PHYSICAL REVIEW A, VOLUME 63, 052901

Surface-plasmon-assisted electron-capture mechanism in low-energy
He*(1s)-Al(111) collisions

H. Jouin* F. A. GutierreZ and C. Harel
1CELIA (UMR 5107 du CNRS), UniversiBordeaux |, 351 Cours de la Libation, 33405 Talence Cedex, France
2Departamento de Bica, Universidad de ConcepcicCasilla 4009, Concepcip Chile
(Received 24 August 2000; revised manuscript received 2 January 2001; published 16 April 2001

We analyze the neutralization of low-energy Hés) ions interacting with an Al surface under grazing
incidence. First, we calculate transition rates for the surface plasmon-assisted mode of ion neutralization. A
comparison of these transition rates with Auger rates recently reported in the literature indicates that the
collective process is dominant from large to intermediate ion-surface distances. Inclusion of these transition
rates into a set of rate equations relevant to thé (de)/Al(111) interacting system allows us to compute
neutralized fractions and angular distributions of the scattered neutral atoms. Comparison of our results with
recent experimental data seems to indicate that proper inclusion of both the Auger and collective surface
plasmon rates is essential to explain the experimental results. Finally, a phenomenological rate for transitions
into the ground state of He was extracted from experimental angular distributions.
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[. INTRODUCTION to the neutralization process, one has to eliminate the possi-
bility of other processes which can occur if the ion penetrates
When a slow ion approaches a metallic surface, severdhe solid. For this reason the kinetic energy of the projectile
processes can take place due to the potential interaction ban must be smaller than the repulsive force produced by its
tween the ion and surface. Among these, the ion neutralizanteraction with the surface atoms which is in the eV regime.
tion process, whereby a metal electron is captured by th&nfortunately, it is not a trivial task to produce ion beams
incoming ion, has been strongly considered in recent yearwith small enough energies. However, at very small angles
from both the theoretical and experimental points of view.of incidence(grazing incidence the energy related to the
The interest concerns both fundamental questions as well gerpendicular motion of the ion is sufficiently low to prevent
technological applications. the ion from entering significantly into the solid. For in-
The two simplest mechanisms for ion neutralization neaistance, for angles of the order of 1°, as in the typical experi-
metallic surfaces which have been known to exist for a longments of Wintel 7], the energies of the parallel and normal
time are the resonant tunneling modg in which an elec- motion differ by about four orders of magnitude so that his
tron tunnels from a level within the conduction band of thekeV ion beams have normal energies in the eV domain. As
solid to a bound state of the ion-electron system withoutlready mentioned in Ref7], for this type of experimental
changing its energy and the direct Auger m¢dgin which  arrangement the above-mentioned charge-exchange mecha-
two electrons in the conduction band interact in such a wayisms are the most relevants.
that one of the electrons falls into a lower-energy state of the The choice of single-charged ions, like'+tor He', as
bound ion-electron system while the second electron absorljgojectiles is clear since multicharged ions can give rise to
the energy released during the capture going to a state out otutralizations into multiply excited atomic levels which are
the conduction band. At the end of the 1980, a new competin resonance with the conduction band with the possibility
ing mode, the pure surface-plasm@SP mode, was pro- afterwards of many directone-step or indirect (several-
posed3,4] in which one metal electron falls into a low-lying step transitions besides the one we are interested in. Another
atomic state while a surface plasmon is excited by means ajrucial and practical consideration in choosing these kind of
the energy released in the electronic transition. The recermgrojectiles is related to the possibility of a realistic theoreti-
experimental works of Baragiola and Dukgs| and Ni-  cal description of the atomic structure of the neutralized ion-
emannet al.[6] on ion-induced low-energy electron spectra electron system in the presence of the surface which is quan-
contain indications of bulk and surface-plasmon excitationsitatively unknown in all the cases except for hydrogenlike
during low-energy ion-surface collisions. The collective ions[8,9] and helium atom$10—12. Indeed, consideration
(multielectron) mode can be viewed as complementary to theof the perturbation produced by the surface causes an upward
(two-electron Auger mode, as they represents two differentshift of the energy levels and hybridization of the vacuum
regimes of response of the surface to the ion’s field. wave functions, which complicates the evaluations of neu-
To analyze theoretically and experimentally the relativetralization rates. On the other hand, the choice of simple
importance of the collective mechanism and its contributionrmetals like Al or Mg is related to the fact that their electronic
behavior can be modeled in a good approximation as an
electron gas for which several theoretical approaches can be
*Corresponding author. FAX:(33) 5 57962580. Electronic pursued to describe its response to the ion’s potential field
address: jouin@celia.u-bordeaux.fr [13].
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STAD depopulating the triplet state will be modifiqd. Indged, the
-0.156 RI\\LS‘S"E‘ RN rates have been found to decrease drastically with paral-
< -\-A\ L (-0.146) lel velocity (see Trubnikov and Yavlinskii19]). Neverthe-

> A less, the global description of the various mechanisms lead-
ﬁ' RN Ts2s's, @ (:0.175)

ing to the neutralization of the ions presented above remains
\?\ correct. Analogous transitions involving higher excited states

SP are energetically forbidden.
The most striking feature of the recent results for the
Ep—0.43 He He*-Al system is the clear disagreement between theory and
D experiment. The different theoretical repdrig—16 contain
an ever-increasing degree of sophistication in the dielectric
response of the surface and also in the description of the
initial and final states of the captured electron. However,
recently Hechtet al. [17] have indicated that these theoreti-
°A (0.903) cal Auger rates, which do not differ very much from each
other, are insufficient to explain the experimental angular
distribution of 2-keV Hé ions neutralized at Al surfaces
Ton-Surface Distance with 0.5° of incidence. The effect of the perturbation of the
FIG. 1. Energy diagram for He in front of Al and schematic ion on the initial eleptron states which increases the Auger
representation of the neutralizing processes involved: =ANger ~ 'ates only at large distances6] is not enough to produce a
neutralization process, PSPpure surface-plasmon procestor changg on this situation. We should note that in RHQT
simplicity, the ejected Auger electron for the AN process and thel6] their Auger rates are supposed to include both the single-
surface plasmon for the PSP process are not represented in tRérticle (electron-hole-pajr response and the collective

figure), IAD=indirect Auger deexcitation process, Riesonant  (Surface-plasmorresponse of the electron gas to the field of
neutralization process, and Ritesonant ionization process. the incoming ion, but in light of the results we obtain in this

work, it seems that perhaps they are still missing some im-

Over the last decade several theoretidg®l—16 and ex-  portant contribution to the neutralization rates for the Hd
perimental[7,17] reports have been published in the litera- System.
ture on the problem of ion neutralization for the Hal The main purpose of this work is to analyze the relative
system under grazing incidence. In Fig. 1 we show a schemportance of the pure surface-plasmon mode of ion neutral-
matic energy diagram of the Fié1s)-Al system to describe ization as compared to the Auger mode and to show that
the various processes that can lead to the formation of HBroper consideration of both modes can lead to a much better
atoms in very low normal energy collisions. Due to energy@dreement between the theoretical and experimental results.
conservation, the Auger neutralisatiéAN) and PSP pro- For that purpose we shall calculate transition rates, neutral-
cesses can only populate the ground sta®('B,) of He ized fractions, and angular distributions of scattered He at-
atoms. This is the only state considered in REfd—16 for ~ ©ms in very low perpendicular energy HeLs)-Al (111 sur-
the He'(1s)-Al system. However, asymptotically the ex- face. reactions in order to compare with the most recent
cited triplet state $2s(3S;) has an energy—0.175 a.i. ~ Published results. _ N
which is slightly below the work functiof—0.156 a.u. In Sec. Il we develop the theory for collective transition
Thus, at large ion-surface separations, this state can be, [@t€s, while in Sec. lll we indicate all the steps which are
principle, populated by means of resonant transitiRi). ~ necessary to ev_aluate the neutralized fractions ar_wd als<_) the
Nevertheless, as the atom approaches the surface, the bindiggular distributions. The results and all relevant discussions
energies of atomic levels decreagsse Fig. 1 due to the appear in Sec. IV. .The main conclusions are.summanzed in
shift caused by image charge interactions. In fact, for ion-S€C. V. Atomic units are used throughout this paper unless
surface distances smaller than 14 a.u., tesltriplet level ~ Otherwise stated.
is above the Fermi level so that the resonant capture is ener-
getically forbidden. Therefore, the triplet state can get popu- Il. THEORY FOR COLLECTIVE TRANSITION RATES
lated by the resonant mode only for distances larger than 14
a.u. At shorter distances, when the binding energy of th(%h
triplet 1s2s level becomes smaller than the work function,
the few captured electrons can be lost by resonant ionizatio
(RI) towards the unoccupied metal states. These electrons
can also be transferred to the ground state via the indirect — Tpgg=27 >, (O, q|Hi @) 28(ei— 1), (D)
Auger deexcitationlAD) procesg17]. The direct Auger de- k,a<dc
excitation process is forbidden for triplet states because of .y L 0 .
spin conservatiofi7,18. Inclusion of kinematic effects due Wheres;=3k* is the energy of the initial stae,’), which
to parallel motion will shift upwards the Fermi energy is orthogonal to®{"),q) and which represents an electron
[17,19. In particular, the resonance conditions and the tranwith momentumk in the conduction band. The energy
sition rates for the RN and RI processes for populating and(s,q) of the final statd®{,q), for an electron lying on

Energy (a.u.)

(2

1s21S

Within the orthogonalized first Born approximation and
e fixed ion approximation, the transition rate for the pure
ﬁurface-plasmon mode of ion neutralization is given by
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an atomic state labeled and for a plasmon of wave vector
a(d,¢q) and energywg(q), is (with respect to the bottom of
the conduction band

0.60 @ Expt dataref(23) 1

: Best Fit

£1(s,0)=Vo—En(s)+ wy(q), 2

with Vo=Eg+W the depth of the conduction ban&g be-
ing the Fermi energy antV the corresponding work func-
tion) and E,(s) the bound energy of the final atomic state
which is a function of the ion-image plane distarscgue to
the atom-surface interaction. The conditigrr g, in Eq. (1)
means thatl'pgp contains only the long-rangésmall-q)
surface-plasmon contribution to ion neutralization. It does . , ‘ ‘ .
not include those contributions coming from the regime of 0.0 0.1 0.2 0.3 0.4 0.5 06
short-rangédlargeq) particle-hole excitations. In general, for 4 )

low values of the transferred momentumit is possible to FIG. 2. Surface-plasmon dispersion for Al, i.e., surface-plasmon

separate the response of Fhe many glectron .System to trf-f-ﬁergy(in a.u) as a function of the plasmon wave vector modulus
external Coulomb perturbation, approximately, into a collec (in ‘a.u). 4: experimental data of Tsueit al. [23]. Solid
tive surface-plasmon part and an electron-hole excitatiofine: pest fit of the experimental dataee text

part. In fact, for theq— O limit, the separation becomes ex-

act, since the electron-hole part of the spectrum disappeafgsgjet al. [23] by means of the quadratic functians(q)
and the surface-plasmon peak tends to dffenction. How- =wg+aq+,8q2. This is shown in Fig. 2, where we have

ever, for large values af, it is not pos.sible tq separate the lotted the experimental data of Rg23] as well as our best
two different responses because their contributions overlag, (with parameterso=0.4064 a.u.a=—0.2938a.u., and

in such a way that the concept of well-defined coherent =1.1430a.u.). We should note that there is no experimen-

surface-plasmon modes and single-particle excitations brea §I_data forg larger than 0.37 a.u.; nevertheless, for the cal-

dqwn (surface plasmons are strongly damped beyqnd a CeLylations of the transition rates, we shall need the dispersion
tain value ofq). In particular, for the Hé-Al system, it has

. ; relation up toq=0.67 a.u. as a consequence of energy con-
bc_aen_founc[ZO] that, fo_r _d|stance§_23, the important con- servation. In those cases, the dispersion relation is extrapo-
tribution to the neutralizing transition rates comes from the, :
excitation of surface plasmons, whereas for smaller dis!atecj by means of our fit

P ' Consideration of the potentiaV{ ) defined by Jennings

tances, the particle hole channel increases, becoming th% al.[24] to describe the electron-surface interaction allows
most important one inside the metal. Therefore, since for th T L " X
Uis to write the Hamiltonian for the initial electronic state,

moment we want to evaluate the pure surface-plasmon cha . ;
nel, we shall consider the ran G, with g, small embedded in the conduction band of the metal, as
enough to have well-defined surface-plasmon modes and

> ; . 1
also ion-surface distances which are not too small. Under HY=—-v2+v] (4)
these circumstances we can consider the electron-surface 2
plasmon coupling3,4]

oy(a) (a.u.)

VJ 1_ef)\(z+s)( . ) VO @( )
_ es= " “agre 0(Z+S) T marg 1, O(—279),
T /%ﬁq)e.q.peth 4=q.. @ 4(z+s) (A1 T) .

with A the elementary areap(¢,z) the electronic cylindri- Wwith A=4V,/A—1 andB=2V,/A, © being the unit step
cal coordinategp andz being parallel and perpendicular to function and\=1a.u. for Al [24]. As stated by Liebsch
the surface plane, respectivgland with the origin of elec- [13], the distribution of electronic density corresponding to
tronic coordinates located at the ion’s position. Recentlythe smooth variation of the potentislt  in the surface re-
Dentonet al. [21] have applied this interaction potential to gion (z=—s) is consistent with the experimentally observed
analyze the probabilities of the excitation of surface plasplasmon dispersion relation we are including in the present
mons when 8-keV electrons are reflected from aluminuntalculations. In Eq(4) we do not include the perturbation of
surfaces, obtaining a good agreement with an equivalerthe initial metal electron states due to the interaction with the
semiclassical dielectric version of the collective response anthcoming ion. We expect this to be a reasonable approxima-
also with the experimental results of PowjP] for the an-  tion due to the weakening of the electron-ion interaction as a
gular dependence of the collective surface excitation. In Refconsequence of screening. In fact, in recent calculations of
[21] (see their Appendix they include a short review of the collective rates for the H-Mg system we have obtained
guantization of the general electrostatic potential for the in{25], by application of a rather crude approximation, that the
teraction of an external charge with a semi-infinite electrorion perturbation has a non-negligible contribution to the rates
gas leading to the expressi¢®). For the plasmon dispersion only in regions(not too close to the surfagghere the col-
relationwy(q) in Al, we have fitted the experimental data of lective rates themselves are very small compared to the rates
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near to the surface. Furthermore, in REE6], they have tum numbem* is related to the parabolic quantum numbers

found that for the H&(1s)/Al system the effect of the per- (n;,n,,m) by n* =n;+n,+m+ 1]. In this way, one obtains

turbation of the initial electron statédue to the presence of the eigenfunctions as linear combinations of the basis orbit-

the ion on the Auger neutralization rates becomes noticeablals,

only for ion-surface distances beyosd- 6, with the corre-

sponding Auger rates being more than three orders of mag- (t

nitude smaller than the rates arowsd 2. Therefore, in order | >=i=21 Coi(s)|uy),

to avoid introducing unnecessary complications into the

present calculations, we shall disregard in what follows thisand the corresponding eigenenerdiggs) which depend on

effect, although we shall partially consider the effect of thethe ion-image plane distansalue to the interaction between

ion on the initial electron state by orthogonalizing it with the final atomic state and the various image charges. In Eq.

respect to the final bound electron state. (10), the size of the basis seNj is increased until the ei-
The z part of the wave functiorIFkZ(z) corresponding to  genvalues are independeftithin the desired accuragyof

the Hamiltonian of Eq.(4) is calculated numerically by the number of basis orbitals. To represent the ground state of

means of the Numerov algorithm. Then the initial electronicHe in front of the Al surface, we have checked that it is

(10

wave function reads sufficient to include in expansiofl0) N=6 hydrogenic
_ . parabolic orbitals(i.e., all them=0 orbitals up to then*
|<I>(k')>:e'kp"’sz(z), (6) =3 shel). The main result for this system is that the energy

shifts follow an image charge behavior &/dven up to dis-

wherek (k,,¢) andk, are the components of the initial tancess=2. At this distance the energy shift of the ground
electromc momentum paraIIeI and perpendicular to the surstate of He is 3.5 eV, which is comparable to the work func-
face plane, respectively. tion of Al. More details are given in Ref12].

Among all the possible final bound electron states, we are After an analysis analogous to the one performein
only interested in the ground state of He, since, the collectivéhe transition rate of Eq.l) becomes
surface-plasmon channel cannot populate the excited levels.
Indeed, for these states, the energy released during electron n s)= 1 fq 3 )f ef(s, q> fhd
capture is not enough to excite a surface plasmon. Therefore, psi ) = 8 Amin Gos(q Pk
for the He atom in front of an Al surface, we consider the

Hamiltonian 2m
S RTIATS

1
Hf=—§V2+Vg_S+Ve_i+AV, 7)

(11)

where the matrix element1'% is
with V2 the electron-surface interaction of Jenniresal. g N (D) _
[24], already given in Eq(5), and whereV,; represents the M _121 Coj(SIM7(kz, @k, pq)

intra-atomic electron-core interaction which has been de-
N

z Cmi(S)Ui(kz, ¢4)

scribed elsewhergl2] through the Bottche(singley poten- P
tial [26] since it reproduces pretty well the observed energy - E
levels of the isolatedvacuunm He atom. We shall also con- m=1
sider the Bottcher potentiak/@_i) here. The last term in Eq.
(7) is the usual electron-iofimage potential, which takes
into account the change in the electron-surface interaction
due to the presence of the positive ion. Explicit expressionsrhe matrix elementsM(l)—<u e~ alzt g0 p| (D)

B .
for V¢ ; and forAV are, respectively — (uj| () and M(z)—<u |e q‘”3|e aelu) are Calculated

numerically by means of Gauss- Laguerre and Gauss-
—ar _ 2 ¢ ri-le (8) Legendre quadratures. In E@L2), P corresponds to the

number of final atomic eigenfunctions included in the or-
. thogonalization proceduresee[27]). In the present calcula-
with  r=yp“+2° (c;=—8.9595, €,=29.4240, C3=  {jon, the initial statd® ") is orthogonalized to the perturbed

N N
X _2 2 s)cn,<s>w<2><q>H. (12)
& &

. 1
Vei(n=- "~ 4+

—20.8924.c,=3.6381) and ground state of He, i.e., to the final bound electron state

|d>§1f)). It is important to note at this point that the conser-

AV(p,z)= 9(2—+S) (9)  Vation of the energy in conjunction with the energy shifts of
Vp2+(z+2s)? the atomic level and the constraikisk: (kg being the

Fermi wave vector modulyisfor the metal electron wave
As described in previous workd2,27, the eigenfunctions vector leads, as a consequence, to the appearance of a thresh-
|y of H; are calculated by means of a diagonalizationold ion-surface distancs, below which the plasmonic rates
method using a basis set of hydrogenic parabolic orbitalsanish independent of the values @fin particular, for the
Un, n, m(p,¢,2) [28] [for these orbitals, the principal quan- He"(1s)-Al system we obtairsy=1 a.u. when plasmon dis-
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persion is taken into account. On the other hand, for each

PHYSICAL REVIEW A 63 052901

TABLE |. Parameters of the ZBL screening potential.

ion-surface distance, the same constraints fix the limits of

integration oveiq appearing in Eq(11) through the inequal- i

ity

0<e(s,q)<Ef. (13 Bi

As an example for the HeAl system investigated here and

for s=3, Eq. (13 leads togm=0.61a.u., whereas fos
=10, one hag|,,,=0.66 a.u. In all cases},i;=0.

Ill. THEORY FOR NEUTRALIZED FRACTIONS
AND ANGULAR DISTRIBUTIONS

1 2 3 4
a; 0.0282 0.2802 0.5099 0.1818
0.2016 0.4029 0.9423 3.1998
dt= ds (15)
v,(s)’

wherewv | (s) is the perpendicular velocity of the ion. This
velocity is computed by means of energy conservation for
the ion motion:

In order to compute the occupations corresponding to the

ground state of the ionR™), to the ground state of the

neutral atom P9), and to the triplet ($2s 3S,) state @),
we solve(by means of a Runge-Kutta methdtie following
set of coupled rates equations:

‘dP+/dt=_(rAN+FPSP)P+‘ —g TP " +TriP’,

‘dPg/dt=+(I‘AN+I‘PSP)P+‘ +FIADPr,

dP'jdt=+gTgnP " =T P —T1apP’, (14

with the initial conditions P*(t——«)=1 and P9(t—
—x)=P!(t——»)=0 and the normalization P*(t)
+P9(t) + P'(t)=1(V t). Hereg, is the spin statistical factor
for capture into the triplet statey(=3/2). In the case where

(16)

[2
v (s)= M, VE o= U+(s),

with M, the ion massE | ; its total energy corresponding to
the normal motion, andJ(s) the total scattering potential
experienced by the ion. This total scattering potential is the
sum of a repulsive potentidlz(s) due to the first atomic
plane and an attractive potentidl,(s) produced by the in-
teraction of the ion with its own image charge:

17

The repulsive term is obtained as described in Gemmel's
review [29] by averaging over the first atomic plane indi-
vidual interatomic potentials. In this work, the interatomic

U+r(s)=Ug(s)+Ux(s).

the triplet state population is not taken into account, this se
reduces to the simple form within boxes in the above equaz
tions. The PSP rated’6sp are those obtained as indicated in
Sec. Il. For the Auger neutralization rates, we have used the
one computed by Lorentet al. [16] (we have also per- Ur(S)=27uZ, zsaZ
formed calculations with those previously calculated by
Lorente and Monrea[15]). The resonant transition rates
(T'rn.Tr) are those calculated by Makhmetewal.[11] by ~ Whereu is the density of surface atoms per unit of afga
means of a nonperturbative approach. For the indirect Auger 0.0394 for A(111)], Z; andZg are the atomic numbers of
deexcitation transition rated’(,p), actually there is a lack the ion and surface atoms, respectivedy= 2 andZs= 13 in
of ab initio calculations, so that for this process, we havethis particular case and a is the screening lengttia
used the transition rates computed by Heeh#l.[17] in a  =0.8854¢0?%+22%)~1]. The parametersy; and B; are
procedure that starts from the experimental angular distribulisted in Table I. For the distance between the first atomic
tion of scattered neutrals atoms in the'H#&s)-Al(111) col-  plane and the image plamk,, we have used the result com-
lision. puted by Serenat al.[31] for Al(11)): d;,=3.295a.u.

As all these transition rates are calculated as a function of For the attractive image potentibl,(s), we have used
the ion-image plane distansgin order to integrate the set of the form based on the Thomas-Fermi approximation pro-
coupled rates equations, we use the transformation posed by Katcet al. [32]:

otential is represented by a Ziegler-Biersack-Littmark
?ZBL) screening potentidl30]. This leads to the following
expression for the ideal planar repulsive potential:
o — [P
a

H(stdm|, (18

( 1 u 02 0.5]2
_02— -
Q 4SJ duexp — 2kTFs ((ZkTFs)2+1 T for s>0,
ke
UA(S)= _QZT for s=0, (19)
k L& —2k+els = uexp — 2kres|Yyu?+1
—Q2 TF P — 2Kl |)_4f du P — 2K | ) for s<0.
{ Krels| 0 u+u?+1
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1.0
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2 oar < 10
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=] =
0.0
10°
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Ion-Image plane distance s (a.u.) s (a.u)

FIG. 3. Scattering potentials as a function of the ion-image FIG. 4. PSP and AN transition rates for the 'H&s)-Al system
plane distance. Solid line: total potential experienced by the ion (in a.u) as a function of the ion-image plane distar(ae a.u).
during its approachy;=Ur+U,). Dashed line: planar repul- #: PSP transition rate calculated in this worR.and ®: AN
sive potential Ug). Dot-dashed line: attractive image potential transition rates calculated by Lorergeal. [16] (O,®: with and
defined by Katoet al. [32] (U,). Dotted line: classical image without inclusion of the ion effect on the initial electronic wave
potential, i.e., asymptotic part of the image potential of Ket@l. function, respectively Dashed line: AN transition rate computed
(Ua.=—1/4s). Solid line with circles: total scattering potential by Lorente and Monredl15] (interacting case Dotted line: AN
calculated by Merinet al.[35]. The vertical line with open circles transition rate of Alduciret al. [14].
located ats=—3.295 a.u. represents the first atomic plane, while
the vertical line located a&=0 represents the image plane. Angular distributions are obtained by arranging the elemen-

tary neutral fractionsl P9 according to their outgoing angle.
with Q the ion charge Q=1 in this work and kr the ~ The convergence of this approach might be checked by de-
Thomas-Fermi wave numbekr=1.56324/rs, where n, creasisng the integration ste@s (typically, here, ds~5
=(47r3)~1is the electronic density of the solid {=2.07 X 10" "a.u. to obtain accurate resultéfterwards, the theo-
in case of A). In Fig. 3, we have plotted, for ret|cal_ angular dlstr|put|on_|s C(znyoluted by means of a
He'(1s)-Al(111), the total scattering potential as a function gaussian shape of widtbip=0.08" in order to account for

of the ion-image plane distance, as well as the repulsive an ' gxperlmental angular resolutiptv]. F'”"?‘”yr the angular
istributions presented below are normalized in such a way

attractive parts and also the asymptotic form of the attractiv hat their area correspond to the fraction of scattered atoms in

image potential Up.=—1/4s), i.e., the classical image the ground statfi.e., P9(t— +«)]. The experimental angu-

charge potential. S / .
In order to obtain the angular distribution of scatteredIar distribution[17] was normalized in the same way.

neutral atoms in the ground state, we calculate for each in-
tegration intervalds of coupled rates equationi&q. (14)], IV. RESULTS AND DISCUSSION
the elementary fraction of ions which are neutralized in the A. Transition rates

ground statdi.e., dP9). For very low perpendicular veloci- i , ,
ties like those considered here, there is no re-ionization 'M Fig- 4 we show our PSP rat€%sp, given as a function

mechanism in close encounter collisions. Moreover, in the?f the ion-image plane distance, for the neutralization of He
collision investigated in this work, the parallel velocity is too &t Al surfaces. For purposes of comparison we also include
low (v,=0.14 a.u.) to allow the loss mechanism proposed by"€ré the most recent Auger rates of Loreatel. [16] for

Winter[7]. Therefore, once the ground state is populated, th&0th unperturbed and perturbéduie to the ion metal elec-
He atoms can not experiment further transitions, remainind®" States, those of Lorente and MonrE8] for what they

as neutral He(4%) atoms. At the instant of neutralization, °2! thﬁ intlelrz?]cting case, and rt]h%sz of Aldueinal. %14]' ,
the attractive image potential vanishes and then the neutrdjote that all the Auger rates which do not contain the effect

atoms in the ground state are reflected by the planar potentigf the ion on the metal elect_ron states remain very close to
in a direction given by the composition of the parallel veloc-€aCch other except in the regisa<2 where they differ by a

ity (v,, which is a constant here because corrugation effect ctr?r rs]maller thsndz. C(Ijearly, the Esdp CUrve goes we:cl abé)_ve
are not considergand the perpendicular velocity aquired by oth t e>pertur ed and unpertur € Auger curves for dis-
the ion at the distance corresponding to its neutralizatiol@Nc€ss=3, although for shorter distances the curves be-

v (s%). Then the corresponding outgoing analds aiven come_closer in such a way that nwl.Sthe Auger ratg qf
b)l/( ) P g going angiss g Alducin et al. [14] takes over with the PSP rate vanishing

belows=1 as a consequence of the constraint imposed by
. the conservation of the energy together with the upward shift
tangp= v, (") _ (200  of the bound energy levels and the conditlonkg . All the
Uy other Auger rates remain belolipspfor s>1. On the other
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scattered atoms with experimental results obtained for very
He® (near) low perpendicular impact energy might allow one to obtain
g informations on the relevancy of the various processes pre-
sented above. In what follows, we will essentially use the
charge fraction and the angular distribution obtained by

| Hechtet al. [17] for 2-keV He"(1s) ions impinging on an
% ( Pl Al(111) surface with an angle of incidenag,=0.5° under
Al (111) “random” azimuthal orientation with respect to the direc-

tions in the(111) plane. It must be noted that the dynamical
FIG. 5. Schematic representation of the image potential effectsalculations presented below also correspond to a “random”
on the outgoing angleg of neutralized particles depending on the azimuthal orientation due to the fact that the scattering po-
location of the neutralization: small outgoing angles for particlestential used in this work does not take explicitly into account
neutral!zeq far from the surface and large outgoing angles when thg e crystallographic structure of thi&11) plane[the crystal-
neutralization occurs close to the surface. lographic structure only appears in our calculations through
the parametep of Eqg. (18)].
hand, the effect of the perturbation of the metal electron It is interesting to note that a simple analysis of the total
states by the ion included in the AN rates of Réf6] starts  scattering potential allows one to obtain valuable information
to be noticeable at distances where the Auger curve itself hasbout the range of outgoing anglesavailable for the scat-
already decayed several orders of magnitude so that onered neutral particles. Indeed, consideration of the total scat-
would expect that its contribution to the angular distributiontering potential minimal valué&J™" (which corresponds to
and neutralization fraction is relatively small. The variationthe highest velocity of the incoming ibtogether with Egs.
of the slope of the PSP transition rate arowg¥5 can be (16) and (20) allows one to obtain the maximal outgoing
unambiguously related to the contribution of ti'e=2 shell  angle ¢,... Moreover, in the limit of zero image force,
to the expansion of Eq(10) for the final bound-electron which occurs when the ion is neutralized very far from the
state, which at this distance starts to be comparable to theurface, one expects the usual specular reflection so that
most important contribution coming from the =1 shell. ¢ . =d,. Itis clear that corrugation effects will broaden a
We shall come back to this point later. little bit the angular distributions of scattered particles in
As already mentioned in the Introduction, in Refs.such a way that for a clean surface and sufficiently high
[15, 16 the authors indicate that their Auger rates includeparallel velocitiespay can be slightly higher than the value
both the single-particle response and the collective responsgilculated by means &f™" and ¢, can be slightly smaller
of the electron gas to the field of the incoming ion. If onethan ¢;,. Consideration of the collisional parameteis;,(
accepts the correctness of the PSP rate, then Fig. 4 indicatesp keV, ¢,,=0.5°) corresponding to the Hi¢1s)-Al(111)
that they might be losing some important contributions to theollision investigated by Heclet al.[17] and of the minimal

total neutralization rate. In fact, recently Heatttal. [17]  value of the total scattering potential in the regis®Q)
have indicated that these theoretical Auger rates are insuffiyhere the transition rates are definga., U™"=U(s=0)

cient to explain the angular distribution of 2-keVHéons ~_0.3 a.u] leads to the following range of outgoing
neutralized at Al surfaces with 0.5° of incidence. In the nextangles: 0.5%¢=<3.7°. These values are consistent with
subsection, we shall show that consideration of our collectivghe range of outgoing angles measured by Heehal.
PSP rates into a set of rate equations leads to angular distfit7]: 1.0°< Pexp=3-0° with the maximum of the angular
butions not too far from the experimental ones. That is noyistribution around 1.95°. The difference between the lower
the case for the Auger rates. However, the proper considegngles is due to the fact that neutralization starts to be effec-
ation of both the PSP rates and the Auger rates makes thge at finite ion-image plane separatiofsounds~13a.u.

agreement with the experiment even better. in the present cageln a recent work dealing with potential
electron emission in the H¢1s)-Al(111) reaction at graz-
B. Angular distributions ing incidence, van Somereet al. [34] have used for the

It is now well known that the attractive image forces haveHe -Al system a potential calculated by Merirt al. [35]

an important effect on the trajectories of the ions in grazingVhich has been plotted in Fig. [8Jy(s): solid line with
incidence collision§33]. On the other hand, as shown in the ¢irclesl. As can be noticed in this figure, near the image
previous section, the Auger transition rates strongly decreagd@ne, this potential strongly differs from the one used in the
as a function of the ion-surface distance, the PSP proceg¥esent work: its minimal valu&lj}"~—0.058a.u. is lo-
being dominant at large ion-surface separations. So the jorf@ted arounds=1.7 a.u., whereas in our case the minimal
which are neutralized through the PSP mechar(iemfrom  value UT""=—0.44a.u. is located aroursk=—0.7 a.u.(one

the surfacare weakly accelerated by the image forces andmust recall that as the transition rates are defined only for
hence, emerge with smaller scattering angles than those nes=0, thes<0 parts of the scattering potentials do not con-
tralized close to the surface which are strongly acceleratetfibute to the calculations of angular distributiong/hen the

via the image potentidl o(s): a schematic representation value Uy" is used together with the collisional parameters
of these features is presented in Fig. 5. Hence a comparisaorresponding to the experiment of Heddttal. [17], one

of calculated charge fractions and angular distributions obbtains a range of outgoing angles that is much more re-
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14 ‘ ' ' ‘ ‘ ' complete neutralization of the beam. This result shows the
: Expt. ref.(17) | importance of the image acceleration in such grazing inci-
. ipsp dence collisions.
, We have also performed calculations by using the Auger
transition rates calculated by Lorente and Monid&l] (re-
1 sults not shown in the figuye the shape of the angular
distribution obtained in this case is very similar to the one
obtained with the AN rate of Lorentet al. [16]. This result
is not very surprising because one can notice in Fig. 4 that
. both Auger transition rates are very close except at large
S, | distances. From this, we conclude that the perturbation of the
initial electron state by the incoming ion does not contribute
. . importantly to the angular distributions.
3.0 38 40 48 The dotted line in Fig. 6 represents the angular distribu-
Scattering Angle (deg) tion obtained when the PSP process alone is included, the
FIG. 6. Normalized angular distributions of neutral He atoms ascorrespondlng ngutrallzed fraction being 92'5%' As can b?
a function of the scattering anglebf,+¢). Calculations without OPServed, there is a good overall agreement with the experi-
inclusion of the triplet-state population mechanisisee text ~ Mental result. However, for scattering angles greater than
Dashed line: only the AN process is includédansition rates of ~ 2.8°, the computed angular distribution fails to reproduce the

Lorenteet al.[16]). Dotted line: only the PSP process is included €xperimental data. This is related to the fésfiown in Fig.
(transition rates calculated in this woriSolid line: both the AN 4) that the PSP rate vanishes for ion-surface distances
and PSP processes are taken into accdlint. experimental result smaller thansy=1 due to energy conservation for the PSP
of Hechtet al. [17]. process. Nevertheless, if parallel velocity effects were taken
into account, we would expect that the PSP rate would be-
duced than the previous one, 050=<1.7°, and which come finite up tos=0. One can also observe that the calcu-
clearly disagrees with the measurements of Hetlat.[17]: lated angular distribution, which has its maximum around
in particular, the maximum of the measured distribution is2.25°, is slightly shifted towards small scattering angles with
located out of this range. In other words, the potential usedespect to the experimental one, the maximum of which is
by van Somerermt al.[34] is not attractive enough in order observed around 2.4°. This shift indicates that the PSP tran-
to reproduce the angular distribution measured by Hechsition rate computed in this work is overestimated at large
et al. [17]. In fact, the maximal outgoing angle of 3° ob- ion-surface separations. As already pointed out, the particles
served in the experiment corresponds to a value @2 a.u. neutralized at large ion-surface distan¢essentially by the
for the scattering potential, which is very far from the mini- PSP procegsare scattered at small angles due to the image
mal value of the potential used by van Someetral. effects. We believe that the overestimation of the PSP rate,
In Fig. 6, we present a comparison between the expericaused by the strong contribution of thé=2 shell at large
mental angular distribution of Ref17] and our computed distances, is related to the approximate description of the
angular distributions. For all the calculated angular distribufinal He atom as a bound Heelectron system whose intra-
tions presented in Fig. 6, the mechanism proposed by Heclitomic interaction is described here with the help of the Bot-
et al.[17] leading to a transient population of the triplet statetcher model potential. In fact, we expect that the proper de-
1s2s 3S; has not been considered. When one takes into acscription of the perturbed He atom near the metal surface,
count only the Auger procesdransition rates of Lorente which should include the strong interaction between the two
et al. [16]), one obtains the angular distribution representedound electrons, should lead to theoretical angular distribu-
by the dashed line in Fig. 6. This angular distribution has aions for the PSP mode of neutralization whose behavior
maximum around 2.5° and presents an important contribushould be closer to the experimental one.
tion at large scattering angles which does not appear in the When both the Auger and pure plasmon processes are
experimental result. This contribution indicates that in theirtaken into account, the neutral fraction reaches the value of
case a great part of the neutralization takes place at too sma&lb.3%, while the corresponding angular distributi@olid
ion-surface separations. Moreover, the neutral fraction obline in Fig. 6 partially loses agreement with the experimen-
tained in this case is 90.8%, while in the experiment, a comtal result. This distribution is slightly more shifted towards
plete neutralization is observed. In their work, Loreatal.  small anglesmaximum around 2.2°than the one related to
[16] indicate that the introduction of their AN transition rate the PSP mode alone due to the small additional contribution
in a set of semiclassical rates equations allows one to obtaiof the AN process at large distances. However, within the
the complete neutralization for a 2-keV incident beam at 0.5%ixed ion approximation, the contribution of AN rates at
from the surfacdi.e., the same collision as the one investi- small distances (€s<1) allows one to reproduce fairly
gated herg In our opinion, the disagreement between bothwell the fall of the experimental data at large scattering
calculations comes from the fact that the acceleration of thangles.
ion by the image forces has not been included in the calcu- We could summarize the previous discussion in an
lation of Lorenteet al.[16]: indeed, we have checked that equivalent way by consideration of the freezing distasce
neglecting the image effects in our procedure, we obtain avhich is defined 16] as the distance where the variation of
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8 B - Expt. roi17) 25 n B Bpereian | FIG. 7. Normalized angular distributions of
g 40 - m and PSP g <= AN and Triplet P neutral He atoms as a function of the scattering
'?;.3‘5 I § angle (¢i,+ ¢). () Calculations using the poten-
5 gz-o r tial of Merino et al.[35] (see text Dashed lin-
asor a e: only the AN process is includedransition
-52 5 ?.1 5 rates of Lorentet al.[16]). Solid line:  both the
E’ g AN and PSP processes are taken into account.
v20f v L] M: experimental result of Heclet al. [17]. (b)
'E sl ‘% 10 1 Calculations including the triplet-state population
g g mechanism(see text Dashed line: the AN
1of 5 1 zos I ] process is also includedtransition rates of

1 ’ ‘ Lorenteet al.[16]). Solid line: both the AN and
o3 H AN, " PSP processes are taken into account in addition
0.0 — : 0.0 e T to the triplet mechanisnll: experimental result
1.0 1.5 2.0 25 3.0 35 40 45 1.0 1.5 20 25 3.0 35 40 45 of Hechtet al. [17]
Scattering Angle (deg) Scattering Angle (deg)

(@) (b)

the ion population withs is maximum[i.e., dP*(s)/dsis  calculations disagree with the experimental result. In both
maximum fors=s;]. For the PSP ratéwith and without cases, the calculated angular distribution presents a very
inclusion of the AN ratels we obtain a freezing distangg ~ sharp peak around 1.9°, while the experimental one is wider
=2.7a.u., which is very close to the experimental estimaté@nd presents a maximum at 2.45°. The disagreement essen-
of 3 a.u. given by Hechét al. [17]. On the other hand, the tially comes from the fact that the indirect Auger deexcita-
AN rate of Lorenteet al. [16] alone yieldss;=0.7 a.u. We tion transition rate deduced by Heo#ttal. [17] is strongly

note that these two freezing distances were obtained consigVerestimated. This overestimation makes the triplet state
ering the image forces which accelerate the ion. If one conPOPulated by the resonant process at large ion-surface sepa-
siders constant velocity for the rate of Loresteal,, then the rations decay (ap|dly to the ground stdeso at Iar_ge dis-
value s;=1.7a.u. is obtained, which is very close to thetance$, producing a great amount of neutral particles scat-

value (1.5 a.u) reported in their paperL6]. tered at small angles, as can be observed in Fig. Dne

. ) .can note that the result obtained by Heehal.[17] concern-
In Fig. 7(a), we present a comparison between the experi-

mental result and calculations in which the total scattering'rng theI'p transition rate is in contradiction with earlier
. ; rts found in the literature: on the one hand, Goldber
potential computed by Merinet al. [35] (and used by van eports found e literature: on the one hand 9

S + al 1341 in their simulati f elect ; et al.[36] indicate that they have found this transition rate to
omereret al. [34] in their simulations of electron specira be negligible; on the other hand, Alducja8] in ab initio

Prg?]sbiteigg :J;tee(i 'Qrséetﬂg (;fatrzz (;Zep?é?/?s;ée‘;jsg (t:gllil]l;le?t:ekd T'&%Iculations has obtained a negligible transition rate for the
. . IAD process from the singletsPs 'S, state. Moreover, we
by Lorenteet al. [16] for 'y and those obtained in the P 9 So

! . . shall see in the next subsection that it is not necessary to
present yvork f.O'FPSF)' From Fig. 7a), itis clear that with or introduce the triplet-state population mechanism in order to
without inclusion of the PSP rates, the calculated anguIaFeproduce the experimental result
distributions strongly differ from the experimental one in '
both position and intensity. Moreover, in agreement with our
previous analysis concerning the range of outgoing angles
associated with the potential of Merimd al. [35] in the case In their work, Hechtet al.[17] extract AN transition rates
of the collision studied by Hechat al. [17], the computed (I'sy) and indirect Auger deexcitation transition rat€s.)
angular distributions vanish for scattering angles greater thastarting from the experimental angular distribution of scat-
2.2° (outgoing angles greater than 1.7° tered neutral atoms obtained for 2 keV and 0.5° of incidence.

In Fig. 7(b), we present a comparison between the experiThey introduce I'yy and T'y)p by means of single-
mental angular distribution and calculated angular distribuexponential decayd’;=A,; exp(—«;s) (i=AN,IAD) with
tions in which the population mechanism of the tripletion-surface distance wher® and «; are adjustable param-
1s2s 3S, state proposed by Heclet al. [17] has been in- eters. In their procedure they iterate over the four parameters
cluded. For the resonant transition rat€g(,['r) needed to in order to reproduce in the best possible way the experimen-
integrate the set of coupled rates equatioh4), we have tal angular distribution. They need to introduce the triplet
used the results obtained by Makhmesial.[11] by means  state population mechanisfand by the way the IAD transi-
of the coupled angular modé€AM) method. For the indi- tion rate in order to reproduce accurately the experimental
rect Auger deexcitation proces¥ gp), the transition rates result in particular at small scattering angles. The need to
computed by Hechet al. [17] have been used. As previ- introduce this mechanism is probably related to the use of
ously, the Auger neutralization transition rates are those ofhe classical image charge potentiaé., Ua..(s) = —1/4s,
Lorente et al. [16]. One can notice in Fig. (B) that with  dotted line in Fig. 3. As can be observed in Fig. 3, the
(solid line) or without (dashed ling the PSP process, the classical image potential decreases much more rapidly than

C. Phenomenological transition rates
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FIG. 8. Results of the fitting proceduksee
text). (@) Normalized angular distributions as a
function of the scattering angle
(¢int@): M experimental result of Hecht
et al. [17]. Dotted line: angular distribution re-
sulting from the fitting procedurgb) Transition
rates as a function of the ion-image plane dis-
tances. Dotted line: transition rate resulting
from the fitting procedurel(y). O: AN transi-
tion rate of Lorenteet al. [16] (T'sy). ¢: PSP
S ] b transition rate calculated in this workl gsp.

; Solid line:  sum of both previous transition rates
; . ’ ‘ -M 3 . ‘ . ‘ (Thn+Tpsy. VY. transition rate deduced by
‘s 19 23 27 81 85 o0 20 40 60 80 100 Hechtet al.[17].
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the potential of Katoet al. [32] used in the present work procedurd 't (there is a factor of 2 betwednsgpandI'y at

(dot-dashed line in Fig. 3for intermediate to small ion- s—10): this confirms the overestimation of the PSP pro-
image plane distances. So, when the classical image charggss transition rates at large distances. However, as is clear
potential is considered, the neutral atoms emerge at greatgpm Fig. 6 (see Sec. IV B the effect of the overestimation
scattering angles than in the case of the potential of Katgy the PSP rate at large distances does not affect drastically
et al. Therefore, the angular distributions are very sensitivgne close behavior of the theoretical angular distribution for
with respect to the representation of the image potential, ifhe PSP mode of neutralization with respect to the experi-
particular in the crucial region close to the surface. mental results. For ion-surface distances between 2 and 6
We have implemented here a procedure similar to the ong |,  tne sun+Tpsp is very close tol'r, while for s

proposed by Hechet al. [17], but instead of introducing the |, e than 2 a.u.Tky+Tpspis belowI'+. This underesti-
triplet-state population mechanism, we have introduced th?nation of T5 4 Towo at small distances comes brobabl
total rateI't, which contains all the contributions to the AN © PSP P y

T from the fact that parallel velocity effects have not been in-
neutralization into the ground state, to solve the rate €Y% uded in the calculation of the PSP transition rate. As the

tions present calculation has been performed witl+ 0, below
dP*/dt=—T+P™, so=1 a.u. the collective process vanishes due to energy con-
(21) servation. In the case where the parallel velocity effect would
dPY/dt=+T+P™, be taken into account(#0), the collective process would

be allowed up tos=0 in such a way that the suiy
wherel'; is expressed by means of the sum of the two ex-+I'pspwould be increased at small distances.

ponential decays: Therefore, the results presented here show that the popu-
lation of the triplet state 42s S, by the resonant mode at
I't=Aexp —as)+Bexp —Bs). (22 large distances followed by the IAD mode is not necessary to

account for the experimental result, so that the AN and PSP
In Fig. 8@a), we present the angular distribution obtainedprocesses play the dominant role in 'Hés)-Al reactions.
by this fitting procedurddotted ling as well as the experi- We believe that the triplet-state population mechanism,
mental ongsquares In Fig. 8b), we report the correspond- which seems to be strongly parallel velocity dependent, is
ing transition ratel' (the best-fit parameters ae=3.0  very weak. Further works including parallel velocity effects,
X103, @=0.57;B=70.4<10 3, =1.64). We have also in particular for the calculation of RN transition rates, are
plotted in this figure the AN transition rate of Lorergeal.  needed to completely clarify this point. These effects are
(FkN) [16] (circles, the PSP transition ratel'6sy calcu-  beyond the scope of the present work.
lated in this work(diamond$, the sum F,KN+FPSF) of both
previous transition rate&solid line), and the AN transition
rate obtained by Hechdt al. [17] in their fitting calculation
(triangles. This last transition rate strongly disagrees with In this work, we have reported theoretical studies con-
both the AN transition rate calculateab initio by Lorente  cerning the neutralization of Heions at Al surfaces under
et al. [16] and also with the result of the present fitting ap- grazing incidence. In a first step, we have calculated the tran-
proach. sition rates for the surface-plasmon-assisted mode of ion
For distances greater than 6 alipgpand the surﬂ“,ﬁN neutralization at surfacesvhich we call the pure surface-
+T'pgp are slightly above the result of the present fitting plasmon(PSP proces$in the frame of both the orthogonal-

V. CONCLUSION
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ized first Born approximation and the fixed ion approxima-state k2s S, population mechanism considered i¥], we

tion. A comparison between the PSP transition rate andhave introduced the total ratevhich contains all the contri-
Auger neutralization rates previously calculated by varioushutions to the ground state, i.e., AN and PSP contribujions
authors[14—-16 shows that the PSP rate dominates for ion-as the sum of two exponential decays depending on adjust-
surface distances greater than 1 a.u.; below this distance, tladle parameters. Our results show that there is no need to
PSP rate vanishes due to energy conservation because paiatkroduce the triplet-state population mechanism in order to
lel velocity effects are not considered in the present calculaaccount for the experimental results and that the AN and PSP

tions.

processes play the dominant role in low-perpendicular-

In a second step, these transition rates are introduced inenergy Hé (1s)-Al reactions. Furthermore, we believe that
set of semiclassical rate equations in order to obtain the newany intention to consider the triplet state will necessarily
tralized fractions and angular distributions of scattered neuinvolve inclusion of parallel velocity effects, which are
tral atoms. Consideration of the PSP process alone leads kmown to affect drastically the resonant transition rates.
an angular distribution pretty close to the experimental dis-

tribution obtained in Ref.17] for 2-keV He" ions impinging

on an Al111) surface with 0.5° of incidence. That is not the
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