialvhich constitute the response of the medium are considered
electron emission probabilities. These probabilities are obto be specularly reflected at the surface, whereas the elec-
tained by means of the first-order perturbation theorytronic charge density vanishes outside the surface. Thus, as-
[17,18, where the ion-electron interaction is described bysuming that the ion moves on a trajectory parallel to the
the surface wake potential deduced from the SRM modelsurface, the induced potential is given [80]
with different expressions when the ions move above, or in
the interior of, the solid surface. In particular, the dielectric (277)25n(Q)5(w—Q~V\|)
model is used with the local-field correction when consider- ¢(Q,®,2)= 9
ing slow ions, whereas the plasmon-pole approximation is

used for fast ions. Since we are concerned with the electron 2e Q%

emission induced by heavy ions, the distribution of electrons X mfs(Q,w,Z) 0(—2)
bound to the projectile and the concomitant effective charge s

state of the projectile are taken into account. The work is €(Q,w)—1

i . . —Q(z+z —Qlz-z
organized as follows. In Sec. II, we describe the theoretical e Q070+~ Q2

e(Q,w)+1
model of the electron emission. The analysis of the grazing
scattering trajectory for heavy ions is presented in Sec. Ill. ©)
The results of our calculation are presented in Sec. IV, while hen the ion is in th db
Sec. V contains our concluding remarks. Atomic units, wherg/N€N the lon 1S in the vacuum and by

m.=h=e=1, are used unless otherwise stated.

9(2)]

2m)%0 S(w—Q-vV
$(Qu 2= 20 ”(Qg( & ')[ e(Q.0.2-2)
Il. MODEL FOR ELECTRON EMISSION
. o . +e(Q,0,20+2)
We consider a heavy projectile incident on a solid surface
under a glancing angle and place a coordinate system in 2e4Q,w,2) e/ Q,w,Zy)
the scattering plane, with the axis parallel to the surface N 1+edQ,w) &(Q.0,2)|6(—2)
and thez axis perpendicular to it. The coordinate center (
=0, z=0) is placed at the electron gas edge of the solid N 2¢(Q,0,29) _, ) 4
surface, such that the regia@r<0 is occupied by the electron €(Q,w)+1 € (2) @

gas of the bulk of the solid. The notatioms=(R,z), k

=(Q,ky), andv=(vj,v,) will be used, wher&R, Q, andy when the ion moves in the interior of the solid. Hefds the

represent the components parallel to the surface. unit step functione4(Q,w,z) is the surface dielectric func-
We consider here only the situation where the projectilegion which can be expressed in terms of the bulk dielectric

are reflected from the first atomic layer, so that the angles ofunction e(k,w) as follows:
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e(Q,w,z=0).

dkz eikZZ

ES(Q,C!),Z): ?m:

©)

andey(Q,w) =

Describing the solid in the jellium approximation, the

PHYSICAL REVIEW A68, 022903 (2003

2(¢ |$(Q,2) |<P.o>

KH'O K, +|

(2m)?

11)

K=z, _
+ﬁ<¢|z|¢(Q,w,Z)l¢%> :

electrons are considered to be free within the solid, and con-

fined in the z<0 region by a step potentidV =V,6(2),
whereV,=Eg+®, with Ex being the Fermi energy andl

the work function. Using the first-order, time-dependent per-

turbation theory, the solutions of the Sctilmger equation
for the electron states with the step potential barrier 4@

el R

W= S==el(2), (®)

whereA is the area of the surfaces(l;,l,) is the momen-
tum of the electron on the solid side, whisestands for the
character of the state, including the bound stades (with
17<2Vy),

where K—(lH ,KZ) is the momentum of the electron in
vacuum and;)—I” _IH

Regarding the transport of the excited electrons to the
surface, we follow the simple method used before
[17,18,21, where the effect of inelastic collisions is included
approximately through an exponential faces¥ which mul-
tiplies the electron final states inside the solid. The parameter
M is set to be proportional to A/ the inverse of the electron
mean free path. Since the transport effects are expected to
play only a minor role under the grazing scattering condi-
tions, different choices of the paramejerdo not affect the
calculation results appreciably. After inserting E¢3). and

(4) into Eq. (11), one obtains the full expression of the tran-
sition amplitudeM m,Hoﬁ(w—Q-vH), such that, for

K<—|o:
z,=0,
l,—ip . . B _
¢?Z(Z)=(—|; el eld | 0(—2)+ e (), _—ion(Q] 13 N
My, = 0. - I(p+ik,)+ [(p—ix,)
(7 0 mQ I;+ip Ko+,
outgoing statesg= +, K, e Q% , 0
| + KZ+|Z ES(QIw)+1 J(M I(IZ |Z)'0)
+ z Z —il,z i,z iK,Z
o (2)= T e "Z+e'?|9(—2)+ e'“?g(z), 0_
z T Ky I+ «, 2~ 1P . 0
+ J(u—i(l,+15),0)| ¢, 12
® Orip 10100 (12
and incoming statesr= —, and, forzy<<O,
. \F K o _TioWQ[26(Qu0z0) 17 1
.= Vi g, 72 “0” T 7Q | &(Qu)tL 1%ip | QT prix
Kk,— 1, . K,— | 1 K
+ eIKZZ+e IKZZ) G(Z) , (9) z z z o
EARE: Kyt Q+p—ik, +Kz+|z il
wherep= \/2V0—(IZ°)2, while «,=(1,)?— 2V, is the nor- 0 |2 ip
mal component of the electron momentum in vacuum. Let us —12).20)+ 1%%ip J(M_'U +19),20)
denote the initial and the final momenta of the electron by z
lo= (IH , Z) andl;= (lH ,1,), so that the initial and the final K, €(Q,,20)
energies of the electron arg=15/2 ande,=1%/2, respec- e jl eS(Q @)1 J(u—i(1,—12),0
tively. Using the asymptotic wave functions for the final z Tz st
states of the excited electrons, which have been applied to 0
the case of surface electron emission, B¢81d and Wilems P s 0
. . : —I(u—i(1,+19,0) |1, (13)
[32] have obtained the approximate expression for the per- I5+ip
turbed wave function in terms of the screened potential,
where
kT aie - azg
Ag(r t)= etk (t—t) ~ DM oy, (a)= Qo)1) 1 | o, 2Q¢
10 Q+ale&(Qw)+1] Q-a Q?-a?
(14
Here,M ., represents the transition amplitude, and
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2a [2Q (= dk, cosk,z, tion [33]. So, in the laboratory frame of reference, the equa-
Ja,zg)= —5——| — 2—22 k—z—eS(Q,w,Zo) , tion of motion in the direction perpendicular to the surface
Q*-a’[ 7™ Joki+a® e(kw) can be written as
9 d Up(zg) dUs(2o)
v d Z dUg(z
with a)ZQ‘VH. f=— R = ) (19

We finally obtain the triple differential probability of the dt 920 920

electron emission as a function of the position of the zgn

[22.24 viz wherem is the ion mass. Denoting the initial kinetic energy

of the incident ion byE=(1/2)mv?, and usingmdv,/dt

=d(mv?/2)/dz,, we can integrate Eq19) overz, to obtain

_ 27Tf d||(|)pe0(EF—80) 6’(|§—|ﬁ—Q-V”)|mm_|o|2, the eq.uat|on for the trgjectory of the ion undergoing specular
reflection at the glancing angle,

d3p
dr
(16)

dx 1
wherep.=2 takes account of the spin factor. The first step =3

function confines the initial states of the electrons inside the 4| \/ Up(2o) +Ug(2o)
o _

(20

Fermi sphere, while the second one assures that the emission
constraint is met,10)?=13—1f—Q-v;=0. Since we are in-
terested in the grazing scattering geometry, the total electron
emission distribution will be obtained by integratiddP/d«  Where = correspond to the incoming and outgoing parts of
along the ion scattering trajectory, which will be discussed intrajectory, respectively. Note that the position of closest ap-

Ea?

the following section. proach to the surfacez, is given by Eazzup(zm)
+Us(Zm). _ _
lIl. SCATTERING TRAJECTORY Since the motion perpendicular to the surface proceeds

o _ o ~ adiabatically on the time scales relevant for electron excita-
In the vicinity of surface, the motion of the incident ion is tion processes, the total electron emission probability can be

controlled by two kinds of forces. First, the ion is attractedobtained by integration of Eq16) along the ion trajectory,
by the dynamic image force and, as a result, its perpendicular

velocity component, increases. As the ion approaches the d3p % dx o
first atomic plane, the repulsive forces due to the continuum = =47Tf dzomf dljpeb(EF—&0)
K Zm

planar potential grow stronger causing specular reflection of
the ion. From Eqgs(3) and(4), the induced potential can be

2_12_(A. 2
written as XO(I7=17=Q-vp[m,y |* (21)

1 (dQ. _ Note that the scattering trajectory is generally not symmetri-
ding(rt)= ﬂf Eon(Q)F(Q,w,z,zo)e*'Q'(R*"Ht), cal about the turning poirt,, due to the effects of the pro-
17) jectile charge-state evolution in the course of scattering.
However, we neglect these effects and assume the trajectory

where the functioF (Q, w,z,2,) is given, for the ion moving to be symmetrical, which is reasonable approximation, given

in the vacuum £,>0 andz>0) by that the incident and scattered angles are of the order of
milliradians and that the ions enter the target up to the depths
&(Qw)—1 _ which are not larger than the average atomic radius.
F(Q,w,Z,Zo)Ime Qz+z0), Before Eq.(21) could be used, one has to specify the
s models for the dielectric functioa(k, ) and for the ioniza-
and, for the ion inside the target<0 andz<0), by tion degreeq(zy). As was done befor¢26], we use two
different forms of the dielectric function, the local-field-
F(Q,w,2,25) = €4(Q,w,2— 2g) + €4(Q,w,2+ Z9) corrected one and the plasmon-pole approximation, for the
cases of low and high ion velocities, respectively. These
_ 264(Q,0,20) €5(Q, 0,2) _e-Qlz-12 choices have been shown to be both suitable and appropriate
1+€4(Q,w) ' in the work on energy loss¢26], making it easy to analyze

the contributions from both the collective and the single-

The surface image potential, i.e., the classical selfelectron excitations. On the other hand, the evolution of the
energy of the ion, can be expressed d$4(z;) ionization degree in grazing scattering is not well understood
=(1/2)[dr paydr,t) ding(r,t), which, with Eq.(17), gives at present. When the projectile approaches the surface, it
experiences electron-capture and -loss processes due to col-
lisions with the surface atoms. Slow ions are largely neutral-
ized by electron transfer before they reach the distance of
closest approach. At high velocities, however, the ions may
On the other hand, the surface continuum planar potentiagnter the electron gas deeper during a shorter interaction
U,(2) can be easily obtained from the Maikies approxima-  time, and be exposed to the electron loss as well as electron

1 1dQ ~
Us(Zo)=EfEQ[Un(Q)]ZF(Q,w,Zo-Zo)- (18)
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capture processes. Thus, the charge exchange in the vicinity 35
of the topmost atomic layer will be so intense that the charge 2, ] p=n/2 T :::Zizsm:Zi
state will become equilibrated within a short path length. We S -~ \ e G;Smrad
adopt the model developed in the previous work, where a g 25 ./'/ —v—a=7mrad
double exponent and a linear interpolation, combined witha & / A
velocity-dependent electron-stripping model, were used to gzo' 7 /"A \
describe the position-dependent charge states of slow and £ 451 7 /‘ \
fast incident ions, respective[26]. 2 [ "'\-\\

8104 // - \:\

S | [ o

IV. RESULTS OF THE CALCULATION 8 54 Z'//"}’. \';;:\'S}_

In this work, we study grazing scattering of ions from an % 0 T — el
aluminum surface, characterized by the Fermi velooity 0 5 10 15
=0.92 a.u., the work functiop =0.156 a.u., and the damp- @ electron energy (eV)
ing coefficient in the dielectric functiop=0.037 a.u. In Fig.

1, we show the differential probability*P/d« as a function 45

of the electron energy forC ions incident on an Al surface @ 40] B=n/3 o —s—a=1mrad
with different incident anglesa and with the speed < g \ - °‘=3mrag
=3 a.u. Figures ()—1(c) correspond to three different ob- = %59 v \ - ij::d
servation angleg@ with respect to the surface plane. Under & 30 '/'/ s _
these conditions, the electrons in the electron gas above the 2 254 e \‘\

topmost atomic layer are excited by the decay of the surface % 201 / ‘/‘ \\

plasmon and are emitted from the surface, producing the g 15 ;A PN

energy spectrum with a broad maximum at aroung- ® a ,/'/A/./"" \ \:\

=6.9 eV, which is seen in Fig. 1. It is also seen that sucha  § 197 /.51:,.» S \Y \::,

structure of the emitted spectra is largely independent of the g 5 X;::;Z.f-"' \\Q\.\. ‘:b‘ll
emission angles and the incident angles. The peak widths are £ ¢ L : RaZTREEEES
the consequences of the surface-plasmon dispersion within 0 5 10 15
the specular-reflection model. There are no signatures of the electron energy (eV)
bulk-plasmon excitation and decay in Fig. 1, because the

incident ions have been scattered away by the atoms in the o5

first layer _befo_re they could pent_atra_lte into the so_lld. One can - B/ Ve ———rred
also see in Fig. 1 that, as the incident angles increase, the = - 4 \ —e— a=3mrad
peak values of the emission spectra also increase, which 3 297 /'/ —a—a=5mrad
should be attributed to the increasing depth of penetration of g ,/' ,.,k‘\ —v—a=7mrad
ions in the electron gas and, consequently, longer time spent 7 155 // A/A \

in interactions with electrons. Considering the dependence % ;S \

on the emission angl@ in Fig. 1, we find that the peak < 10 S X /.-.,. \

values pass through a broad maximum at aroprem/3, g_ /'// e \ \'\v

\[/vhi]ch is similar to the conclusion drawn by other authors € 5] /{A,‘/ [l o \\:\\'\

18|. @ o Ny,

Figure 2 shows the electron emission at several observa- E é‘:ﬁ:’ \;:-\ﬁl Tov-2
tion anglesg for N* ions scattered from an Al surface with ¢ 0 0 5 10 15

relatively low velocity ofv =0.5 a.u. under different angles
of incidence. The electron spectra exhibit peaks at low ener-
gies, and the maximum values of the electron emission are

seen to Increase with increasing angles of |nC|Qence, Inaway,n, energy, induced by® ions incident on an Al surface with the
smlular.to Fig. 1. These peaks occur at the emission eNnergi€iiocity of v=3 a.u. at various glancing angles of incidenge
which increase from about 1 eV to about 5 eV as the obselregits are shown for three electron emission angles relative to the

vation angles decrease, which is in contrast to the stability of rtace:(a) g==/2, (b) 8= /3, and(c) B= /6.

the peak positions for fast ions, seen in Fig. 1. Such a behav-

ior of the peak energies may be explained, based on th&on of a bulk-plasmon resonance via direct interaction with

expressionn=Q-v|, as being due to the momentum transferthe ion isvy,~1.3v, based on the constraints due to the

in the direction of the ion motion. This is also corroboratedmomentum and energy conservatifgtb]. However, recent

by the fact that the peak values of electron emission increasexperiments have found structures in the emitted electron

as the observation angle decreases, that is, as the obsenakctra induced by slow ions on solid surface, which display

emission occurs closer to the direction of motion of the prodow-energy maxima, reminiscent of the plasmon resonance

jectile. [9,13]. Some of these low-energy projectiles were incident at
It has been shown that the threshold velocity for excita-grazing angles and were not expected to penetrate into the

electron energy (eV)

o
L)

FIG. 1. Differential probability of electron emission vs the elec-
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FIG. 3. Differential probability of electron emission vs the elec-
tron energy, induced by 5-keV Hions incident on an Al surface
under anglen=5°, with the electron emission angjg=45°. Re-

sults of our calculatior{solid line) are compared with the experi-
mental data from Ref.14] (solid triangles.

the single-electron excitation mechanism in the present
model.

For the sake of comparison, we show in Fig. 3 the experi-
mental data from Ref.14] for electron emission after graz-
ing scattering of 5-keV H ions from Ak111) surface with
the incident anglew=5° and the emission anglg=45°
along with the result of our calculations with these param-
eters. The agreement of our model with the experiment is
fairly good up to around the electron energy of—®
~11 eV, which corresponds to the bulk-plasmon resonance.
While the precise mechanism of plasmon excitation under
such conditions is yet to be identifi¢di4,15, the broad tall
in the experimental data in Fig. 3, above the energy 11 eV,
can be ascribed to the electron emission due to plasmon de-
cay into electron-hole pairs. On the other hand, the agree-
ment our model with the experiment at energies below 11 eV
indicates that the main contribution to electron emission for
these energies comes from the single-electron excitation
mechanism.

The dependences of the electron emission spectra on the
initial charge states of the incident ions are shown in Figs. 4
and 5, indicating that, as the ion charge increases, more elec-
trons are excited and emitted, for both hidghg. 4) and low
(Fig. 5 ion velocities. This significant feature of the increase
of the electron yield with increasing charge state has also

FIG. 2. Differential probability of electron emission vs the elec- been observed experimentally for Neion impact on an Al
tron energy, induced by Nions incident on an Al surface with the surface[10], where it was explained by the onset of potential

velocity of v=0.5 a.u. at various glancing angles of incidence

electron emission(PEE. Considering that the PEE is

Results are shown for three electron emission angles relative to theughly proportional to the potential energy of the incident
surface:(a) B=w/2, (b) B==/3, and(c) B= /6.

ion, it is clear that the multiply charged ions will induce a
strong PEE. Since our model for KEE does not include any

solid. Several mechanisms were discussed to explain theharge transfer of the Auger type capable of inducing PEE, it
plasmon excitation by ions moving at velocities much loweris remarkable that the results in Figs. 4 and 5 show that KEE
than vy,, such as Auger capture process, Auger decay ofnay be so strongly influenced by different ion charge states,
inner-shell vacancies, shake-up during the capture of an elegrior to the neutralizatioifor slow iong or charge equilibra-

tron, or secondary collisions with high-energy electrptd.

tion (for fast ions at the solid surface. This shows that the

However, none of these mechanisms has been included ttharge-state-dependent induced potential exerts a strong in-
our theoretical model of KEE, so that the lack of signature offluence on the electron excitation mechanisms in KEE, even
plasmon decay in the electron spectra in Fig. 2 suggests thathen the ion is at large distances from the surface.

the electron emission induced by slow ions is mainly due to The effects of the ion velocity on the electron emission
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FIG. 6. Differential probability of electron emission vs the elec-
tron energy, induced by ions incident on an Al surface with
several velocities at the glancing angle of incidenee=3 mrad.
The electron emission angle relative to the surfacg=sm/3.

FIG. 4. Differential probability of electron emission vs the elec-
tron energy, induced by € ions with various charge statesp
incident on an Al surface with the velocity af=3 a.u. at the
glancing angle of incidencee=3 mrad. The electron emission

angle relative to the surface &= /3.
V. SUMMARY

are shown in Figs. 6 and 7. For low velocities, in Fig. 7, the ~We have developed a theoretical model for calculation of

emission peak grows higher and wider with increasing proihe kinetic electron emissiofiKEE) differential probabilities
jectile velocity, similar to the experimental data in Refs. for grazing scattering of heavy ions from a surface, at high or

[9,12]. However, for high velocities in Fig. 6, the peak values!ow incident velocities. The energy spectra of emitted elec-
trons have been obtained on the basis of the first-order, time-

of the electron emission grow through a maximum at a me= . .

dium velocity and continue to decrease as the ion velocitf!€Pendent perturbation theory with the electron states calcu-

continues to increase. This roughly corresponds to the We"_ated from Schrdinger equation with a finite-step-barrier

known dependence of the ion energy loss on its velocity OrQOtem'al' The response of the surface has been expressgd by
) [peans of the dielectric theory with the specular reflection

the other hand, the peak position in Fig. 6 occurs at aroun . .
6.9 eV th | h teristic for the bl q h model, whereas the local-field correction and the plasmon-
-~ €V, e value characteristic Tor the plasmon decay, wheg, approximation were used for slow and fast ions, respec-

the velocity is high, but keeps increasing as the ion velocit ively. The distributions of the electrons bound to the inci-
decreases down _t(_) the medium range. This probably_indidem ion have been taken into account by using the BK
cates a strong mixing of the plasmon decay and the singléyodel, where a double-exponent model and a linear interpo-
electron excitation mechanisms for intermediate ion veloCiyation model were employed to describe the position-
ties, where the momentum transfer to the emitted electrogependent ionization degree throughout the scattering pro-
may become more prominent. cess, for slow and fast projectiles, respectively.
The dependences of the differential probability on the
electron energy and the emission angle have been discussed
0.36

|B=n/3 N 0.06
1 a=10mrad
0.27 -

2 p=m/3 —a—v=0.3

—e—N

o=10mrad —e—v=05

0.04 1
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©
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©
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emission probability(arb. units)
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electron energy(eV)

[+
N
©
o
o

emission probabillity(arb. units)
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electron energy(eV)
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FIG. 5. Differential probability of electron emission vs the elec-
tron energy, induced by N ions with various charge states FIG. 7. Differential probability of electron emission vs the elec-
incident on an Al surface with the velocity ef=0.5 a.u. at the tron energy, induced by Nions incident on an Al surface with
glancing angle of incidencee=10 mrad. The electron emission several velocities at the glancing angle of incidenee=10 mrad.
angle relative to the surface &= /3. The electron emission angle relative to the surfacg=sw/3.
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for different incident ion velocities, angles, and charge statessible for the experimentally observed characteristic features
Most of our results show the electron spectra similar to thosé the electron emission spectra induced by slow ions, which
obtained in various experiments or theoretical accountsvarrants further efforts to amend the present model. Finally,
[8-12,16—18 As expected, the electron emission inducedstrong effects of the initial ion charge states have been shown
by grazing scattering of fast ions at surfaces shows a peak im our calculations of the electron spectra, indicating that a
the energy spectra at the position given by the surfacefurther study is recommended regarding the role of the pro-
plasma frequency minus the work function, as a result of thgectile charge states in KEE induced by grazing scattering of
surface-plasmon excitation and its subsequent decay. Fdweavy ions.

slow ions, the peaks in the energy spectra are located some-

where from 1 eV to _4 eV, depend?ng on the observ_atit_)n ACKNOWLEDGMENTS
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