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Acceleration and deceleration of convoy electrons in grazing-icasurface collisions
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Convoy-electron emission produced by grazing-ion—surface scattering is studied in the framework of the
distorted-wave theory. We develop a model, here named field distorted{\¥8¥&) approximation, to de-
scribe the effect of the surface interaction on the electronic transition. In the model, the action of the surface
field on the ejected electron is seen as an additional momentum transfer that depends on the projectile position.
We apply the FDW approximation to analyze electron distributions for 100 keV protons impinging ddQiF
and Al(112) surfaces, which are insulator and metal materials, respectively. In the case of metals, the dynamic
screening of the projectile is included in the Jost function corresponding to the final state. As experimentally
observed, energy spectra of forward-ejected electrons display a prominent structure associated with the
convoy-electron emission. We find that the maximum of the convoy-electron distributiecéderatedor LiF
andacceleratedfor Al, with respect to its position in ion-atom collisions, in quantitative agreement with the
experimental data.
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[. INTRODUCTION deceleratedy the track potential, and the CEP has its maxi-
mum at lower velocitiek;<v [7,17].

Electron emission produced during the grazing scattering The aim of this work is to describe the energy distribution
of fast ions from solid surfaces has been the subject of inef convoy electrons originated by fast grazing-ion—surface
tense research in the past yefts-13. Due to the long in-  collisions. For glancing angles and high impact energies, the
teraction time of the projectile with the surface involved in emission of convoy electrons is primarily due to direct ion-
such collisions, this is a powerful tool to study surface fea-ization of the surface atoms, while the contribution of the
tures. In particular, angular and energy spectra of emittedtalence band(free-electron gasis negligible around the
electrons provide relevant information about the atomic andcEP, even for metal surfac¢41,13. In a previous article
electronic structure of the topmost layer of the solid. [18] we have studied the inner-shell emission from metal

One of the most interesting regions of electron observasurfaces by employing a semiclassical formalism, in which

tion angles is around the direction of specular reflection of® multiple collisions of the incident ion with the surface
the projectile. In this angular region, the energy distributiondtoms are treated as single encounters with outermost atoms

of the ejected electrons displays a prominent structure‘?‘lqr_‘g the pro_Jectlle path. In the m_odel, the emission prob-
bility per unit path is expressed in terms of atomic prob-

whose shape and position differ markedly from that observed " . . ,
in ion-atom collisions. In this case, the experimental spectrgb'“t'es’ depending on the modulus apd_ or!ent_atlon of the
- impact parameter. In Ref18] the atomic ionization prob-
show a cusp-shaped peak at electron velockjesose to the  gpjlity was evaluated with the continuum-distorted-wave-
projectile velocityv [14], which is usually named capture to eikonal-initial-state(CDW-EIS) approximation, without in-
the continuum or convoy-electron pe@&EP. The forma- cluding the induced surface potential. Since this last
tion of this peak is associated with electrons that recede frormteraction plays an important role in the emission of convoy
the target in close spacial correlation with the projectile,electrons, our present goal is to develope a distorted-wave
strongly interacting with its Coulomb potential. Then, the theory that describes the atomic ionization process in pres-
position and shape of the CEP are governed by the finatnce of a time-dependent external potential, as that origi-
Coulomb projectile-electron interactigt5,16). nated by the surface. Such a model will allow us to give an
For glancing-angle ion-surface scattering, the CEP apaccount of the effect of the surface interaction on the elec-
pears appreciably broadened and shifted with respect to itsonic transition in collisions involving solid surfaces.
position in ion-atom collisions. Both features are a direct The work is organized as follows. In Sec. Il A, we derive
consequence of the presence of an effective surface interaa-distorted-wave formalism to deal with the atomic ioniza-
tion [3,11]. The sign of the energy displacement of the CEPtion process in presence of a time-dependent external field.
depends on the electronic structure of the solid. For metalln Sec. 11 B, the proposed model is applied to describe the
and semiconductors the peak is shifted to higher velocitieglectron emission in collisions with surfaces. Energy spectra
ki>v [1-6], signifying anaccelerationof the convoy elec- of emitted electrons at the specular reflection direction are
trons caused by repulsion of the induced surface potentiashown and discussed in Secs. Il A and IlI B, for insulator
For insulator surfaces, instead, the dynamic response of thtend metal surfaces, respectively. In both cases, the energy
surfaces is expected to be weak, but the target ionizatioshifts of the CEP are compared with recent experimental
produced along the ion path originates a track potentiatiata. Section V contains our conclusions. Atomic units are
which affects the emitted electrons. The convoy electrons arased unless otherwise stated.
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Il. THEORETICAL MODEL whereky is the momentum of the ejected electron with re-

spect toT in absence of the external potential, ang
= k$/2 is its energy. The vector potential of the external field
in the final channel reads

A. Atomic ionization in the presence of an external potential

We consider a projectil®, with chargeZp, impinging
with veIocityJ on a target atom composed by a nucléusf
chargeZ; and an active electroa As a consequence of the
collision, the electror initially bounded to the target is ion-
ized, and the process occurs in the presence of a time-
dependent potentiado(t). The frame of reference is fixed to \yith A(t;) being an arbitrary constant value, and
the nucleus target, and since the target recoil is small, ne-
glecting it does not affect the electron emission spectrum. We

- - t - >
Af(t):Af(tf)_J't dt'Eo(Rr(t"),t"), )
f

indicate withry (rp) the position vector of the electrom
with respect tol (P), and with F3T the position vector oP
(with respect toT).

Employing the straight-line version of the impact param-
eter approximation, the projectile position reads

Rr(t)=p+ot, 1)

with p being the impact parameter apdu=0. The elec-
tronic time-dependent Schiimger equation to be solved is
i

(He|_|a A\

J(re, =0, j=if,

2

Where\Pf(FT,t) (j=i,f) are the initial and final electronic
wave functions, andH,, is the electronic Hamiltonian

He|:Ke|+VT+Vp+V0(t), (3)

with Kgj= — 1/2V§T being the electron kinetic-energy opera-
tor andVi=—Z;/rt (Vp=—2Zp/rp) being theT-e (P-e)
Coulomb interaction. When the colliding particles are far
away from each other, the initia;" and final¢; collision
states satisfy

J -

whereH; =K+ V1+Vy(t) andH;=Kg +Vq(t) are the ini-
tial and final unperturbed Hamiltonians, respectively.

In the final channel, to solve Edq4) we approximate
V(t) around theP position; that is,

Vo(r7,t)=Vo(Rr(t),1) = Eo(Rr(t),1)- [Fr— Rr(1)], (5)

where Eq(r7,t)=—V; Vo(rr,t) denotes the external field

acting on the electron at the tinieReplacing Eq(5) in Eq.
(4), the solution for the final collision state is a Volkov wave
function[19]

br (rr,0)=(2m) exp(i[kr— A ()]}

xexd —iBs(Ky,t)—ieqt], (6)

Bi(k,t)= ft[dt'[AfZ(t’)/z—E.Af(t')+v0(ﬁT(t’),t’)
f

+Eo(Rr(t"),t")-Re(t)], )
wheret;= + .

In the same way, approximating,(t) around theT posi-
tion in the initial channel, the initial collision state can be
described by employing the so-called Coulomb-Volkov an-
zatz[20]

¢ (1.0 =g@i(rpexd —iA(t) - rr—iBi(0,t) —igjt],
9)

where ¢; and ¢; are the wave function and energy corre-
sponding to the initial state of the isolated target. The func-

tions Ai and B; have similar forms to Eqg.7) and (8), re-
spectively, with the subindeireplaced by the subindexthe
position Ry(t’) replaced by O(the target position andt;
= — 0

Starting from the collision states given by Ed§) and
(9), it is possible to derive a generalization of the CDW-EIS
approximation to describe the ionization process in the pres-
ence of an external potential. The proposed model will be
here named as field distorted wa#eDW) approximation,
because it essentially depends on the external field. As usual,
the distorted wave functions are defined| 2§]

xi (rr, D=6 (rr,DES(—v,rp) (10)
in the initial channel, and
xi (rr,0)=¢ (r1,0)D1 (Kr,r1)Dp (Kp,rp)  (11)

in the final channel, wher&,=k;—u is the final electron
momentum with respect t& in absence oN,, D3 (k,r)

=FZ(k),F1(*iZs/k,1,*ikr—ik-r) is the Coulomb distor-
tion, and E; (k,r)=exd FiZ./kIn(kr¥k-r)] is the eikonal
phase, withc=P,T. In the definition ofD_ , the function

1F, denotes the confluent hypergeometric functilos,|k|,
and

T(1FiZ./k), c=P,T (12

E2 (k)= wZ,
c(k)=ex TS

is a normalization factonamely the Coulomb Jost functipn
that coincides with the value of the Coulomb wave function

atr=0 , with T’ being the gamma function.
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In the first order of a distorted-wave theory, the transition

amplitude as a function of the impact parame?teeads[ZZ]

A (p)=—i f

+ oo

J
) dt<xf_(t)’He|—iﬁ‘xr(t)>- 13

The transition matrix can be derived from Edq13)
by using the eikonal transformation, T°W
=v(27) 2fdp AFPY(p)exp(in:p), where 7 is the com-
ponent of the transferred momentum perpendicula}.tAf-

ter simple algebra and changing variables, Th@atrix ele-
ment reads

FDW_
Tif -

(zﬂ)g,zf dFTJ dFP‘Pi(FT)EIJ;

Xexl —iQp-Tp—iQa(7) T7+iB(7)]
x{=A(r)-[Dp V; Dy +D7 V; Dp ]

+iV: D7V Dp ), (14)

where Qp=—7—0(e;—e&1)/v is the projectile transferred
momentum,@A(r)=ET—A(r)—Qp,

A(r)=A¢(1)—Ai(7), (15)

B(7)=Bi(kr,7)—B;(0,7), (16)

andr=v-(rr—rp)/v, with v =v/v. To simplify notation, in
Eq. (14 we have denoted Ej=E}(-v,rp), D7

=D (Kr,r1), and Dp=D7(Kp,rp). Note that on right
hand of Eq.(14), the independent coordinates andrp are
mixed as a consequence of the parametdhat includes

both; therefore, integrals ony andrp cannot be calculated
separately unless an approximation overas been done.

B. Electron emission from surfaces

The FDW approximation is here applied to study the elec

tron emission in grazing-ion—surface collisions. When the
incident ion approaches the surface, it induces the ejection o

electrons from target atoms located at the topmost atomi
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FIG. 1. Schematic picture of the coordinate system.

mined by the projectile positioﬁ(t).

In grazing scattering, the projectile trajectory can be di-
vided into differential portions, with widtl\x, situated at
different distance&(x) from the surface. In every portion
the component of the ion velocity perpendicular to the sur-
facev, is considered negligible, and the projectile moving
parallel to the surface with velociﬁ§/5= (vs,0,0) ionizes the
target atoms located in the corresponding surface end
This implies that for a given surface atom placed xat
=(x,y,0), the whole atomic collision process occurs while
the projectile is moving along a portiakix of its trajectory.
Then, as the external field does not vary appreciably on the
Ax interval, the vectoﬁ(t) can be taken as a constant, i.e.
R(t)=R(x)=(x,0Z(x)), as far as the surface potential is
concerned. According to this assumption and changing the
variablet” by x'=vt’ in Eq.(7), the initial and final vector
potentials involved in the ionization process read

|

herex=uvt is the position of the projectile at the tinge

hen the collision with the surface atom situated xat
& (x,y,0) takes place. The positions around which the sur-

ds
2

W

layer, and this atomic ionization process is developed in théace field is evaluated are=x andr;=R(X) in the initial

presence of the potenti#l, originated by the surface. In the
case of metal surfacey, represents the surface induced

and final channels, respectively, atig= Ax denotes the dis-
tance between surface atoms. In EL7), we have fixed the

potential, while for insulators it essentially corresponds tozero of the vector potential at the beginning of the atomic

the track surface potential.

Due to the geometry of the problem, it is convenient to
change the reference frame by one fixed to the position of th
first atomic layer, with the projectile trajectory contained in
thex-z plane, and the surface in thiey plane(see Fig. 1 In
the new coordinate system the external poten¥iglis ex-

pressed a¥,(r,t), wherer is the position vector o in the

collision, i.e.,,&j(x—dS/Z):O for j=i,f. Moreover, the pa-
[ameter 7 can be expressed as=vg-R/vs=X/vs, which
becomes independent of the electron position, allowing us to
uncouple the integrals ony andrp in Eq. (14).

Taking into account that the electron is ejected from the
surface with an effective final momentuka=k;— A¢(x), as

surface reference frame, and the time dependence is det@bserved from Eq(6), the transition matrix reduces to
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exdiB(x)] Finally, the atomic ionization probability depending pn
= 32 PEPY(p)=|ATPY(p)|?, is derived from Eq(21) by usi
(2m) 2 "(p) = A[P"(p)|?, is derived from Eq(21) by using
again the eikonal transformation
XAINT™ (kr, = Qr(x)- Th (ke , — s, Qp)
— A0 [N (ky, = Qr(x) UL (Kp, ~v5,Qp)
+LiT_*(ET,_QT(X))'F(Fr_’+)(|ZP,—I;s,dp)]}, (18  The differential probability of electron emission from the

surface,dP; /dk;, corresponding to the transition from the
wherekr=K;+A¢(x) andKkp=K;+A;(x)— v, are the elec- initial statei to the final state with momentui; and energy

- 2T - PN
AP = [ anTiPexin g (22
S

tron momenta with respect 6 an P, respectively, involved &;=k?/2, is obtained integratin@’”"/ on both the surface
in the hard atomic collision, an@(x)=k;—Qp+A;(x).  bandAx and on the projectile trajectory. It reafls3]
The functionB(x) is obtained by replacing by x/v in EQ. i i
élrg)l,S.and the auxiliary functions are Nordsieck-type inte- dpi/dez(sz_ dxf_ dyPPYp(x.y)), (23
L?(El,ﬁ)l f dar |1 .. wherep depends on the position of the surface atom consid-
er o o |= | == = |D7(ky,r) ered,
N (k)] o @em¥ v
., - Z(x)
X exp(—iq-r)eF(r) (19 p(X,y)=\y*+Z*(x), <pp(><.y)=arctar§7) (24)
and being the modulus and the azimuthal angle, respectively, of
—)e ¢ =2 - g ﬁ(x,y), Z(x) denotes the classical trajectory of the projec-
Up (k1 .kz,q) :f dr D’*(IZ 9 tile, and &g is surface atomic density, which is considered as
TC ) (ky,kp,0) (2m)32| V| P a constant.
xexp(—iq-NEg(kp,r), (20) Ill. RESULTS
which have closed formg3]. In Eq. (18), the exponential As a first benchmark for the proposed formalism, we con-

sider the collision system composed by 100 keV protons
grazingly impinging on a solid surface. Since the energy shift
of the CEP strongly depends on the electronic properties of
the surface, two different types of solids are examined:
LiIF(100 and Al(111), insulator and metal surfaces, respec-
gvely. For both cases, experimental data of the energy shift
of the CEP are availablgZ,5].

The same way as in theories for ion-atom collisions, in
the FDW model the position of the CEP is related to thresh-
old laws characteristics of the finRl-e interaction. At every

factor depending oB(x) is a fixed phase factor, which does
not affect the ionization probability.

Even though Eq(18) can be exactly evaluated, with the
aim of simplifying the calculations, we have introduced two
additional approximationgi) As electrons initially bound to
the surface atoms are weakly affected by the action of th

surface potential, we dropped the initial vector potenfial
that modified the unperturbed atomic stateas given in Eqg.
(9). (ii) Since the perturbation introduced by the surface po
tential Vy is much smaller than the Coulomb interaction with L= o . .
the projectile, we have neglected its first-order contributionP©S!ton _R(X)F[?Vf, the projectile, the behavior of the atomic
to the T-matrix element, keeping only the first term of Eq. Probability Pi"™ near the break-up threshold is determined
(18). Then, theT-matrix element reduces, except for an un-Py the normalization Coulomb factdfp (kp), defined by

important phase factor, to Eq. (12), which is contained in the functiofi$ ') in Eq.
(21). This Coulomb factor displays a cusp shapegas-0,
THOW=(2m) 3N (kr,—Q)- T6 " (Kp,—v5.Qp), that is, for values of the final electron momentigrclose to

(21)  ;.—A,(x). Then, in the proposed model the peak position in
.. I, . I the electron spectrum is displaced by an additional trans-
where kr=ki+Ai(X), Ke=ki+Ai(X)=vs, and Q=Ki  forred momentund;, which is proportional to surface inter-
—Qp is the usual definition of the transferred momentum.action at the projectile position, as proposed earlier by Burg-
Therefore, in the FDW formalism the action of the externaldorfer [24]. In the evaluation of the probability of electron
field on the ejected electron produces a supplementary m@mission from the surface, this Coulomb peak is convoluted
mentum transfeA(x), which depends on the point of the along the ion trajectory, giving rise to a small broadening.
projectile trajectory considered. If the vector potentigl As we are interested in studying the energy shift of the
was fixed equal to zero, E(1) would become equivalent to CEP, we have first evaluated the trans:non matrix from Eg.
the T-matrix obtained with the CDW-EIS approximation for (21) without including the momentur#\; (CDW-EIS ap-
ion-atom collisiong 21]. proximation). From such a value we derive an approximated
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result for TF" by replacing the Coulomb factoSy (k;)  trajectoryZ(x’) as given by Eq(24). The factors{ ) is the

andF (|ki—v4|), involved in the usual CDW-EIS transition surface density of F ions, andg.=—1 is the electron
matrix, by the new shifted Coulomb factofs; (ky) and ch?:rge_. I o ) - g
- Lo R > i - or insulators, the track potential is expected to represent
=K+ =K+ —~ - ! . :
F?(kp)'[wnh ke I,(_f Ar(x) gnd ka ks Aig)ﬂ vsl, €ON- e Gominant surface interaction that affects the movement of
tained in the auxiliary function®j ~ and T "™*, respec-  gjected electronf?]. As a first estimate, we neglect the con-
tively, in Eq. (21). Besides, as the CDW-EIS approximation yihytion of the induced surface potential ¥, assuming

displays asymmetric behavior around the CEP, a factor thah ¢ the dynamic response of the medium is weak in com-

fi‘:)/ﬁr%g;ﬁ;mirﬁsggnég[%_'élgs(?:eto derive the FDW trar]Slf)arison with the track interactidi26,27]. The fieldéo, given

o . oo by Eq.(25), attracts the emitted electron towards the surface
For every initial state, the evaluation 8P /dk; involves  yith an intensity that depends on the position of the projec-
a double integral over the transferred momentgnas given tile, being different on the incoming and outgoing projectile
by Eg. (22), and other two integrals on the surface planepaihs. To evaluate the ionization probabiliBiy,,(p) in-
(3<,y), as given by Eq(23). The integration on the variables gved in Eq.(25) we employ the CDW-EIS approximation
7 and y was numerically evaluated with a relative error [21], using an effective charge that satisfies the initial bind-
lower than 3%, while the further integration on the variable ing energy to describe thE-e Coulomb interaction. As the
was solved by interpolating approximately 20 pivots on theband gap is not expected to be significant at this high impact
classical trajectory(x). energy[ 28,29, it was not considered in the calculation. The
classical trajectory of the projectile was obtained with the
Moliere potential[30], adding Li and F contributions. From

the track field[28] we derive the vector potentid, as

given by Eq.(17), with dg=7.6 a.u. the separation between
IF_ ions on the topmost atomic layer. Components parallel

A. Insulator surfaces

In this section we concentrate on"Hmpinging on an
LiF(100 surface with 100 keV energy and the angle of inci-

dence#,=0.7 deg. The LiF can be considered as the typica . =
example of insulator: it has a narrow valence band, a IargéAfX) and perpendiculari,) to the surface oAy are shown

work function, and a wide band gap. Furthermore, as valenct Fig.2asa functio_n of th_e projectile di_stance_ to th_e atomic
electrons are localized around ionic centémic crysta), ~ SurfaceZ(x), for the incoming and outgoing trajectories. Re-
we can consider that the electron emission is principallySUItS obtained along both paths are quite simitg:andAy,
caused by the ionization of electrons bounded to target ion£OMPonents decrease almost linearly, in logarithmic scale, as
At the considered energy, the ionization of the ground statéhe distance to the surface increases. And near the surface,
of Li* is small, and most of the ejected electrons come fronfor Z(x) =2.0 a.u., the component parallel to the surface pre-
localized states around thé kons. We employ Hartree-Fock vails against the perpendicular one, i¥g,>A;,, while the
wave functions for negative iorf25] to represent the bound opposite happens for long distances, whare<A;, .

states of the F ion, and no correction is included to take

into account that target ions are part of a surface. Since at 2. FDW Jost function

100 keV impact energy the contribution of tHeshell of F* In order to test the changes introduced by the vector po-

is negligible, only theL shell is considered in our calcula- tential A}, we have studied the behavior of the EDW Jost

tions. function corresponding to the Coulomb projectile distortion
1. Determination of the vector potentiaTA in the final channel,
As a consequence of the low conductivity of the medium, JEPY(ke) =|F5 (kp)|?, (26)

the ionization of F ions along the projectile path originates . R _ .
a surface charge density which is responsible for the trackvith ke=K¢+A¢(X) —vs, which dominates the energy spec-
potential. When the projectile is ef{(x) position, the track trum obtained with the FDW approximation in the region of

: : e convoy-electron emission. The functiay”" for electrons
fiel ting on the electron pl t th ition r ) . P -
eld acting on the electron placed at thgosition reads ejected at the specular-reflection direction is plotted in Fig. 3

§ . as a function of the electron energy, considering thg pro-
EO(F,X):qeg(SF’)f dx'f dy’ ton at the closest distance to the surface, O)
—w —w =(0,0Z(0)), with Z(0)=0.29 a.u. At this position, the
value of the vector potential iﬁif(O):(O.ZZ,0,0.ll) a.u.
(25)  The Jost function in absence of the track potendig(k;)
=|Fp(|ki—v4))|2 which is involved in the CDW-EIS ap-
R proximation, is also displayed as a comparison. From Fig. 3,
wherex’=(x’,y’,0) denotes the position of the Fon in-  the maximum of the functiod5°", which is associated with
volved in the ionization process, armonz(ﬁ) is the total CEP, is not only energy displaced kzut also lowered as a con-
ionization probability of F as a function of the impact pa- sequence of the momentum transfg(0). This is because

rameterp(x’,y’), which is defined in terms of the classical the Coulomb divergency als,—0 is now centered at the

(r—x")

X Pionp(X",y")) e
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Jost function (a.u.)
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AR . . [T R RRALTIN
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Electron energy (eV)

Vector Potential A (a.u.)

01 FIG. 3. Jost function involved in the calculation of the emission
probability, as a function of the electron energy, for 100 keV pro-
tons colliding with a LiF100) surface with the incidence angle
0,=0.7°. The electron observation angledis=0.7°, and the pro-
jectile is considered at the closest distance to the surfage).
Solid line, Jost functiod:PY(k;), as defined by Eq26), which is
contained in the FDW approximation; and dotted line, Jost function
--------- P B in the absence of the surface interactiody(k¢)=|Fp (|K;
0 1 2 3 —v4)|%. A schematic drawing of the position of the CEP in the
Z(x) (a.u.) momentum space is shown in the inset.

FIG. 2. Vector potential; of the track field, as given by Eq. around the CEP that is markedly broadened and shifted to-
(17?, for 100 keV protons impinging on a L{ECO surface. The _wards a lower energy. And the energy SW&(CE)’ defined
variableZ(x) denotes the projectile distance to the topmost atomlcas the difference between the positions of the maximum with
layer, in the incomingX<0) and outgoingX>0) paths. Solid dots ) ) o CE ) )

. - _ and without includingA¢, is Ae(©®=—4 eV, which is
(solid line), component ofA; parallel to the surfacé)¢, ; and open | t0 th . tal valube(CE— _5 oV (7], F
dots (dashed ling component ofA; perpendicular to the surface, close 1o the expenmental ValURe eqpr = € el
As,. Lines represent the used interpolation.

100 —————————

position k{P’=v—A;(0) in the momentum space, which H'/ LIF(100)
corresponds to electrons emitted inside the sokidh k{>) 1 3
=—A:,(0)<0), not observed in experiments. Then, in the s 9=0.7deg

FDW approximation the structure corresponding to the CEP

is wider than that of ion-atom scattering. The FDW curve __
displayed in Fig. 3 only corresponds to the contribution of ;
the positionﬁ(O), and theshape of the total spectrum is %’
obtained by integrating the ionization probability along the &
trajectory of the ion, which broadens the peak even more. %

10 |

3. Electron distribution

The double differential probability of electron emission [
d?P/dedQ=k=,dP;/dk;, calculated from Eq(23) by —
adding the contributions ofand 2 states of F, is plotted 0 %0 100 150
in Fig. 4 as a function of the electron energy. The solid Electron energy (eV)
a_mglle coincides WiFh t.he directio_n of the outgoing projec- FIG. 4. Double differential probability of electron emission
tllgh(the electronhemlssflon an%le ﬁf:hOj deg, _mealsured d?P/de;dQ; for 100 keV protons impinging on a L{EQQ surface
W_'t respect to the surface and on the scattering pdne with the incidence angl®,=0.7°. The electron ejection angle is
Fig. ,4’ results from th.e FDW model are cpmpared with tho,se0f=0.7°. Solid line, results obtained with the FDW approximation;
obtained by considering the track potential equal to zero, i.€anq dotted line, values from the CDW-EIS approximation without
A;=0. The FDW energy distribution displays a structureincluding the surface interaction.
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FIG. 5. Vector potential; of the induced surface field, derived ~ FIG. 6. Similar to Fig. 3 for 100 keV protons colliding with an
from Eq. (17), for 100 keV protons impinging on an @AY sur- Al(111) surface with the incidence angtk=1 deg. The electron
face. The variabl(x) denotes the projectile distance to the top- emission angle i®;=1 deg. Solid line, Jost functiod’”™PW(k;)
most atomic Ia{/er. Solid and dashed lines, absolute values of thgorresponding to the Yukawa potential, with momentip=K;
components ofA; parallel, A,, and perpendiculard,, respec-  + A (x)—v,; dot-dashed line, Jost functiaif®"(k;), as defined
tively, to the surface. by Eq.(26); and dotted line, Jost function in absence of the surface

interaction,Jp(K¢) =|Fp (|ki—v4])|2.
thermore, the shape of the FDW electron distribution quali-
tatively agrees with experimental spectra obtained for. ) , ,
slightly lower impact energief7]. Therefore, the proposed A obtained from Eq(17) with ds=5.4 a.u., as a function
model seems to give an appropriate description of the broadf the projectile distance to the atomic surface. The value
ening and the energy shift of the CEP, which are the footZ,=2.2 a.u corresponds to the position of the jellium border,
prints of the presence of the track potential. Note that othevhich is displaced one half of the interplanar atomic distance
effects not included in our calculations, such as screening bfrom the topmost atomic layer. The vector poten#al for
low-energy electrons or polarization of the surrounding an-metals differs not only in the sign from the one for insulators.
ions, might reduce the strength of the track potential. Inside the solid, forz<Z;, the component parallel to the
surfaceAs, is almost constant, while in the vacuum it rapidly
decreases for increasigdistances. Instead, the perpendicu-
lar component\, tends to zero inside and outside the solid,

Our study on metal surfaces is confined to 100 keV prowhen the distance to the jellium border augments, and it
tons colliding on an Al(111) surface with the angle of inci- displays a maximum near the jellium edge. At the position of
denced;=1 deg. The parameters used to describe the alumimaximum approach to the surfac0)=0.18 a.u., the vec-
num surface are the following: The interplanar separation isor potential isA;(0)=(—0.12,0;-0.008) a.u. Note that the
d=4.4 a.u., the Fermi energy E-=0.414 a.u.(the Fermi  absolute value of,(0) is the same order of that obtained
velocity vg=0.91 a.u.), the work function isey  for LiF, while the componen#;,(0) is one order of magni-
=0.15 a.u., the surface plasma frequencywis=0.4 a.u., tude smaller.
and the plasmon width ig=0.037 a.u[31]. The trajectory
qf the incident ion is dete'rmin'ed by using the I\/ipdz'epqten— > EDW Jost function
tial [30] plus the dynamical image potential given in Ref.

[31]. As in the case of insulators, to analyze the effect of the
vector potentialA; on the electron energy distribution, in
1. Determination of the vector potential A Fig. 6 we plot the FDW Jost functiodZ"", defined in Eq.

In metals the surface interactiofy is due to the induced (26), for electrons emitted witl#;=1 deg at the closest dis-
surface potential, which is associated with the dielectric retanceZ(0). TheJost functionJp, corresponding t&\;=0,
sponse of the material. We employ the specular-reflectiois also shown in Fig. 6 as a reference. For the Al surface, the
(SR model[32] to derive the induced fielff, acting on the MaximumJz°*, which is related to the CEP, is displaced
electron at the projectile positidi33]. The fieldE, includes towards higher energies as a consequence of the accele_zratlon
the image field induced by the projectile and the seh‘—imagecaused by the |nduceSDV?Ioten}|al. 5nd the Coulomb diver-
field induced by the ejected electron, considering that bottgency of the factor oflp"™ askp—0 corresponds to elec-
move together. In Fig. 5 we have plotted the vector potentiatrons ejected almost parallel to the surface, w&h»IZEP)

B. Metal surfaces
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0Wr—/—————p 71— not display the cusp-shape characteristic of Coulomb inter-
[ ] actions, and its value at the maximum is smaller than that of
+ J FDW
H'/ Al{(111) ] Jpo .
HRYAY ]
P i 6=1deg | 3. Electron distribution

We have calculated the probability of electron emission
from the surfacel?P/dedQ;=k;3;dP;/dk; by employing
the FDW approximation with the Yukawa Jost function. As
the AP contains three electrons in the outermost shell
=3, we consider that the target atoms cede these external
electrons to the free-electron gas, keeping the rest of the
electrons in the inner shells. At the considered impact energy,
the contribution coming from th& shell can be neglected,
and only the initial states corresponding to theshell of
neutral aluminum are included. The atomic bound states are
described by the Hartree-Fock doulzldunctions[25], and
an effective charge satisfying the binding energy is again
used to represent the final continuum state around the target.
Results ford?P/de;d() are shown in Fig. 7 as a function of
the electron energy for the ejection angle=1 deg, which
coincides with the specular-reflection direction of the projec-
tile. In Fig. 7 we also show the electron distribution obtained
L without including the projectile screening, and that derived

0 50 100 150 -
in absence of the induced potentiaiith A;=0). The energy
Electron energy(eV) shift of the CEP provided by the FDW model ise(CP)

: . . . =6 eV, which is quite similar to the experimental value

FIG. 7. Double differential probability of inner-shell emission Ae(CE~75 eV[5] qTakin into account thgt electron emis-
d?P/de;dQ; for 100 keV protons impinging on an Al(111) surface Eexpt = 1 L g. . .

with the incidence angl®,=1 deg. The electron ejection angle is sion by binary collisions with the valence band is negligible

0;=1 deg. Solid(dot-dashejlline, results derived from the FDW a_rou_nd Fhe dire_ction of specular reflectifi], the_electron
approximation with(without) including the Yukawa Jost function; distribution derived from the FDW model approximately de-
and dotted line, values from the CDW-EIS approximation in ab-SCribes the total contribution around the QB Note that in
sence of the surface interaction. the proposed model, the broadening of the CEP for metals is
not a consequence of the additional momentum tranfer
=JS—,&f(0), being now k$§)=—AfZ(O)>O. The function Eﬂtrgtggfesrc[rg;er]mng of thé-e interaction, as explored by
Jp?Y displayed in Fig. 6 must be then integrated along the Finally, we should remark that while in insulators the
projectile path, giving rise to a small broadening of the Cou-glectrons can be supposed as being directly ejected to the
lomb peak. vacuum, in metals the electrons ionized with=1 deg
Although the FDW approximation provides an energy dis-travel a long distance through the jellium before being emit-
placement of the CEP that seems to be adequate for botgd to the vacuum. Then, the ejected electron loses energy
insulators and metals, in this last case the shape of the peajge to multiple collisions in the outgoing path, and this effect
is almost as sharp as that obtained without including théyas not been included in the model. On other hand, in the
surface interactiorisee Fig. 7. This is because the model proposed formalism the action of the induced potential is
does not take into account that in collisions with metals the;gnsidered up to a distanck/2, as given by Eq(17), and
projectile penetrates into the jellium, and it is shielded bythe interaction between the surface and the convoy electron
valence electrons, which form the free-electron gas. In then the large exit path has not been taken into account. There-
present work, we introduce the dynamic screening oRFe  fore, for metals, the differential probability derived from the
interaction by replacing the Coulomb Jost functilﬁ’?w(lzf) FDW approximation with the Yukawa Jost function repre-
by the Jost functiond”’ ™PY(K;) corresponding to a simple Sents theprimary electron distribution. Subsequent accelera-
Yukawa potential, V(PY)= — ZpexpNrp)rp,  with A tion as well as energy loss of the _emltted electfon shoulpl be
:WS(U§+U§/3)71/2_ This value of\ satisfies the proper lim- treated on equal footing to describe the experimental situa-
its for high and low velocities. The Yukawa Jost function, tion.
JEIFOW(K,), is defined a$34] the value at the origin of the
square modulus of the eigenfunction of the Yukawa potential

with momentunks= K; + A;(X) —vs. We numerically evalu- We have presented a distorted-wave formalism, here
ate the function)™®W by using the code of Ref35], and  called FDW approximation, to deal with the atomic ioniza-
results are plotted in Fig. 6. The Yukawa Jost function doesion process in the presence of a time-dependent potential.

dP/dedQ, (a.u.)

IV. CONCLUSIONS
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The model, which is based on the expansion of the externdlave introduced the Jost function corresponding to the
potential in terms of the effective field, is used to study theshieldedP-e potential in the final electron wave function.
electron emission from bound states to surface atoms, orighWVith this modification, the FDW model gives a proper de-
nated by grazing-ion—surface scattering. We have focalizedcription of both, the energy shift and the broadening of the
our attention on the description of the convoy electrons aCEP for the different considered targets. And the energy dis-
glancing ejection angles. In collisions with surfaces, the CERlacements of the CEP obtained with the FDW approxima-
looks like a broad structure in the energy spectrum, whosé&on are in good agreement with recent experimental data. An

maximum is displaced with respect to its position in ion-

exhaustive comparison with experiments for different graz-

atom collisions due to the surface interaction. In the FDWing conditions and ejection angles would be necessary to
model the energy shift of the CEP is taken into account as anonfirm the validity of the proposed theory.

additional electron transferred momentu&;, which de-

pends on the surface interaction at the different positions of

the projectile.
We apply the FDW formalism to collisions of protons on
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