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Atomic description and velocity effects for surface-plasmon neutralization rates
in He¿

„1s…ÕAl systems
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In this work we study the effects of both atomic description and ion velocity on the surface-plasmon
mediated neutralization rates for low energy He1(1s) ions interacting with Al surfaces. The transition rates
appear to have a weak velocity dependence for ion velocities below 0.5 a.u. It is also shown that differences in
the atomic description of the final neutral helium atoms are responsible for the strong discrepancies between
recently published surface plasmon transition rates and earlier multielectron Auger rates. The relevance of the
surface collective response during the ion neutralization is illustrated for intermediate and large ion-surface
distances. For the case of grazing incidence, we analyze the velocity effects for the corresponding angular
distributions of the final neutral He atoms. Earlier calculations had been performed within the fixed ion
approximation. We find that although both the collective neutralization rates and the neutralized fractions
depend very weakly on the parallel velocity, its effects on the angular distributions are clearly noticeable.
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I. INTRODUCTION

In recent years the relevance of the~one-electron! reso-
nance tunneling mode@1# and the~two-electrons! Auger cap-
ture @2# for ion neutralization at metallic surfaces has be
diminished by the presently better comprehension about
important role played by the collective response of the m
to the external perturbation produced by the incoming i
This collective response, which is supported by the lo
range correlations between the metal electrons, gives ris
multielectron modes, such as the surface-plasmon mod
ion neutralization@3#, in which one metal electron in th
conduction band emits a surface-plasmon while getting c
tured into a low-lying atomic level~essentially the ground
state for monocharged ions!. The relevance of the pure su
face plasmon~PSP! mode was illustrated by further work@4#
performed with a Hamiltonian approach with the conclus
that the collective neutralization rates could be larger th
the Auger rates at intermediate and large ion-surface
tances. A similar qualitative conclusion was obtained in R
@5# through the evaluation of multielectron Auger~MEA!
neutralization rates, which include simultaneously, by ap
cation of a dielectric response formalism, the contributio
from the usual two-electron Auger capture and those rela
to surface-plasmon-induced transitions. These theore
findings seem to be qualitatively ratified by a bunch of rec
experimental reports on electron emission spectra, som
which indicate that surface-plasmon modes should domin
the neutralization behavior in most cases where they are
ergetically allowed@6,7#.

We note that this collective surface mode
neutralization—also termed potential surface-plasmon em
sion @7#—exists independent of the state of motion of t
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projectile, as long as the total energy of the system is c
served in the process, so that the neutralization can o
even if the ion is at rest. It contrasts with the usual scena
for kinetic surface-plasmon excitation, which is known to be
present only for projectile ions with velocities above a c
tain threshold velocityv thr @6#. In fact, Mills @8# has found
that v thr5vsp /kF with vsp the frequency of surface plas
mons andkF the Fermi wave vector for the metal. For Al on
hasvsp50.39 andkF50.93 so thatv thr50.42 a.u. For bulk
plasmons the threshold velocity for emission is larger tha
a.u. @7#. The most recent experimental reports in the lite
ture @6# indicate that both kinetic and potential surfac
plasmon emission seem to contribute importantly to
structure of electron emission spectra induced by ion-surf
collisions.

On the other hand, the recent experimental reports@9# for
neutralized fractions and angular distributions of low-ene
neutralized helium atoms, after grazing incidence interact
of He1 ions with metallic surfaces, provide valuable info
mation to test existing theoretical transition rates~together
with their related models! for the different processes, whic
can contribute to electron capture at metal surfaces by
projectile ion. A nice feature of these experiments is that
incoming ion has velocities well belowv thr so that the
above-mentioned kinetic surface plasmon emission proc
does not play any role here. In particular, the He1/Al(111)
system has been studied with some detail@9,10#.

In order to test the relevance of collective surface mo
during the electron capture we have recently@11# evaluated
PSP neutralization rates for the He1/Al system and analyzed
their contribution to the angular distribution of neutral h
lium after neutralization of He1 on Al surfaces under grazing
incidence conditions. Angular distributions for the abov
mentioned MEA modes@5# were also obtained there by ap
plication of the more recent rates reported in Refs.@12,13#.
We found the following@11#.

~1! Our PSP rates are much larger than the MEA rate
©2003 The American Physical Society03-1
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intermediate and large distances contrary to the expectat
since in principle the PSP contribution is supposed to
contained in the MEA rates. At that time it was not clear
us which was the source of the disagreement so that
point was left unsolved.

~2! The angular distribution for the neutralized He atom
obtained with the PSP rates was consistent in peak’s pos
and angular range with the experimental data although
contribution of the collective process alone is not enough
reproduce the height of the normalized experimental ang
distribution.

~3! The angular distribution related to the MEA mod
appeared to be appreciably more underestimated than
PSP angular distribution at small angles and clearly ove
timated at large angles as compared to the experime
curve. The underestimation at small angles is related to
extremely low values of the MEA rates at large ion-surfa
distances, a situation already noted in Ref.@10#, although in
that work the use of the very crude classical image poten
might be the main responsible for the large disagreem
between theory and experiments. The overestimation of
MEA angular distribution at large angles can be traced b
to a possible overestimation of the MEA rates at short i
surface distances.

In the above calculations the transition rates for the P
mode were obtained within the fixed ion approximati
~FIA!, the same as the MEA rates@5,12,13#. To obtain the
angular distributions we assumed@11# that the FIA was a
reasonable first approximation for the rates, although
proof was given about the smallness of the velocity effe
Therefore, in principle, there is a little unconsistency in th
procedure since evaluations of angular distributions—wh
the rates are crucial ingredients—assume that the ion is m
ing. This unconsistency is removed here by the calculatio
velocity-dependent PSP transition rates and by their app
tion to obtain angular distributions, which can be compa
consistently with the experimental results. Although we
port results of PSP rates for the rangev&1.0 a.u. our pri-
mary interest is in the range ofv&0.4 a.u., which corre-
sponds to the velocity regime where kinetic plasm
emission cannot be present. Furthermore, the choice of
velocities will allow us to compare our calculated angu
distributions with the experimental angular distributions
Hecht, Winter, and Borisov@10# for neutral helium, which
were obtained forv50.14 a.u. We shall see that conside
ation of ion’s velocity affects the transition rates for the P
mode in two ways:~i! the disappearance of the short-distan
FIA threshold below which the PSP rates vanish, and~ii ! a
small decrease of the PSP rates for certain ranges of
surface distance.

In Ref. @11# the main concern was the evaluation of a
gular distributions, which could be compared with expe
mental results so that a detailed analysis of the descriptio
the final bound atomic state, which is produced by the n
tralization process, was not given there. We present s
analysis here with the conclusion that the above-mentio
discrepancies between the PSP and the MEA rates at i
mediate and large distances are related to the different
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resentations for the final atomic wave function considered
the two different approaches.

In Sec. II we summarize both the theory for surfac
plasmon transition rates~velocity effects included! and the
procedure to obtain the corresponding angular distributio
The results and all the relevant discussions appear in Sec
In particular, we present there a simple qualitative analysi
illustrate why, in those cases where potential emission o
surface-plasmon is energetically allowed, the transition r
for the collective process can be expected to be larger t
the ~two-electron! Auger rate during the ion-surface encou
ter, especially at large distances. The main conclusions
summarized in Sec. IV. Atomic units are used throughout t
paper unless otherwise stated.

II. THEORY

A. Surface-plasmon neutralization rates

The dependence of the collective neutralization rates
the velocityv of the ion will be taken into account by per
forming all the calculations in the ‘‘ion system,’’ in which th
ion is at rest while the solid moves with velocity (2v). In
this way the velocity effects will be totally included in th
wave function for the initial~metal! electron state (uFk2v

( i ) &)
with momentumk2v. The usual Galilean transformatio
@14,15#

uFk2v
~ i ! &5ei @~mv2/2!2E#te2 iv•ruFk

~ i !& ~1!

relates the initial electron stateuFk2v
( i ) & in the ion’s reference

frame with the initial electron stateuFk
( i )& in the solid’s ref-

erence frame. In this work we shall consider the approxim
tion v5v i . This is a very reasonable approximation sinc
for the case of low-energy grazing collisions where the
ergies are of a few keV and the angles of incidence
around 1°, the effects of the perpendicular velocity should
smaller than 1%.

Within the orthogonalized first Born approximation th
transition rate for the pure surface-plasmon mode of ion n
tralization is given by@3,11#

GPSP52p (
k,q,qc

u^Fn
~ f ! ,quHintuFk2v

~ i ! &u2d~« i2« f !, ~2!

where« i5
1
2 (k2v)2 is the energy of the initial stateuFk2v

( i ) &,
which is orthogonal touFn

( f ) ,q& and which represents a
electron with momentumk2v in the conduction band. The
energy« f(s,q) of the final stateuFn

( f ) ,q&, for an electron
lying on an atomic state labeled ‘‘n’’ and for a plasmon of
wave vectorq(q,wq) and energyvs(q), is ~with respect to
the bottom of the conduction band!

« f~s,q!5V02En~s!1vs~q!, ~3!

with V05EF1W the depth of the conduction band (EF be-
ing the Fermi energy andW the corresponding work func
tion! and En(s) the bound energy of the final atomic stat
which is a function of the ion-image plane distances due to
the atom-surface interaction. As is well known@16# qc is the
3-2
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ATOMIC DESCRIPTION AND VELOCITY EFFECTS FOR . . . PHYSICAL REVIEW A 68, 012903 ~2003!
momentum cutoff beyond which the plasmon is stron
~Landau! damped. From Eqs.~1! and ~2! one can see that
since the additional time-dependent phase factor will dis
pear when taking the square modulus of the matrix eleme
the only relevant difference between the velocity-depend
matrix elements and the FIA matrix elements is the fac
e2 iv•r. Therefore, the calculations of the velocity-depend
matrix elements will follow similar lines as those perform
within the FIA @11#.

The electron-surface plasmon coupling@3,4,11# is

Hint5Apvs~q!

qA e2 iq•re2quz1su, q<qc ~4!

with A the elementary area, (r,w,z) the electronic cylindri-
cal coordinates~r andz being parallel and perpendicular t
the surface plane, respectively! and with the origin of elec-
tronic coordinates located at the ion’s position. For the pl
mon dispersion relationvs(q) in Al we have fitted the ex-
perimental data of Tsueiet al. @17# by means of the quadrati
function vs(q)5vs

01aq1bq2 with vs
050.4064, a5

20.2938, andb51.1430.
The initial electron states can be written as

uFk
~ i !&5eikr•rFkz

~z!, ~5!

with kr(kr ,wk) and kz the components of the initial elec
tronic momentum parallel and perpendicular to the surf
plane, respectively, and where thez-dependent partFkz

(z)
has been obtained numerically, by means of the Nume
algorithm, as the eigenfunction of the Hamiltonian

Hi
~J!52 1

2 ¹21Ve-s
J , ~6a!

Ve-s
J 52

12e2l~z1s!

4~z1s!
U~z1s!2

V0

~AeB~z1s!11!
U~2z2s!,

~6b!

where the potentialVe-s
J , defined by Jennings, Jones, a

Weinert@18#, takes properly into account the electron-surfa
interaction withA54V0 /l21, B52V0 /A, U being the unit
step function andl51 a.u. for Al. In Eqs.~6! we do not
include the perturbation of the initial metal electron sta
due to the interaction with the incoming ion. As in Ref.@11#
we expect this to be a reasonable approximation due to
weakening of the electron-ion interaction as a conseque
of screening. In fact, in recent calculations of collective ra
for the H1/Mg system@19# we have obtained, by applicatio
of a rather crude approximation, that the ion perturbation
a non-negligible contribution to the rates only in regions~not
too close to the surface! where the collective rates them
selves are very small compared to the rates near to the
face. Furthermore, in Ref.@12# they have found that for the
He1(1s)/Al system the effect of the perturbation of the in
tial electron states~due to the presence of the ion! on the
Auger neutralization rates start to be noticeable for io
surface distances beyonds;5 where the corresponding Au
ger rates are more than three orders of magnitude sm
than those arounds;2. Therefore, in order to avoid intro
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ducing unnecessary complications into the present calc
tions, we shall partially include this effect in our calculatio
by orthogonalizing the initial electron states with respect
the final bound electron state, which takes into account
ion-surface interaction as we indicate in what follows.

For the collective surface-plasmon channel the only r
evant final bound electron state is the ground state of
since, the energy released during an electron capture into
of its higher levels is not enough to excite a surface plasm
For the ground state of He atom in front of the Al surface,
consider the Hamiltonian

H f52 1
2 ¹21Ve-s

J 1Ve- i1DV, ~7!

Ve- i~r !52
1

r
2S 41

1

r De24r2(
j 51

4

cj r
j 21e22r , ~8!

DV~r,z!5
u~z1s!

Ar21~z12s!2
, ~9!

with r 5Ar21z2 (c1528.9595, c2529.4240, c35
220.8924, c453.6381). In Eq.~7! Ve-s

J is the electron-
surface interaction of Jennings, Jones, and Weinert@18#, al-
ready given in Eq.~6!, Ve- i is the intra-atomic electron-cor
interaction described through the Bottcher~singlet! potential
@20#, which reproduces pretty well the observed energy l
els of the isolated He atom andDV is the usual electron-ion
~image! potential, which takes into account the change in
electron-surface interaction due to the presence of the p
tive ion.

The calculation of the eigenvalues and the correspond
eigenfunctionsuFn

( f )& of H f proceeds by diagonalization of
basis set of hydrogenic parabolic orbitalsun1 ,n2 ,m(r,w,z)

@21# @with the principal quantum numbern* related to the
parabolic quantum numbers (n1 ,n2 ,m) by n* 5n11n21m
11]. The eigenfunctions are written as linear combinatio
of the basis orbitals:

uFn
~ f !&5(

i 51

N

Cni~s!uui&, ~10!

where the dependence on the ion-image plane distances is
due to the interaction between the final atomic state and
various image charges. In Eq.~10!, the size of the basis se
(N) is increased until the eigenvalues are independ
~within the desired accuracy! of the number of basis orbitals
To represent the ground state of He in front of the Al surfa
we have checked that it is sufficient to include in expans
~10! N56 hydrogenic parabolic orbitals~i.e., all them50
orbitals up to then* 53 shell!. It is found that the energy
shifts for the ground state follow an image charge behav
1/4s even up to distancess52 where it reaches a value o
3.5 eV @21#.

With all the above, the transition rate of Eq.~2! becomes
3-3
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GPSP
n ~s,v i!5

1

8p3 E
qmin

qmax
dqvs~q!E

0

A2EF
dkrkr

3E
0

2p

dwkuS « f~s,q!2
1

2
x i

2D
3

1

kz
uS 1

2
~kF

22kr
2!1

1

2
x i

22« f~s,q! D
3E

0

2p

dwquM̃k,vi

n,q ~kz ,kr ,wk ,q,wq ;v i ,s!u2,

~11!

with x i
25kr

222krv icos(wk)1vi
2 and kz5A2« f(s,q)2x i

2,

and where the matrix elementM̃k,vi

n,q is

M̃k,vi

n,q 5(
j 51

N

Cn j~s!M̃ j
~1!~kz ,kr ,wk ,q,wq ,v i ,s!

2 (
m51

P H F(
i 51

N

Cmi~s!Õi~kz ,kr ,wk ;v i ,s!G
3F (

j 51

N

(
i 51

N

Cmi~s!Cn j~s!M i j
~2!~q!G J . ~12!

The matrix elementsM̃j
(1)5^uj ue2quz1sue2 iq•re2 ivi•ruFk

( i )&,
Õi5^ui ue2 ivi•ruFk

( i )& and Mi j
(2)5^ui ue2quz1sue2 iq•ruuj& are

calculated numerically by means of Gauss-Laguerre
Gauss-Legendre quadratures. In Eq.~12!, P corresponds to
the number of final atomic eigenfunctions included in t
orthogonalization procedure. In the present calculation,
initial stateuFk

( i )& is orthogonalized to the perturbed groun
state of He, i.e., to the final bound electron stateuFn

( f )&. It is
important to note that the conservation of the energy and
constraints 0<k<kF (kF being the Fermi wave vecto
modulus! for the metal electron wave vector fix the limi
qmin and qmax of integration overq appearing in Eq.~11!
through the two unit step functionsU(x) appearing in the
integration overwk .

B. Neutralized fractions and angular distributions

If one neglects the population of excited states of He
oms, the occupations corresponding to the ground stat
the ion (P1) and to the ground state of the neutral atom (Pg)
are given by the following set of coupled rate equations:

dP1~ t !/dt52GG~s,v i!P1~ t !,

dPg~ t !/dt51GG~s,v i!P1~ t !. ~13!

The transition rateGG(s,v i) represents the contribution
to the neutralization into the ground state, i.e., the PSP r
@GPSP(s,v i)# or the multielectron Auger rates@GMEA(s)#.
The PSP rates are those obtained as indicated in the pre
ing section. For the MEA rates, we have used those fr
Refs.@12,13#.
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As these transition rates are calculated as functions of
ion-image plane distances, in order to integrate the set o
coupled rate equations, we use the transformation

dt5
ds

v i'~s!
, ~14!

wherev i'(s) is the perpendicular velocity of the ion. Thi
velocity is computed by means of energy conservation
the ion motion:

v i'~s!5A 2

MI
AE'02UT~s!, ~15!

with MI the ion mass,E'0 its total energy corresponding t
the normal motion, andUT(s) the total scattering potentia
experienced by the ion, which can be written as the sum
repulsive potentialUR(s) due to the first atomic plane and a
attractive potentialUA(s) produced by the interaction of th
ion with its own image charge:

UT~s!5UR~s!1UA~s!. ~16!

The repulsive termUR(s) is obtained as described in Gem
mel’s review @22# by averaging over the first atomic plan
individual interatomic potentials. In the present work, t
interatomic potential is represented by a ZBL screening fu
tion @23#. For the attractive image potentialUA(s), we have
used the form based on the Thomas-Fermi approxima
proposed by Kato, Williams, and Aono@24#. The explicit
form for all these potentials and their related parameters h
been given in Ref.@11#.

By means of the transformation of Eq.~14! the rate equa-
tion system of Eq.~13! becomes

dP1~s!/ds52GG~s,v i!P1~s!/v i'~s!,

dPg~s!/ds51GG~s,v i!P1~s!/v i'~s!. ~17!

These coupled equations are integrated~by means of a
Runge-Kutta method! for the incoming and the outgoing
paths with the initial conditionsP1

in(s→1`)51 andPg
in(s

→1`)50 and the normalizationP1(s)1Pg(s)51(;s).
In order to obtain the angular distribution of scatter

neutral atoms in the ground state, we calculate for each
tegration intervalds of Eq. ~17!, the elementary fraction o
ions that are neutralized in the ground state~i.e., dPg). For
very low perpendicular velocities like those considered he
there is no reionization mechanism in close encounter co
sions. Moreover, for the collision investigated in the expe
mental work of Hecht, Winter, and Borisov@10#, with respect
to which we want to compare our results, the parallel vel
ity v i50.14 a.u. is not large enough to allow a loss mec
nism like that proposed by Winter@9#. Therefore, once the
ground state is populated, the He atoms cannot experim
further transitions, remaining as neutral He(1s2) atoms. At
the instant of neutralization, the attractive image poten
vanishes and then, the neutral atoms in the ground state
only the planar potential. The corresponding outgoing an
w is given by the composition of the parallel velocityv i
3-4
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ATOMIC DESCRIPTION AND VELOCITY EFFECTS FOR . . . PHYSICAL REVIEW A 68, 012903 ~2003!
~which is a constant here because corrugation effects are
considered! and the asymptotic perpendicular velocity
neutral atoms in the outgoing pathvg'

out ,

tanw5
vg'

out

v i
, ~18!

wherevg'
out is obtained by means of energy conservation

neutrals in the repulsive potential:

vg'
out5Av i'

2 ~s* !1
2

Mg
UR~s* !, ~19!

where Mg is the mass of neutral particles,v i'(s* ) is the
perpendicular velocity acquired by the ion at the distan
corresponding to its neutralization (s* ), andUR(s* ) is the
value of the planar potential at this distance.

Angular distributions are obtained by arranging the
ementary neutral fractionsdPg according to their outgoing
angle. The convergence of this approach might be chec
by decreasing the integration stepds ~tipically here,ds'5
31023 a.u. to obtain accurate results!. Afterwards, the theo-
retical angular distribution is convoluted by means of
Gaussian shape of widthdw50.08° in order to account fo
the experimental angular resolution@10#. Finally, the angular
distributions presented below are normalized in such a w
that their area correspond to the fraction of scattered atom
the ground state@i.e., Pg

out(s→1`)]. The experimental an-
gular distribution@10# was normalized in the same way.

Recently@25#, we have developped a more general~and
also more cumbersome! approach to compute atomic an
ionic fractions and also angular distributions of scattered p
ticles. This method, which is of classical trajectory Mon
Carlo ~CTMC! type, is based on the integration of Hamilto
Jacobi equations for the particles motion and takes
account the charge exchange mechanisms with the co
sponding changes in the potentials felt by the particles w
an electronic transition occurs. In the particular case con
ered here—one kind of electronic transition towards
atomic state, which cannot experiment further charge
change mechanisms—the simpler and faster rate equa
method presented above and the more general CTMC
yields the same results both for charge fractions and ang
distributions.

III. RESULTS AND DISCUSSION

A. Atomic description effects for collective transition rates

In our previous work for the He1/Al system@11# we re-
ported PSP rates within the FIA and applied them to obt
angular distributions for the final neutralized helium ion
The main concern in that work was to study the contribut
of the surface-plasmon mode of neutralization to the ang
distribution of the final neutral He atoms so that only fe
details were given about the calculated PSP rates. In par
lar, the effects of the representation of the final atomic s
were not studied there. Therefore, in this section we ana
the dependence of our PSP rates on different approximat
introduced to describe the atomic wave function represen
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the final bound state of the neutralized ion for the He/
system. In Fig. 1~a! we show three PSP neutralization ra
curvesGPSP

( i ) ( i 51,2,3), as functions of the ion-image plan
distances, for three different approximations of the atom
wave function in which the terms withn* 51, 2, 3, respec-
tively, have been kept in the expansion given by Eq.~10!. At
small ion-surface distances the three curves go close to
other, showing a similar behavior with ion-surface distan
Around s;3 they start to develop an approximate expone
tial decay, but nears55 the ratesGPSP

(2) and GPSP
(3) get an

important change of slope, which diminish their decay,
maining close to each other and much higher thanGPSP

(1) ,
which mantains its exponential decay up to infinity. Arou
s;7 the ratesGPSP

(2) and GPSP
(3) start to develop again an ap

proximate exponential behavior, although with a smal
slope than that showed byGPSP

(1) , but nears;9 GPSP
(3) changes

its slope once again while the curveGPSP
(2) keeps its~second!

exponential descense in such a way that at large dista
GPSP

(3) @GPSP
(2) @GPSP

(1) .
As a consequence of this behavior ats;9 the curveGPSP

(1)

is two orders of magnitude smaller than the other two cur
while at s;15 the rateGPSP

(2) is 20 times smaller thanGPSP
(3) .

The slow decay of our pure surface plasmon transition ra
at intermediate and large ion-surface distances is directly
lated to the higher-order contributions to the expansion of
final atomic state given by Eq.~10!. Indeed, the variation of
the slope ofGPSP

(2) and GPSP
(3) arounds55 can be unambigu-

ously related to the contributions from then* 52 shell,
which at this distance start to be more important than
contribution coming from then* 51 shell. In fact, the ex-
pansion of Eq.~10! for the eigenfunctions is strongly dom
nated at very short distances by the first term but it dec
too fast withs as compared to the second term, which sta
to become noticeable arounds;4 and taking over around
s55. A second slope variation occurs toGPSP

(3) starting ats
;9 and becoming very clear ats;10, which is related to the
fast decay of then* 52 as compared to then* 53 terms in
the expansion that contribute more than the other te
around this distance.

From the precedent discussion, one can visualize a sim
picture of the electron capture where the largest hydrogen
orbitals included in the expansion of Eq.~10! reach first the
surface inducing the electron capture at large ion-surface
tances. In particular, the average radius of then* 52 and the
n* 53 hydrogenic shells are approximately 4 a.u. and 9 a
respectively, which correspond to the distances at which
n* 52 and then* 53 shells start to contribute notoriously t
the total collective rateGPSP

(3) . In this sense, the average r
dius of every state in the expansion might allow one to e
mate the distance at which each term in the expansio
going to become more important than the precedent te
Furthermore, the average radius of then* 51 shell is ap-
proximately 1 a.u. being very close to the value of the d
tance at which the PSP rate gets its highest value~before
vanishing due to the energy conservation restriction and
shift of the atomic energy level!. Therefore, within this pic-
ture the neutralization probability at large distances is v
3-5
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FIG. 1. PSP and MEA transition rates as a function of the ion-image plane distance.~a! l, PSP transition rate calculated by includin
in Eq. ~10! all the m50 orbitals up ton* 53 @GPSP

(3) (v i50)#; dashed-dotted line, the expansion of Eq.~10! is restricted to then* 51 and
n* 52 orbitals@GPSP

(2) (v i50)#, dashed-triple dotted line: the expansion is restricted to then* 51 orbital only @GPSP
(1) (v i50)#. ~b! l, GPSP

(3)

(v i50); dashed line, PSP transition rate computed by using a description of the final atomic state similar to that used in Refs.@12,13# for
the MEA rates@GPSP

(0) (v i50), see text#; s andd, MEA transition rates calculated in Refs.@12,13# ~s, d, with and without inclusion of the
ion effect on the initial electronic wave function, respectively!.
ce
n
igh

th
v
v
c
te
a
e

ex
n

ee
o

-

-
e

he

s

rby
ig.
-
a-
ec-
We

ate
-
if-
the

of
ter-
a.u.
nel.
that
u-

in

m

small compared to the same probability at short distan
because the weight of the largest orbitals in the expansio
the perturbed wave function is much smaller than the we
of the smallest orbitals.

The small differences between our three curvesGPSP
( i ) ( i

51,2,3) at short distances are related to the fact that
energy for every curve is obtained consistently with the wa
function, so that the better is the description of the wa
function the better is the energy. Together these two effe
are responsible for the small increment of the collective ra
at short distances where the perturbation of both energy
wave function for the atomic state is largest. Note, howev
that for s&4 the differences betweenGPSP

(2) andGPSP
(3) are no-

toriously smaller than the differences betweenGPSP
(1) and

GPSP
(2) . Therefore, the convergence of the wave function

pansion yields a convergence of the collective rates to a fi
curve which differs fromGPSP

(3) by less than 1% fors<20.
Therefore, in the rest of this paper we shall takeGPSP

(3)

[GPSP.
In order to find out the source of the discrepancy betw

our FIA surface plasmon rates and the MEA rates, we sh
in Fig. 1~b! another approximated PSP rate, denoted asGPSP

(0) ,
which considers a 1s-hydrogenlike wave function to de
scribe the final atomic state~where the parametera51.34
yields the best energy for the ground state at infinity!. In the
evaluation ofGPSP

(0) the 1s-hydrogenlike wave function re
mains frozen for all ion-surface separations, although the
ergy is shifted according to the classical 1/4s behavior. These
approximations are very similar to those involved in t
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evaluation of the MEA rates@12,13#, which we include in
Fig. 1~b!. The rateGMEA (GMEA8 ) corresponds to calculation
performed with unperturbed~perturbed! initial electron states
where the perturbation is caused by the field of the nea
He1 ion. For comparison purposes we also include in F
1~b! our best PSP rateGPSP. As mentioned in the introduc
tion a very important feature of the multielectron neutraliz
tion rates is that they include simultaneously both the coll
tive and the single particle response of the metal surface.
note first that the curveGPSP

(0) , which is very different from
GPSPin the whole range of distances, is very close to the r
GMEA , especially fors*3. The very small differences be
tweenGPSP

(0) and GMEA at large distances are due to the d
ferent choices of the variational parameters included for
atomic wave functions. Second, we note that in Ref.@5# they
have concluded that despite the fact that the calculation
GMEA includes all possible neutralization channels, the de
mining neutralization channel at distances greater than 3
from the surface is the monopole surface plasmon chan
Therefore, from these facts we are led to the conclusion
GPSP

(0) and GMEA contain the same surface-plasmon contrib
tion. Since the only difference betweenGPSP

(0) andGPSPis the
more precise description of the final atomic wave function
the evaluation of the latter we believe thatGPSPcontains the
same surface-plasmon contribution asGMEA . In other words,
if our atomic wave function for the ground state of heliu
were included in the evaluation ofGMEA , the resulting curve
should be very close toGPSPfor the ranges>3. These con-
clusions also indicate that the model Hamiltonian of Eq.~4!
3-6
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ATOMIC DESCRIPTION AND VELOCITY EFFECTS FOR . . . PHYSICAL REVIEW A 68, 012903 ~2003!
is quite appropriate to describe the electron-surface-plas
coupling for ion-surface distances in the ranges>3. Finally,
by comparison ofGMEA8 with bothGPSP

(0) andGPSPin Fig. 1~b!
we can conclude that the perturbation of the initial me
electron states by the incoming ion produces an effect th
small as compared to the effect of describing appropria
the final atomic state for the helium atom.

We note that although our curveGPSP
(1) @given in Fig. 1~a!

but not shown in Fig. 1~b!# goes above bothGPSP
(0) andGMEA ,

it also shows a similar~nearly parallel! decay behavior in the
ranges*3. The explanation is that to obtainGPSP

(1) only the
first term in the expansion of Eq.~10! was kept, which at
large distances is equivalent to describe the perturbed gro
state of the helium atom by a 1s-like type of wave function.
At small distances the first term in the expansion of Eq.~10!
is affected by the surface, an effect not included in the eva
ations of bothGPSP

(0) and GMEA where the corresponding ex
ponential wave functions were kept frozen. However,
main difference betweenGPSP

(1) andGPSP
(0) comes from the fact

that in the calculation ofGPSP
(1) the energy of the final state ha

been computed for all distances consistently with the w
function leading to a poor description of the energies beca
in that case the expansion of Eq.~10! contains only one term
while for GPSP

(0) andGMEA the energies have been~unconsis-
tently! fixed to their correct values.

B. Collective versus single particle neutralization

In this section we present a simple argument to illustr
why, for those ion-metal systems where potential emissio
a surface plasmon is energetically allowed, it is reasonab
expect the collective transition rate to be much larger th
the two-electron Auger rate at intermediate and large i
surface distances. We start by noticing that, in general,
simple~electron gas! metals, such as Al, the surface-plasm
energy is very close to~and sometimes slightly larger than!
the Fermi energy. Therefore, to have enough energy to
duce a real surface plasmon during the neutralizing tra
tion, the metal electron should be captured into an ato
level located below the bottom of the conduction band@26#.
Energy conservation requires the absorption of the relea
energy by another participant in the process, which can b
second electron~in the two-electron Auger mode! or a
surface-plasmon~collective multielectron surface mode!.
Since in the Auger transition only one electron absorbs
the energy liberated during the capture, it means that the
of the electrons of the metal should not become aware o
By the contrary in the collective case the energy libera
during the capture has to be shared simultaneously by m
electrons to give rise to surface-density fluctuations wh
quanta are the surface plasmons. To discriminate betw
these two possible neutralization modes, it is relevant to
out how the interaction between the captured electron wi
particular electron of the surface compares with the simu
neous interaction of the captured electron with many of
electrons at the surface.

Consider a He1 ion fixed in front of an Al surface. It is
clear that right after its capture into the ground state of
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lium He0(1s2) the electron will be localized around the He1

ion core within a distance of the order of the average rad
of the ground level, which in our case is approximately 1 a
Then if the ion is fixed at a large distance from the me
surface (s@1) the bound electron, denoted aseb will also be
far from the surface at a distance, which for practical p
poses can be taken to be;s along thez axis perpendicular to
the surface. Consider next a sheet of electrons at the m
surface (z50 plane! and draw a circle (Cr) of radius r
centered on one of the sheet electrons, denoted ase* , which
is in front of eb along thez direction ~so that e* is the
surface electron closest toeb). The interaction betweeneb
and e* is V(s)51/s, while the interaction betweeneb and
any other sheet electron, located on or insideCr , is

U>
1

Ar21s2
, ~20!

so that one can write

V

A11S r

s
D 2

<U<V. ~21!

The main idea here is to estimate the numberN(r) of elec-
trons on or insideCr whose interactionU with the captured
electroneb is not negligible as compared to the interactionV
betweeneb and e* . If N(r)@1 then clearly the captured
electron will be more willing to give up its energy surplu
through a collective channel instead of doing it through
single particle channel. Such number can be simply e
mated asN(r)>A/a215(r/r s)

221, whereA5pr2 is the
area ofCr and a5pr s

2 ~for r>r s) is the effective area on
the z50 plane for each electron on the sheet, withr s
5(4/3pne)

21/3 where ne is the electronic density of the
solid. In the limits→`, one has thatU→V, for any value of
r, so that for very large ion-surface distances the captu
electron will interact equally with all the electrons of th
metal and not with only one of them. For finite values os
we have to consider specific values ofr for which U is not
negligible as compared toV. For instance, whenr52s, one
has thatU*0.45V, so that one cannot neglect these intera
tions. In this case for the set of distancess/r s5(2,5,10) one
gets the numbersN5(15,99,399). Thus, at these ion-surfa
distances the captured electroneb interacts simultaneously
with an appreciable number of surface electrons@27#. For the
larger circle of radiusr510s, one hasU*0.1V, while N
5(400,2500,10 000) for the ion-surface distancess/r s
5(2,5,10). Clearly at intermediate and large ion-surface d
tances, the captured electroneb interacts simultaneously with
many surface electrons instead of interacting with just one
them. Therefore, whenever the energy released by the e
tron eb during its capture into the atomic level is equal
larger than the surface-plasmon energy, the surface wil
more willing to accept the surplus energy through a coll
tive response~surface plasmons! than through a single-
particle response.
3-7
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F. A. GUTIERREZ AND H. JOUIN PHYSICAL REVIEW A68, 012903 ~2003!
At short distances the plasmon emission is still poss
but the probability for the two-electron Auger process g
high enough to compete with the collective mode. In fa
when r/r s<1, the number of surface electrons arounde*
vanishes. In that case the captured electroneb clearly iden-
tifies the electrone* from all the other electrons, so that th
single-particle mode can compete with the collective mo
which is present only up to a finite distance (s;0.5r s for the
He1/Al system! where conservation of energy makes t
collective rate to vanish as already reported in Ref.@11#.

C. Velocity effects for surface-plasmon transition rates

In Fig. 2–4 we show our PSP neutralization ratesGPSPfor
the He1(1s)2Al system as functions of the ion-image plan
distances for three different ranges of velocities. In Fig.
we compare our FIA collective rate@11# with those for par-
allel velocitiesv i50.14 and 0.15, which are relevant to th
experimental work of Ref.@10#. In Fig. 3 we extend the
range of ion velocities up tov i50.40, which is slightly be-

FIG. 2. PSP transition rates as a function of the ion-image pl
distance.l, v i50; dashed line,v i50.14; dashed-dotted line,v i

50.15.

FIG. 3. PSP transition rates as a function of the ion-image pl
distance.l, v i50; dotted line,v i50.2; dashed-dotted line,v i

50.3; dashed line,v i50.4.
01290
e
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low the threshold velocity (v thr;0.42) for kinetic surface-
plasmon emission in Al~which occurs without electron cap
ture!, so that the velocity and the trajectory of the incomi
ion, which are of crucial interest in the study of angul
distributions for neutralized ions after grazing collisions w
metallic surfaces, cannot be perturbed by this type of p
cess. Finally, in Fig. 4, besides the FIA curve, we show o
collective transition rates for the larger parallel veloc
rangev5@0.55– 1.0# where it is possible for the ion to loos
energy by kinetic surface-plasmon emission although,
this range of velocities, the kinetic energy of the ion is mo
than a hundred times larger than the energy of the sur
plasmon, so that this type of energy loss should perturb v
weakly the ion’s velocity. Before discussing the effects of t
velocity on the collective transition rates and also on
corresponding angular distributions~following section! it is
of relevance to note that the experimental angular distri
tion for the He1(1s)2Al system under a grazing incidenc
angle of 0.5° for 2 keV He1 ions @10# covers the range o
scattering angles@1.5°–3.5°# with the maximum of the angu
lar distribution located around 2.45°. From the simple cor
lation between the scattering angle and the neutralization
tance we can infer that~for the scattering potentials we ar
considering in this work, which are the same as those of R
@11#! most of the collective neutralizations occur within th
range of distancess5@0.5– 8# with the maximum neutraliza-
tion arounds;2.

For v i<0.15 Fig. 2 shows that within the range of di
tances 1&s&8 the two velocity dependent PSP rates go
top of the curve obtained within the FIA, while fors.8,
where all the rates are two orders of magnitude smaller t
their maximum value nears;1, they show a difference
~&35%!, which is clearly small as compared to their gene
decay behavior. The approximate independence of our ca
lated PSP rates with respect to the ion velocity in the ra
of distancess*1 where the FIA process is energetically a
lowed can be qualitatively understood from a simple analy
of the finite velocity matrix elementsM̃ j

(1) of Eq. ~12!, which
differ from the FIA case by the extra factor exp$2ivi•r%.

e

e

FIG. 4. PSP transition rates as a function of the ion-image pl
distance.l, v i50; dotted line,v i50.55; dashed-dotted line,v i

50.7; dashed line,v i50.85; long-dashed line,v i51.
3-8
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ATOMIC DESCRIPTION AND VELOCITY EFFECTS FOR . . . PHYSICAL REVIEW A 68, 012903 ~2003!
Symmetry considerations related to the fact that the ion
locity v i has an arbitrary direction transforms this factor
cos(vi•r) which, for vi•r,1, a condition that is satisfied
here, can be written approximately as 12 1

2 v i
2r2. The first

term yields the FIA results, while the second term conta
the velocity effects. Takev i;0.15, and consider first th
case of small ion surface distancess for which then* 51
orbital makes the most important contribution to Eq.~10!.
Therefore, since for the ground state the average value or is
^r &;1, the velocity effects are expected to be negligible
short ion-surface distances. On the other hand, for large
surface distances (s*8) the higher orbitals contributions i
Eq. ~10! ~for which the average value ofr is larger than 1!
become more important, producing a noticeable effect on
velocity-dependent collective rates, as we see in Fig.
However, since fors*8 the PSP rates are at least two ord
of magnitude smaller than near the surface, these velo
effects are of negligible consequences for the evaluation
neutral fractions although they produce clear effects on
collective angular distributions, as we shall see later.

For short distancess,1 the FIA rate vanishes@11#, while
the collective ratesGPSP for v iÞ0 remain finite, although
they decay very fast toward smaller distances, being as
50.5 more than four orders of magnitude smaller than as
51. We shall see on the following section that the effect
the finiteness of the collective rates fors,1 produces larger
and more relevant effects on the corresponding angular
tributions of the final neutrals than those coming from t
ranges*8 discussed in the preceding paragraph. The v
ishing of GPSPbelow a threshold distances051 @11# for the
fixed ion case (v i50) is a direct consequence of the shifts
the bound-energy levels of He induced by the nearby m
surface, plus the constraintk<kF , which makes it impos-
sible the conservation of the energy for the collective proc
whens,s0 . The inclusion of the parallel velocity of the io
introduces enough initial energy to compensate the shift
the bound atomic level, allowing the conservation of the
ergy and the existence of the collective channel at short
image plane distances.

In Fig. 3 the curves forv i50.2, 0.3, and 0.4 also go clos
to the FIA rate except in the intermediate range of distan
(2.5<s<5.5) where they go slightly below the FIA rate
with a relative difference, which is at most of 35% arou
s54 for v i50.4, being even smaller forv i50.3. These dif-
ferences are still small as compared to the near expone
decay behavior of all these curves withs. As an example at
s54 the rateGPSP(v i50) is one order of magnitude smalle
than GPSP (v i50) at s51 so that differences smaller tha
35% between the curves nears54 are negligible. Further-
more, a few checkings show us that these differences in
PSP rates yield differences in the corresponding neutral
He fractions, which are below 2% up to velocitiesv i

50.55. This situation can be explained by the fact that n
tralization occurs mostly nears.2 @11# where all the curves
go very close. A peculiar feature of these velocity-depend
curves is that in those regions ofs where one of the terms
dominates the expansion of Eq.~10!, the velocity effects are
negligible, while in those region where the same term dec
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the velocity effects grow up to the point where the next te
in the expansion takes over. A possible explanation, in te
of the simple picture of a set of orbits~related to the ion!
interacting with the surface, might be that when one of
orbits ‘‘touches’’ the surface there are always electrons w
the right momentum to match the ion velocity so that f
many electrons the ion seems to be at rest; when the o
gets outside of the surface this matching is not possible
that the velocity effect comes into play until the next orb
touches the surface where the velocity effect vanishes ag
and so on.

Finally, in Fig. 4, besides the FIA curve we show o
collective transition rates for the extended range of ion
locities 0.55<v i<1.00. We distinguish two situations.

~1! For velocitiesv i&0.7 the behavior of the finite veloc
ity curves maintains a similar trend as those considered
Fig. 3. Now, however, the curves begin to separate a li
closer tos52 with the largest difference located again ne
s54 where the rate forv i50.7 is decreased by an approx
mate factor of 1/3 with respect of the FIA rate, yielding
maximum relative difference of 65%. Fors*6 these curves
remain very close to the FIA curve with a negligible diffe
ence.

~2! For velocities larger than 0.7 the situation gets mo
complicated because once the curves get separated at o
low s52 they do not merge ats56 as the curves for smalle
velocities~approximately! do. In particular, the curve forv i

51.0 is a factor of 1/4 smaller than the FIA rate ats53 and
a factor 1/6 ats54. Therefore, we believe that in these cas
there is a real effect of the ion velocity on the surfac
plasmon transition rates, which is not negligible for t
whole range of ion-surface distances where the collec
neutralization is important.

D. Velocity effects for angular distributions

In order to illustrate how much the angular distribution
induced by the surface-plasmon mode of neutralization,
affected by the parallel velocity of the incoming ions w
have considered the velocity-dependent transition rates
tained in the preceding section to solve the set of coup
equations~17! together with the appropriate initial condition
to obtain velocity-dependent angular distributions for t
He1(1s)/Al(111) system. We assume here the conditio
considered in the grazing incidence experiments of Ref.@10#,
where the ion beam has an energy of 2 keV with an angle
incidence of 0.5°, which amounts to a parallel velocityv i

50.14, to obtain the angular distribution@AD~0.14!# shown
in Fig. 5 ~full line!, which yields a neutral fraction of 74.2%
For comparison purposes, the analogous angular distribu
for the same system and geometry but within the fixed
approximation @AD~FIA!#, reported in Ref. @11#, which
yields a neutralized fraction of 72.8% is also included in F
5 ~dotted line! together with the experimental curve of Re
@10# ~filled squares!. Finally, we display in Fig. 5 the angula
distribution obtained by consideration of the MEA rate
Ref. @12# ~dashed line!. We should remind at this point tha
all the theoretical as well as the experimental angular dis
3-9



w
om

ve

in
an
ize
a

nt
ow
ha
I

.

x

a
an
n-
c

th
is
IA
to

e
ow
er
e
eu
c
e

an-
of

ron-
of

-
ge
ate
ns
s
con-
so
the
to

EA
tal
f a
ce

d in
ngu-
tion
SP
In-
ger

tion
tical
er-
ich
eg-
e
as

on,
to
is-
m-
ned
n-

an-
ls.

ode
x-
ot
se

on

ns
e
ll

cal
ri-
plain
or
y

H

,

o
y

F. A. GUTIERREZ AND H. JOUIN PHYSICAL REVIEW A68, 012903 ~2003!
butions presented here have been normalized in such a
that their area corresponds to the fraction of scattered at
in the ground state.

A first conclusion one can obtain is that although the
locity effects on the collective rateGPSP for v i50.14 were
found to be small with respect to the FIA, the correspond
effects on the angular distributions appear to be larger
more relevant. This is not the case for the related neutral
fractions, which show a relative difference of 1.9%. We c
also see that for small angles~where the left tail of both
calculated angular distributions go above the experime
one! the velocity-dependent angular distribution goes bel
the FIA curve, something that is consistent with the fact t
the velocity-dependent collective rate goes below the F
rates for distances aboves58. Clearly, this is an small effect
For larger angles the AD~FIA! still goes above the AD~0.14!
but start to decay faster than it after they reach their ma
mum. The AD~FIA! crosses from above the AD~0.14! at ws
52.9°, remaining below it before vanishing drastically
ws52.98° as a consequence of the vanishing of the FIA tr
sition rate belows51. As already mentioned before the e
ergy related to the parallel ion velocity allows the existen
of the surface-plasmon mode below the FIA threshold so
the velocity-dependent angular distribution does not van
abruptly as in the FIA case, but gets wider than the F
distribution, remaining finite and decreasing smoothly
small values up to the anglews53.26° beyond which it van-
ishes. The increment on the width of the velocity-depend
angular distribution is a result of the fact that since n
some neutralizations can occur closer to the surface th
fore, the dynamical effects~of the attractive potential befor
the neutralization plus the repulsive potential after the n
tralization! yield an increment of the outgoing angle, produ
ing an increment in the population of neutrals at larg
angles.

FIG. 5. Normalized angular distribution of scattered neutral
atoms as a function of the scattering angle (f in1w) for 2 keV
He1(1s) ions, impinging on an Al~111! surface withf in50.5°. j,
experimental result of Ref.@10# normalized to 100%; dashed line
theoretical result obtained by using the MEA rates of Refs.@12, 13#;
dotted line, theoretical result obtained by using the PSP rates c
puted in this work forv i50; full line, theoretical result obtained b
using the PSP rates computed in this work forv i50.14.
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The width difference between the MEA and the PSP
gular distributions are related to the large values
GMEA—as opposed to the vanishing values ofGPSP—very
close to the surface, where the image potential has its st
gest effect. In fact, for an incident ion the large increment
v' in the regions<1 produces a large ‘‘final angle of inci
dence’’ at the neutralization position, which yields to a lar
outgoing angle for the neutralized particle. Since the r
GMEA is largest in this region most of the neutralized io
will be sent to large angles. By the contrary, for distances
<1, the PSP mode has a vanishing rate, due to energy
straints plus the upward shift of the bound atomic level,
that the PSP mode neutralizes particles not too close to
surface where the image potential is not strong enough
send the particles to large angles. The fact that the M
angular distribution clearly overcomes the experimen
curve at large angles might be taken as an indication o
possible overestimation of the MEA rate near the surfa
@11#. On the other hand, the differences both in shape an
neutral fraction between the PSP and the experimental a
lar distributions are expected to decrease after considera
of other contributions—besides the one coming from the P
mode—to evaluate the theoretical angular distribution.
deed, we expect that a more precise evaluation of the Au
rate, especially near the surface, should give a contribu
which, when added to the PSP one, should yield a theore
angular distribution closer to the experimental one. Furth
more, two other possible neutralization processes, wh
should be analyzed since their contribution might not be n
ligible, are those involving either the excitation of volum
plasmons or the excitation of multipole surface plasmons
already mentioned in Ref.@28#.

Our results, together with the precedent discussi
clearly illustrate the sensitivity of the angular distributions
the transition rates in the whole range of ion-surface d
tances. A similar conclusion for the ion-surface and ato
surface interaction potentials has been recently obtai
@28#. Therefore, the information contained in the experime
tal angular distributions constitutes a reliable tool to test tr
sition rates together with ion-surface interaction potentia
Finally, we mention that the main conclusion of Ref.@11#,
with respect to the importance of the surface-plasmon m
of ion neutralization during ion-metal surface electron e
change collisions, which were obtained within the FIA, is n
changed by the inclusion of parallel ion velocities like tho
considered in the experiments of Ref.@10#.

IV. CONCLUSIONS

In this work we have reported theoretical surface-plasm
transition rates for the neutralization of He1 ions at Al sur-
faces. We have shown that for ion velocitiesv i&0.15, typi-
cal of low-energy grazing incidence neutralizing collisio
for He1/Al like those of Ref.@10#, these collective rates ar
practically independent of velocity validating in this way a
the conclusions of Ref.@11#, which were obtained within the
FIA. In particular, the PSP collective rates lead to theoreti
angular distributions, which are consistent with the expe
mental curves although other processes are needed to ex
the full height of the experimental angular distributions. F
velocities up tov i&0.7, the velocity dependence shown b
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the collective rates for an intermediate range of distances
small as compared to their near exponential decay beha
with ion-surface distance, so it should not produce mea
able effects in the structure of electron emission spectr
qualitative agreement with recent experimental reports@7#.
For v i.0.7, the velocity effects seems to be important in
whole range of ion-surface distances where the surfa
plasmon mode is of relevance for ion neutralization.

We have also shown in this work that although both
collective neutralization rate and the corresponding neut
ized fraction depend very weakly on the parallel velocity
the energy range relevant for usual grazing incidence exp
ments, the effects on angular distributions of neutralized p
ticles are noticeable. In this respect we would like to emp
size here that experimental angular distributions of scatte
species after grazing interaction of an ionic~or atomic! beam
with a surface@9,10# constitute a very precise tool to te
both the theoretical transition rates for the relevant cha
exchange processes as well as the related scattering p
tials @28# for the ion-surface interactions.

On the other hand, we have been able to understand
discrepancy between the surface-plasmon neutralization
of Ref. @11# and the multielectron Auger rates of Refs.@5#,
@12#, @13#. It is related to the simpler representation of t
final atomic wave function considered in Refs.@5#, @12#,
@13#, which leads to a strong underestimation of the mu
electron Auger rates at intermediate and large ion surf
distances. For the same range of distances a qualitative a
ment has been given to illustrate the fact that the collec
mode of neutralization should be expected to be much m
probable than the single particle Auger mode when the
s
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ergy released during the electron capture is equal or la
than the surface-plasmon energy.

Finally, we mention a semiclassical interpretation for t
potential emission of the surface plasmon during the i
surface interaction. As indicated in the introduction the em
sion of a surface plasmon by a charged particle can occu
the velocity of the particle is larger than a threshold veloc
v thr5vsp /kF , which for Al yields v thr50.42 a.u. For an
electron this velocity corresponds to a kinetic energy of
eV, which is much smaller than the energy released by
electron exchange between the surface and the ion, and
much smaller than the energy necessary to produce a p
mon. The constraint imposed by the conservation of ene
is much stronger than the threshold velocity condition so t
any time that the plasmon emission is energetically allow
during ion neutralization, the velocity condition is automa
cally satisfied. Therefore, in a semiclassical picture of
emission, one of the surface electrons in the field of the
increases its velocity until it trespasses the threshold velo
for plasmon emission, emits the surface plasmon, and
bound to the ion.
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