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Electron emission in grazing-ion-surface collisions
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For ions impinging grazingly on a solid surface, the electron emission from the inner shells of solid atoms
is investigated by employing a semiclassical formalism. The emission rate is expressed in terms of probabilities
of atomic ionization, which are evaluated with the continuum-distorted-wave—eikonal-initial-state approxima-
tion, taking into account the full dependency on the impact parameter. The model is applied to the calculation
of the differential yield of ejected electrons for fast protons colliding with an aluminum surface. Inner-shell
emission is compared with the electron emission from the valence band of the metal, considering different
ejection angles. Calculated energy spectra of emitted electrons are in good agreement with the available
experimental data.

PACS numbes): 34.50.Dy, 34.50.Bw

I. INTRODUCTION wave function in the final channel. The CDW-EIS approxi-
mation has been found to be able to successfully explain the
The study of the angle and energy distributions of elecionization process for a large variety of collision systems
trons emitted during the grazing scattering of fast ions fron{15]. It takes into account the long-range behavior of the
surfaces have been the subject of intense research during th@ulomb potential, including the distortion produced by the
last several yearsl—11]. Its importance is based on the fact Projectile in both the initial and final channels.
that electron emission produced in such ion-surface colli- We apply the theoretical model to the collision system
sions carries information about the atomic and electroni€omposed of fast protons impinging grazingly on an alumi-
structure of the topmost layer of the solid. num surface, for which experimental data of electron emis-
When a fast ion impinges on a metal surface with ansion have recently been published in Rgfl. With the aim
incidence angle smaller than a given critical angle, the ion i®f comparing the contributions of both electronic sources of
specularly reflected from the surface without penetration inthe metal, the atomic inner shells and the valence band, when
side the solid. For bare projectiles at high impact velocitiesthe ejection angle varies, we also calculate the emission from
the charge state of the projectile can be considered as fixdf€ valence band of the solid. In a previous pajdet] we
[11_13, and the incident ion induces the emission of e|eC_have developed a semiclassical model to deal with binary
trons from the solid. Ejected electrons may come from twocollisions between the incident projectile and the electrons
different electronic sources of the metal: the valence ban@elonging to the free-electron gas. This model is here applied
and the inner shells of target atoms. Both contributions cat0 the calculation of the rate of valence emission, using the
be calculated separately; while the valence-band ionization ifirst Born approximation to describe the electronic transi-
expected to be dominant at large emission anflds, the tions. The plasmon decay mechanism is not included in the
ionization from inner shells should play a prominent role forVvalence emission because it is expected that it contributes in
ejection angles close to the specular-reflection direction ofhe low-energy electron regidi3,4,6], which is not consid-
the projectile[8]. ered in the present work. Finally, the energy spectrum of

The purpose of this work is to investigate the contributionemitted electrons is studied in terms of the ejection angle,
of the ionization process from atomic inner shells to the en2and the results are compared with the available experimental
ergy spectrum of emitted electrons. We evaluate the innedata[7].
shell emission yield, also called the core contribution, by ~The work'is organized as follows. In Sec. Il we introduce
emp'oying a semiclassical formalism in which the project"ethe theore“cal model and the Interaction pOtentIals Used to
trajectory is classically determined, while the electronic tran-describe the core emission. Energy distributions for inner-
sitions are described with quantum methods. In the modeshell emission are showed and discussed in Sec. Ill, compar-
the multiple collisions of the incident ion with the surface ing them with those originated by binary collisions with the
atoms are treated as single encounters with outermost atori{glence band for different ejection angles. Section IV con-
along the incoming and outgoing projectile paths. The emistains our conclusions. Atomic units are used unless otherwise
sion probability per unit path is expressed in terms of atomictated.
probabilities, which depend not only on the modulus of the
impact parameter, but also on its direction. In the present Il. THEORETICAL MODEL
work, the continuum-distorted-wave—eikonal-initial-state
(CDW-EIS approximation is used to calculate the impact-
parameter-dependent probability of atomic ionization. This In this section we introduce the theoretical model em-
theory is a distorted-wave method that makes use of the eployed to calculate the electron emission from the inner
konal wave function in the initial channel and the CDW shells of target atoms. We consider a heavy proje¢&)eof

A. Inner-shell emission
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z pending on the impact-parameferand Js is surface atomic
projectile trajectory density, which is considered as constant. In 8g.the im-
pact parameter depends on the position of the surface atom
considered, with

/ Z(X)
/ Ly / p(Y)=VY?+Z(x),  e(x,y)= arctar( T) )
// ¥ //
// v 7 y the modulus and the azimuthal angle, respectively, of the
y A X\’ // impact parameteﬁ(x,y) (see Fig. 1 The triple differential
£ 7 7 ~ 7 f Ax o . . o
7 e 7 probability corresponding to the electronic transitienk; is
L/ 7 Sl obtained by integratingl P;(k;)/dx along the projectile tra-
T T T T T T T T T Tiopmont atomic layer ’ jectory, and it reads
FIG. 1. Schematic picture of th inate system. - " +=  dP;(k
G. 1. Schematic picture of the coordinate system P.(K)=d%P, /dkf=2f dx (;(X £) ’ 3)
0

chargeq and masdM impinging grazingly on a solid sur-

face (S of infinite mass. As a result of the collision, an \ynere the factor 2 in front of the integral takes into account
electron(e) that it is initially bound to a target atom in the that the incoming and outgoing paths are equivalent.

statei is emitted with momenturﬁf, which is measured in In the present work, we employ the CDW-EIS approxi-

vacuum. Due to the large masap of the projectile, the  a40n to evaluate the atomic probabilitie 2 (p). Assum-
description of its motion in terms of a classical trajectory is a, f

reasonable approximation. We use a frame of reference fixd§9 that the nonionized atomic electrons remains “frozen”
to the position of the first atomic layer, with the projectile during the collision, the problem is reduced to a one-active-
trajectory contained in the-z plane, and the surface in the ©l€ctron system, and tiematrix element reads

x-y plane(see Fig. 1L As a consequence of the symmetry of

thg %roblem, it % convenient 'u;q decompose tr):e projgctile T::;QE:W_EIS=<XfCDW|WI|XiE>, (4)
velocity into two components: a two-dimensional vector par-

allel to the surfacés, and a component perpendicular to the whereX$DW is the final CDW wave function, which contains
surfacev,. In this way, we write the projectile velocity at a product of two continuum states, one around the target and
the timet asv = (vs,v,)=(vs,0v,), and the initial impact the other around the projectilg{ is the eikonal wave func-
velocity asv;=(vis,vi,) = (v; c0S8,0,—v; sind), 6, being  tion, andWy is the final perturbative potential. In the CDW-
the angle of incidence defined with respect to the surfac&!S approximation th&-matrix element has a closed expres-
plane. sion [16], and the atomic probability can be derived from

In grazing collisions the projectile trajectory can be di- Eq-t (4) by Custigglsth well-known eikonal transformation
vided in differential portions, with widtix, situated at dif-  P{}’(9)=|ATe "~ ()| [17], where
ferent distance&(x) from the surface. In every portion the
component of the velocity perpendicular to the surfagés cowels - 2T e CDWELS o
considered negligible, alnd the projectile moving parallel to A < T (p)= U—Sj dnT, K T explin:p), (5)
the surface with velocity ; induces the ejection of electrons
from the inner shells of target atoms located in the corre- . . -
sponding surface bantix. Since core electrons are strongly is the CDW-EIS transition amplitude, arw 'S_ theﬁcompo-
localized around atoms, only electrons of atoms situated dteént of the transferred momentum perpendiculas {0
the first atomic plane contribute effectively to the electron The evaluation ofP;(k;) involves a numerical four-
emission[12]. Under those conditions transport effects aredimensional integration. Calculations can be simplified if the
expected to play a minor rolel0]. Therefore, ejected elec- dependence of atomic probability on the azimuthal aggie
trons can'be consldered as dlrec'tly emitted to vacuum, W'therased by averagin@i(i}) (p) over all different orientations
out suffering multiple collisions with target nuclei. The emis- f

sion probability per unit pathg Pi(Ef)/dx, for the transition

from the initial statd to the final state with momentuky , is (@ 1 (2n (a0
. at at) , >
given by P, (p)= _277,[0 de Pi (p). (6)
dPi(Ky) +°°d (at), = at)
dx =Js LY P K (p(x.y)), @) After replacing the average atomic probabil@lzf(p) in

. Eqg. (1) and changing the integration variables, it leads to an
where Pi(i*?(p) is the probability of atomic ionization, de- approximate probability given by

of the impact parametq}; that is
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+o0 IIl. RESULTS

P-IZ=45J dp p P2(p)f(p), 7
(ko) s Z, PP "‘f(p) (p) ) We confine our study to the collision system composed of

fast protons impinging on an Al11) surface with the angle
Wheref(p)=f§OdZvSvZ_1(p2—ZZ)_1/2 is a factor that only  of incidenced,=1°, for which recent experimental dafta]
depends on the classical trajectory of the projectile, s~ are available. Two impact energies, 100 and 70 keV, are
the distance of the closest approach to the surface, Zyjth Cconsidered. At these energies protons can be considered as
>0. In Sec. Il we will investigate in detail the error intro- Pare ions along the whole trajectdr§0-23; this system is

duced by approximating Eq3) by Eq.(7) (see Fig. 4 then a g.ood benchmark for the theory. The parameters u_sed
to describe the aluminum surface are the following. The in-

B. Projectile trajectory terplanar separation i§=4.4 a.u., the Fermi energy Bq
=0.414 a.u.(the Fermi velocityv,=0.91 a.u.), the work

To calculate the emission probabiIiFyi(lzf) it is neces- T ,
function isE\,=0.15 a.u., the surface plasma frequency is

sary to know the classical trajectory of the projectile con-
tained in Eq.(2). The projectile pattZ(x) is determined by Ws=0-4 a.u., andy=0.037 a.u[19]. o

the interactionP — S, which only depends on the distance to From I_Eq.£3) we calculate the inner-shell emission prob-
the surface plane. Therefore, the component of the projectil@bility PU*)(k;) by adding over all occupied initial states,

velocity parallel to the surface remains constant, u%s that is

=5is. The z component, satisfies the conservation of the 9/ R

energy in the perpendicular direction to the surface P (kf>=2i Pi(ks), (13)
1 1 ; ; ; P
“Mov2==Mpv2+Ved(Z), 8 where the index deno_tes the different atqmlc inner sub-
5 Mpviz=5Mev; +Ved(2) ®  ghells. As the A contains three electrons in the outermost

shelln=3, we consider that the target atoms cede these ex-
whereVpg is the P— S potential, andZ is the projectile dis- ternal electrons to the free-electron gas, keeping the rest of
tance to the topmost atomic layer. The classical @4tt) is  the electrons in the inner shells. In the present work, the

derived from Eq.(8) by integrating the velocity over the —atoms are considered as isolated and no correction is in-
time, or equivalently, over the projectile position. Then, thecluded to take into account that they are part of a surface. At

trajectory equation reads the considered impact energies, the contribution coming
from theK shell can be neglected in the calculation. This is
Z(%) 2 —12 a consequence of the slow projectile velocity in comparison
X:Uisfz uizz— 'Vl_p VpdZ') dz'. (99  with the mean orbital velocity of electrons in the &tate.
0

Then, only the initial states corresponding to thehell of
) ) neutral aluminum are included in E@.1). The atomic bound
The distance of the closest approach to the surfade also  giates are described by Hartree-Fock doutfleactions[23],
_calculateg from Eq(8) with the conditionv, tending to zero,  ang a Coulomb wave function with an effective charge sat-
i.e., Mpviz/2=Vpg(Zy). isfying the binding energy is employed to describe the final
The potentialVpg can be expressed as the sum of twocontinuum state.
interactions,Vp(Z) =Va(Z) + Ving(Z), where V; is the
static surface atomic potential, ai, 4 is the induced elec- double intearal over the transferred momentomas given
tric potential. Both contributions originate by different by Eq. (5 9 d two other int I th Wmf 9 |
mechanisms. The potentidl, is produced by the interaction y Eq. ( )’. an .O other in egfaSP” € surface p.ane
of the projectile with the surface atoms, and it is here de{X,Y). The integration on the variablegandy was numeri-
scribed by the usual Molie potential[18]. The potential cally ca_IcuIated_ with a relatlvg error less than 3%,_ while the
V,,q corresponds to the induced field or dynamical imaggurther integration on the variabbewas solved by interpo-
potential produced by the projectile moving close to the surlating approximately 20 pivots, with the classical trajectory

face. We employ a simplified dielectric description given inZ(X) numerically obtained from Eq9). o
Ref.[19] to represenV;,, which reads In order to compare the electron emission originating

from the different electronic sources of the metal, we also
evaluate the emission probability of valence electrons

exp(— Bé), P(al(k,). Valence emission is due to collisions of the pro-
0 (1+&5)12 jectile with electrons of the free-electron gas, and it involves

(10 not only the binary mechanism but also collective effects.

However, the collective contribution to the energy spectrum

with w, = (wZ— y?/4)2 wherews is the surface plasma fre- of the ejected electrons is expected to be important for elec-
quency and vy is the damping rate. The factorsx  tron energies around the value of the surface plasma fre-
=2w¢ZlvsandB=yZlvs are expressed in terms of the vari- quency minus the work function, i.ens—E\,~6.9 eV[6].
ableZ. The use of more sophisticated models to represent th8ince such low-electron energies are not studied in the
potentialsV,; andV,,q is not expected to introduce relevant present work, the electron emission by plasmon decay will
differences in our results. not be considered here.

For every initial state, the evaluation Bf(lzf) involves a

q2w? f 4 Snad)

Vina(2)=—
ind ZUSW;
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L i N R S B angled, is measured with respect to the surface plane. In this
e way, the final electron momentum outside the solid reads

I2f=kf (cos6,,0,sin6,), andegf=kf2/2 is the electron energy.

The spectrum of core electrons is compared in Fig. 2 with
that originating from the valence band for the different emis-
sion angles. While the valence electrons are emitted with
energies localized in the range determined by @8), core
emission is extended over the whole energy range consid-
ered, and tends to zero for high-electron energies when the
angle 6, increases. At the anglé,=1°, which coincides
with the direction of the outgoing projectile, the core emis-
sion is almost two orders of magnitude higher than the va-
lence emission for the lower-electron energies. In the for-

ward direction the probabilitpP(®)(k;) shows a peak ok

=p2/2, which corresponds to the well-known capture to the
continuum(CTC) peak, convoluted by the surface symmetry.
Precisely, for electron energies around the CTC peak, the
ejection of valence electrons is not possible by binary colli-
b . sions, and multiple-scattering processes have been found
05 100 150 200 250 300 quite unlikely[8]. For reference, in Fig. 2 we also plot the
Electron energy (eV) Born probability of inner-shell emission. This probability is
) ) . R derived from Eq.(1) by using the first Born approximation,
FIG. g Differential probability of the electron emissid{k;) instead of the CDW-EIS approximation, to evaluate the
=d’P/dk; for 100-keV protons impinging on an AI11) surface  atomic jonization probability. At the ejection anglg=1°
with the incidence angl®;,=1°. Four ejection angles. are.consid- the Born probability does not display the structure corre-
ered: §e=1°, 6.=30°, .=60°, andf=90°. Solid line, inner-  g4nding to the CTC peak, and it tends to the results of the
shell emission probabilitf*)(ky), calculated by using the CDW-  CDW-EIS approximation for high-electron energies, as typi-
EIS approximation; dotted line, inner-shell emission probability 3] in atomic collisiong 15].
calculated with the first Born aperoximation; dashed-dotted line, Ergm Fig. 2 we observe that when the ejection angle in-
valence emission probability 2" (k), calculated as explained in creasegseparating from the direction of specular reflection
the text. The arrow indicates the position of the CTC peak. of the projectilg the binary emission from the valence band
gives the more important contribution at low-electron ener-
We calculate the electron emission produced by binaryjies. However, the range of electron energies reached with
collisions with the free-electron gas employing a semiclassithis mechanism diminishes abruptly for large valuegof
cal formalism developed in a previous papéd]. In that  and the spectrum of fast electrons is dominated by core emis-
model, the free-electron gas is described with the simple jelsjon. Forg,=30° the Born probability coincides with results
lium model, theT-matrix element is evaluated with the first of the CDW-EIS approximation, but it runs above the CDW-
Born approximation, and a screened Coulomb potential i$|S curve for larger angles. Another important feature of the
used to represent the interaction with the prOjECt”e. The dif'spectrum of ejected electrons is the absence of the binary
ferential emission probabilityP®@)(k,)=d3P2)/dk,; is  peak in the inner-shell emission probability. The binary peak
calculated from Eq(12) of Ref.[14], using the same classi- is missing in the core spectrum because the projectile veloc-
cal projectile trajectory that is used in the case of inner-shelity is lower than the orbital velocity of bound electrons. On
ionization. Note that as the binary collisions with the free-the contrary, this peak appears clearly in the valence emis-
electron gas satisfy the energy conservatiomosed by the sion probability, and its width is due to the initial momentum

5 function in Eq.(12) of Ref.[14]), the values ok reached distribution of electrons of the free-electron gas, as can be

with this mechanism are confined in the region observed from Eq(12) [8]. o
Contributions of the different subshells to the emission

spectrum are displayed in Fig. 3 for the same ejection angles
considered in Fig. 2, i.e4,=1°, 30°, 60°, and 90°. In the
, B ) 1 B ) 1,  forward directionf.=1°, the ejection of slow electrons is
With Rynax=[(visTvF) —k§]2 and Rpin=[(vis—vF) —K] " dominated by the ionization from thepg state, while con-
Ofvis— (ke +vg)], wherekc=2(Er+Eyy) and® is the uni-  triputions from 2., states are higher for high electron en-
tary Heaviside function. Therefore, the binary electron emisergies. Notice that in the energy region around the CTC
sion from the valence band is only possible for valuesof  peak, all subshells contribute to the emission probability. At
larger thark.— v . 6,=30° the situation is inverse: contributions from the.2

For 100-keV incident protons, in Fig. 2 we plot the inner- states are higher at low-electron energies, while the emission
shell emission probabilitP)(k;) as a function of the elec- from the 2, state dominates at high energies. For both
tron energy, considering several ejection angles. The ejectioangles, 6.=1° and 6,=30°, the probability of emission

P{k) (a.u.)

Rming | lzf - l;isl = RmaXa (12)
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FIG. 4. Differential probability of the inner-shell emission for
100-keV protons impinging on an A1) surface with the inci-

FIG. 3. Partial contributions to the inner-shell emission for dence angleg,=1° for different ejection angle®,. Solid line,
100-keV protons impinging on an Al11) surface with the inci-  probability derived from Eq(3), taking into account the full depen-
dence angl®, = 1° for different ejection angled, . lonization from  dency on the azimuthal anglg; dashed line, approximated prob-
the 2p orbital (thin solid line, the 2p, orbital (dashed ling the ability derived from EqJ(7) by averaging ther dependency of the
2p..; orbital (dashed-dotted lineand the 2 orbital (dotted ling of atomic probability; both probabilities calculated with the CDW-EIS
Al°. The arrow indicates the position of the CTC peak. approximation.

Electron energy (eV)

from the X state runs close to the one from thp.2 states oretical values for the electron energy of 200 eV. Although
for all the electron energies considered. For larger emissiothis electron energy is arbitrarily chosen, the value of the
angles,f,=60° and 90°, the electrons are ejected preferennormalization factor does not change appreciably for elec-
tially from the 2p, state, and the 2contribution is one and tron energies between 125 and 200 eV. The partial contri-

two or'ders qf magnitude smalle_r,_rgspectively. ~ butions PU9)(k;) and P®“2)(k;) are also plotted in Fig. 5,

To investigate the error that it is introduced by averaginggisplaying the electron energy ranges where each mechanism
the dependency on orientation of the impact parameter in thg dominant. Emission probabilities obtained from Et@)
atomic probability, in Fig. 4 we compare the emission prob-show a good agreement with the experiments, in particular
ability PUS)(k;) obtained from Eq(3) with the approximated for the ejection angle coinciding with the exit direction of the
value ’p(iS)(Ef) derived from Eq.(7), for 100-keV impact Projectile. For larger angles, the discrepancy observed at
energy and different ejection angles. In the forward directionhigh electron energies may be caused by the emission of
PU9(K,) runs joined with the values cﬁ(is)(lzf), while for  €nergetic valence electrons as a consequence of multiple-

other angles it detaches from the exact curve, running abovaFattering processes, which are not included in our

R . . formalism[8].

(is)
P*®(k;) by a faptor ranging from 1.4 to 3.0. Not|c.e.that With the aim of studying the inner-shell contribution
although averaging of the angle produces non-negligible

: o ; ; around the CTC peak when the impact velocity varies, in
effects in the core emission spectrum for intermediate angle1sjig 6 we plot the emission probability ag=1° for 70-keV

it weakly affects the total rate of inner-shell emission, 3Syrotons. This impact energy corresponds to the lowest veloc-
proppsed by other authofs2]. . I ity limit that could be dealt with our model. As in Fig. 5,
Finally, we study the total binary pontnbuuon to thg €N hartial contributions of core and valence electrons are also
ergy spectrum of emitted electrops n term§ of the ejectio isplayed. In the forward direction, inner-shell emission
angle. The emission probability (k) =d>P/dk; is defined  gives again the most important contribution over the whole
as the sum of the partial probabilities coming from both coreglectron energy range. Around the CTC peak, the ejection of

and valence electrons; that is valence electrons by binary collisions is two orders of mag-
_ nitude smaller than the core emission. Total emission prob-
P(ks) =P (k¢) + P2 (ky). (13)  ability P(k;) is compared with the experimental data of Ref.

[7], normalized with our theoretical value for the electron
In Fig. 5 results for 100-keV protons are compared with theenergy of 130 eV. In this case, the normalization factor dra-
experimental data of Ref7], normalized by using our the- matically depends on the chosen electron energy. Note our
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FIG. 6. Differential probability of the electron emissicﬂ(lzf)
=d3P/dk, for 70-keV protons impinging on an Al11) surface
with the incidence angle®;=1°, at the emission anglé.=1°.
Theory and experiment as in Fig. 5. The arrow indicates the posi-
tion of the CTC peak.

FIG. 5. Differential probability of the electron emissiét(K;)
Ed3P/dI2f for 100-keV protons impinging on an Al11) surface
with the incidence anglg,=1°. Three electron emission angles are
considered:#,=1°, #,=20°, andf,=30°. Solid line, total prob-
ability of emission by binary collisions, calculated from EGJ3);
dashed line, inner-shell contributioR®(k;); and dashed-dotted applied to the calculation of energy spectra of ejected elec-
line, valence contributiof®2)(k,). The thick solid line represents trons for fast protons impinging grazingly on an aluminum
experimental data extracted from REf], normalized with our the-  surface, for which there are recent experimental regidlts
oretical values, as explained in the text. The core emission is compared with the electron emission

from the valence band, considering different ejection angles.

results have not been corrected by the transmission functioh® ionization of valence electrons is calculated with a
of the experimental analyzer. The agreement with the experi’€thod derived in Ref14] which describes the binary col-

ments is qualitatively good around the CTC peak, but theolisions with the free-electron gas. Partial contributions origi-
retical and experimental curves show different slopes whefiat€d Dy ionization from different atomic subshells are ana-
the electron energy increases. Since the CDW-EIS approx|yzed. For the ejection angle coincident with the specular-

mation is a high-energy method, measurements for higher,eflection direction of the projectile, the ionization from the
impact velocities would be desirable to test the model. inner shells represents the dominant mechanism while the

valence-band ionization prevails at low-electron energies for
large ejection angles. Differential probability of electron
IV. CONCLUSIONS emission from both atomic inner shells and the valence band
We have presented a semiclassical theory to deal witf§"OWS @ good agreement with the available experimental
electron emission from the inner shells of solid atoms, origi-data for 100-ke\/_ protons. The method employ(_ad to calculate
nated by ion-surface scattering. The theory describes thté1e yalence emission 1S only valid to deal with metals or
semiconductors with a small gap. Instead, the proposed the-

multiple collisions of the projectile with the surface atoms . : ) .
along the trajectory, being only valid for grazing impact. In _oretlcal modell IS.expeCted to also be successful in dealing
gnner-shell emission from metal and nonmetal surfaces.

the model the emission rate is expressed in terms of pro
abilities of atomic ionization, taking into account the full
dependency on the impact parameter. To evaluate atomic

probabilities we employed the CDW-EIS approximation, The author gratefully acknowledges useful and stimulat-
which is valid in the high-velocity region. The formalism is ing discussions with J. E. Miraglia.
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