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Atomic description and velocity effects for surface-plasmon neutralization rates
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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 figs) 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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[. INTRODUCTION projectile, as long as the total energy of the system is con-
served in the process, so that the neutralization can occur
In recent years the relevance of tft@ne-electropnreso- even if the ion is at rest. It contrasts with the usual scenario
nance tunneling modd] and the(two-electronsAuger cap-  for kinetic surface-plasmon excitatipwhich is known to be
ture [2] for ion neutralization at metallic surfaces has beenpresent only for projectile ions with velocities above a cer-
diminished by the presently better comprehension about th&in threshold velocity,, [6]. In fact, Mills [8] has found
important role played by the collective response of the metaihat v, = wsp/ke With g, the frequency of surface plas-
to the external perturbation produced by the incoming ionmons andg the Fermi wave vector for the metal. For Al one
This collective response, which is supported by the longhaswg,=0.39 andkg=0.93 so thav,,=0.42 a.u. For bulk
range correlations between the metal electrons, gives rise fglasmons the threshold velocity for emission is larger than 1
multielectron modes, such as the surface-plasmon mode efu.[7]. The most recent experimental reports in the litera-
ion neutralization[3], in which one metal electron in the ture [6] indicate that both kinetic and potential surface-
conduction band emits a surface-plasmon while getting capslasmon emission seem to contribute importantly to the
tured into a low-lying atomic levelessentially the ground structure of electron emission spectra induced by ion-surface
state for monocharged ionsThe relevance of the pure sur- collisions.
face plasmorfPSB mode was illustrated by further wofk] On the other hand, the recent experimental red@tsor
performed with a Hamiltonian approach with the conclusionneutralized fractions and angular distributions of low-energy
that the collective neutralization rates could be larger thameutralized helium atoms, after grazing incidence interaction
the Auger rates at intermediate and large ion-surface disef He" ions with metallic surfaces, provide valuable infor-
tances. A similar qualitative conclusion was obtained in Refmation to test existing theoretical transition ratésgether
[5] through the evaluation of multielectron AugéviEA) with their related modejsfor the different processes, which
neutralization rates, which include simultaneously, by appli-can contribute to electron capture at metal surfaces by the
cation of a dielectric response formalism, the contributiongprojectile ion. A nice feature of these experiments is that the
from the usual two-electron Auger capture and those relatethcoming ion has velocities well below,,, so that the
to surface-plasmon-induced transitions. These theoreticalbove-mentioned kinetic surface plasmon emission process
findings seem to be qualitatively ratified by a bunch of recentloes not play any role here. In particular, the tH&l(111)
experimental reports on electron emission spectra, some afystem has been studied with some dd@&jl0].
which indicate that surface-plasmon modes should dominate In order to test the relevance of collective surface modes
the neutralization behavior in most cases where they are emturing the electron capture we have recenqil§] evaluated
ergetically allowed6,7]. PSP neutralization rates for the Hel system and analyzed
We note that this collective surface mode of their contribution to the angular distribution of neutral he-
neutralization—also termed potential surface-plasmon emidium after neutralization of He on Al surfaces under grazing
sion [7]—exists independent of the state of motion of theincidence conditions. Angular distributions for the above-
mentioned MEA mode§5] were also obtained there by ap-
plication of the more recent rates reported in Rgi2,13.
*Corresponding author. FAX:(56) (41) 224520; email: We found the following 11].
fgutierr@udec.cl (1) Our PSP rates are much larger than the MEA rates at
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intermediate and large distances contrary to the expectationsgsentations for the final atomic wave function considered in
since in principle the PSP contribution is supposed to béhe two different approaches.
contained in the MEA rates. At that time it was not clear to In Sec. Il we summarize both the theory for surface-
us which was the source of the disagreement so that thiglasmon transition rategselocity effects includedand the
point was left unsolved. procedure to obtain the corresponding angular distributions.
(2) The angular distribution for the neutralized He atoms The results and all the relevant discussions appear in Sec. lll.
obtained with the PSP rates was consistent in peak’s positiol Particular, we present there a simple qualitative analysis to
and angular range with the experimental data although thilustrate why, in those cases where potential emission of a

contribution of the collective process alone is not enough tgurface-plasmon is energetically allowed, the transition rate

reproduce the height of the normalized experimental anguldC" the collective process can be expected to be larger than

distribution. the (two-electron Auger rate during the ion-surface encoun-

(3) The angular distribution related to the MEA mode ter, especially at large distances. The main conclusions are

appeared to be appreciably more underestimated than tSélmmanzed in Sec. IV. Atomic units are used throughout this

PSP angular distribution at small angles and clearly overe Japer unless otherwise stated.
timated at large angles as compared to the experimental
curve. The underestimation at small angles is related to the
extremely low values of the MEA rates at large ion-surface A. Surface-plasmon neutralization rates

distances, a situation already noted in R&f], althoughin -~ 11 gependence of the collective neutralization rates on
that work the use of the very crude classical image potentigl,q velocityv of the ion will be taken into account by per-

might be the main responsible for the large disagreemeng ming all the calculations in the “ion system,” in which the

between theor;_/ a|jd experiments. The overestimation of thgyy is at rest while the solid moves with velocity-¢). In

MEA angular distribution at large angles can be traced backhis way the velocity effects will be totally included in the

to a poss.lble overestimation of the MEA rates at short ionyyaye function for the initialmeta) electron state|@®{ ))

surface distances. with momentumk—v. The usual Galilean transformation
In the above calculations the transition rates for the PSP14,15

mode were obtained within the fixed ion approximation

(FIA), the same as the MEA rat¢§,12,13. To obtain the | B y=gellm?2~Eltgiv-r| (1) (1)

angular distributions we assuméiil] that the FIA was a _

reasonable first approximation for the rates, although ndelates the initial electron staf@() ) in the ion’s reference

proof was given about the smallness of the velocity effectsframe with the initial electron staﬂ@ﬁ") in the solid’s ref-

Therefore, in principle, there is a little unconsistency in thaterence frame. In this work we shall consider the approxima-

procedure since evaluations of angular distributions—wherdéion v=wv,. This is a very reasonable approximation since,

the rates are crucial ingredients—assume that the ion is moyer the case of low-energy grazing collisions where the en-

ing. This unconsistency is removed here by the calculation oérgies are of a few keV and the angles of incidence are

velocity-dependent PSP transition rates and by their applicaaround 1°, the effects of the perpendicular velocity should be

tion to obtain angular distributions, which can be comparedsmaller than 1%.

consistently with the experimental results. Although we re- Within the orthogonalized first Born approximation the

port results of PSP rates for the ranges1.0 a.u. our pri- transition rate for the pure surface-plasmon mode of ion neu-

mary interest is in the range af<0.4 a.u., which corre- tralization is given by3,11]

sponds to the velocity regime where kinetic plasmon

emission cannot be present. Furthermore, the choice of low _ () (i) \|2 _

velocities will allow Ss to compare our calculated angular Tpsp=2m ch Py " alHind @) [*8(ei—ep), (2

distributions with the experimental angular distributions of _

Hecht, Winter, and Borisoy10] for neutral helium, which  whereg; = 3(k—Vv)? is the energy of the initial stated(” ),

were obtained fow=0.14 a.u. We shall see that consider- which is orthogonal to®{"),q) and which represents an

ation of ion’s velocity affects the transition rates for the PSPelectron with momentunk—v in the conduction band. The

mode in two ways(i) the disappearance of the short-distanceenergy«((s,q) of the final statg®{") ,q), for an electron

FIA threshold below which the PSP rates vanish, @hda  |ying on an atomic state labelech® and for a plasmon of

small decrease of the PSP rates for certain ranges of ioRgaye vectorg(q, ¢) and energyw(q), is (with respect to

Il. THEORY

surface distance. _ _ the bottom of the conduction band
In Ref.[11] the main concern was the evaluation of an-
gular distributions, which could be compared with experi- £¢($,9)=Vo—En(S) + w(q), (3)

mental results so that a detailed analysis of the description of

the final bound atomic state, which is produced by the neuwith Vo=Er+ W the depth of the conduction ban&g be-
tralization process, was not given there. We present sucimg the Fermi energy an@V the corresponding work func-
analysis here with the conclusion that the above-mentionetion) and E,(s) the bound energy of the final atomic state,
discrepancies between the PSP and the MEA rates at intewhich is a function of the ion-image plane distarscdue to
mediate and large distances are related to the different rephe atom-surface interaction. As is well knoy®] q. is the
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momentum cutoff beyond which the plasmon is stronglyducing unnecessary complications into the present calcula-
(Landay damped. From Eqg1) and (2) one can see that, tions, we shall partially include this effect in our calculations
since the additional time-dependent phase factor will disapby orthogonalizing the initial electron states with respect to
pear when taking the square modulus of the matrix elementshe final bound electron state, which takes into account the
the only relevant difference between the velocity-dependenibn-surface interaction as we indicate in what follows.
matrix elements and the FIA matrix elements is the factor For the collective surface-plasmon channel the only rel-
e 'V'". Therefore, the calculations of the velocity-dependentevant final bound electron state is the ground state of He,
matrix elements will follow similar lines as those performed since, the energy released during an electron capture into any
within the FIA[11]. of its higher levels is not enough to excite a surface plasmon.
The electron-surface plasmon coupliry4,11 is For the ground state of He atom in front of the Al surface, we

consider the Hamiltonian
[roglq) .
Him= gz € e 9 a=ac @

with A the elementary areap(¢,z) the electronic cylindri-

Hi=—3V2+ V) + Vi +AV, @)

cal coordinategp andz being parallel and perpendicular to 1 1 4 _

the surface plane, respectivelgnd with the origin of elec- Vei(N=—=—|4+=]e¥=> c¢iri"te ?, (8
. . ., . r r i=1

tronic coordinates located at the ion’s position. For the plas-

mon dispersion relatiom¢(q) in Al we have fitted the ex-

perimental data of Tsueit al.[17] by means of the quadratic 0(z+s)

function w4(q)=wl+aq+Bg?> with ?=0.4064, a= AV(p,2)= s, 9)

—0.2938, ang3=1.1430. Vp©t(z+2s)

The initial electron states can be written as

(N — ik, p with r=\p?+7%> (c,=-8.9595, c,=29.4240, cy=
DLy =€ Ry (2), ) ~20.8924,c,=3.6381). In Eq.(7) V., is the electron-
. o surface interaction of Jennings, Jones, and Weirid}, al-
with k,(k, ,¢i) andk, the components of the initial elec- o4y given in Eq(6), V., is the intra-atomic electron-core
tronic momentpm parallel and perpendicular to the Surfac‘?nteraction described through the Bottcligingled potential
plane, respectively, and where tzelependent parf, (z) [20], which reproduces pretty well the observed energy lev-

has been obtained numerically, by means of the Numero¥|s of the isolated He atom anxV is the usual electron-ion

algorithm, as the eigenfunction of the Hamiltonian (image potential, which takes into account the change in the
) 1o\ electron-surface interaction due to the presence of the posi-
Hi"=—2V"+ Ve, 63 five ion.
“Nz+s) The calculation of the eigenvalues and the corresponding
vl =— 1-e O(z+5)— Vo (—z—s), eigenfunctiong® ") of H; proceeds by diagonalization of a

- —e
4(z+s) (AePZ79+1) basis set of hydrogenic parabolic orbitalg n, m(p,¢.2)

[21] [with the principal quantum number* related to the

H * —
where the potentiaVy_¢, defined by Jennings, Jones, and parabolic quantum n_umbersnl(,ng,m) byr_1 =Mt ntm
Weinert[18], takes properly into account the electron-surface 1]. The .elgen.func.tlons are written as linear combinations
interaction withA=4V,/A—1,B=2V,/A, O being the unit of the basis orbitals:
step function and\=1 a.u. for Al. In Egs.(6) we do not
include the perturbation of the initial metal electron states N
due to the interaction with the incoming ion. As in REF1] [Dy=2 Cri(s)]us), (10
we expect this to be a reasonable approximation due to the =t
weakening of the electron-ion interaction as a consequence
of screening. In fact, in recent calculations of collective ratesvhere the dependence on the ion-image plane distange
for the H" /Mg system[19] we have obtained, by application due to the interaction between the final atomic state and the
of a rather crude approximation, that the ion perturbation hagarious image charges. In E(LO0), the size of the basis set
a non-negligible contribution to the rates only in regiénst ~ (N) is increased until the eigenvalues are independent
too close to the surfagewhere the collective rates them- (within the desired accuragyf the number of basis orbitals.
selves are very small compared to the rates near to the sufe represent the ground state of He in front of the Al surface,
face. Furthermore, in Ref12] they have found that for the we have checked that it is sufficient to include in expansion
He" (1s)/Al system the effect of the perturbation of the ini- (10) N=6 hydrogenic parabolic orbital§.e., all them=0
tial electron stategdue to the presence of the joon the orbitals up to then* =3 shel). It is found that the energy
Auger neutralization rates start to be noticeable for ion-shifts for the ground state follow an image charge behavior
surface distances beyosd-5 where the corresponding Au- 1/4s even up to distances=2 where it reaches a value of
ger rates are more than three orders of magnitude small&.5 eV[21].
than those around~2. Therefore, in order to avoid intro- With all the above, the transition rate of E@) becomes

(6b)

J
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n B 1  (9max Nri=
Fpsﬁsavu)—ﬁ _ dqog(q) . dk,k,

Amin

27 1 2
X deyt Sf(S,Q)_EXu
0

1 /1 5, 5, 1,
Xk_z 0 E(kF_ ko) + 2 Xi —&4(s,q)
2 - )
Xfo dogl Ml (kz K, @k, 0,0q30),9)]%,
(11)
with xZ=k2—2k,v cos)+vi and k,=+2e¢(s,q)— x7,
and where the matrix eIemeVthlEjf}" is

N
ME;SH:I'Z]_ an(s)mgl)(kzvkp 1€Dkvq1¢q WU 7S)

N
;1 Cmi(s)ﬁi(kz,kp,cpk;v‘I ,S)}

_m§1[

X

N N
12‘1 2, Crni(3)Coj(sIM;P(a) ] (12)

The matrix element§I{V=(u;|e9lz*sle~1are~Mi#| ),
Oi=(ujle ™re@) and MP)=(u;le”9=*sle™a7|u;) are
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As these transition rates are calculated as functions of the
ion-image plane distancg in order to integrate the set of
coupled rate equations, we use the transformation

ds
dt=

o "

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

[ 2
vi ()= M_| VE o—U+(9),

with M, the ion massE | , its total energy corresponding to
the normal motion, andJ)+(s) the total scattering potential
experienced by the ion, which can be written as the sum of a
repulsive potential y(s) due to the first atomic plane and an
attractive potential 5(s) produced by the interaction of the
ion with its own image charge:

(15

U+(s)=URg(S) +Ua(S). (16)

The repulsive termJg(s) is obtained as described in Gem-
mel’s review[22] by averaging over the first atomic plane
individual interatomic potentials. In the present work, the
interatomic potential is represented by a ZBL screening func-
tion [23]. For the attractive image potentidiy(s), we have
used the form based on the Thomas-Fermi approximation
proposed by Kato, Williams, and Aon@4]. The explicit

calculated numerically by means of Gauss-Laguerre anébrm for all these potentials and their related parameters have
Gauss-Legendre quadratures. In EtR), P corresponds to been given in Ref{11].

the number of final atomic eigenfunctions included in the

By means of the transformation of E{.4) the rate equa-

orthogonalization procedure. In the present calculation, th&ion system of Eq(13) becomes

initial state|<I>(ki)) is orthogonalized to the perturbed ground
state of He, i.e., to the final bound electron sta’ ). It is
important to note that the conservation of the energy and the
constraints &k<kg (kg being the Fermi wave vector
modulug for the metal electron wave vector fix the limits
Omin @nd gmax Of integration overq appearing in Eq(11)
through the two unit step function@(x) appearing in the
integration overpy .

dP.(s)/ds=—Tg(s,v))P.(s)/v; (9),

dPy(s)/ds=+Tg(s,v))P(s)/vi (s). 17

These coupled equations are integratby means of a
Runge-Kutta methgdfor the incoming and the outgoing
paths with the initial condition®'(s— +)=1 andPy'(s
—+2)=0 and the normalizatioR  (s) + Py(s)=1(Vs).

In order to obtain the angular distribution of scattered
B. Neutralized fractions and angular distributions neutral atoms in the ground state, we calculate for each in-

If one neglects the population of excited states of He at{egration intervalds of Eq. (17), the elementary fraction of
oms, the occupations corresponding to the ground state ¢¢nS that are neutralized in the ground stéte., dPg). For
the ion (P..) and to the ground state of the neutral atdpg) V€'Y low perpendicular velocities like those considered here,

are given by the following set of coupled rate equations; there is no reionization mechanism in close encounter colli-
sions. Moreover, for the collision investigated in the experi-
dP, (1)/dt=—Tg(s,v))P. (1),

mental work of Hecht, Winter, and Boris¢%0], with respect
to which we want to compare our results, the parallel veloc-
ity v,=0.14 a.u. is not large enough to allow a loss mecha-
nism like that proposed by Wintd®]. Therefore, once the
The transition ratd"(s,v;) represents the contributions ground state is populated, the He atoms cannot experiment
to the neutralization into the ground state, i.e., the PSP ratdsrther transitions, remaining as neutral Hef)L atoms. At
[[pses,vy)] or the multielectron Auger ratefsl yea(s)]. the instant of neutralization, the attractive image potential
The PSP rates are those obtained as indicated in the precedznishes and then, the neutral atoms in the ground state feel
ing section. For the MEA rates, we have used those frononly the planar potential. The corresponding outgoing angle
Refs.[12,13. ¢ is given by the composition of the parallel velocity

dPy(t)/dt=+Tg(s,0)) P (1). (13
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(which is a constant here because corrugation effects are ntite final bound state of the neutralized ion for the He/Al
consideredl and the asymptotic perpendicular velocity of system. In Fig. (a) we show three PSP neutralization rate

neutral atoms in the outgoing paty}", curvesI'8, (i=1,2,3), as functions of the ion-image plane
out distances, for three different approximations of the atomic
tang = ULL, 19 wave function in which the terms with* =1, 2, 3, respec-
U tively, have been kept in the expansion given by @4). At

out : . . small ion-surface distances the three curves go close to each
Wherevgi. IS obtalneq by means of energy conservation 1Eorother, showing a similar behavior with ion-surface distance.
neutrals in the repulsive potential: Around s~ 3 they start to develop an approximate exponen-
> tial decay, but neas=5 the ratesI'Z, and I'S), get an
vgft= \/vﬁ(s*)+ M—UR(S*), (19 important change of slope, which diminish their decay, re-
g maining close to each other and much higher tih&f,
where M4 is the mass of neutral particles;, (s*) is the which mantains its exponential decay up to infinity. Around
perpendicular velocity acquired by the ion at the distances~7 the rates' &, and '), start to develop again an ap-
corresponding to its neutralizatios®), andUg(s*) is the  proximate exponential behavior, although with a smaller
value of the planar potential at this distance. slope than that showed 52, but nears~9 I'),changes

Angular distributions are obtained by arranging the el-j;g slope once again while the curFé,zs)Pkeeps its(second

ementary neutral fractiongPy gccording to their outgoing exponential descense in such a way that at large distances
angle. The convergence of this approach might be check

3 2 1
by decreasing the integration stdg (tipically here,ds~5 (PS)?H’S) F(PS)P' i i 1)
%10~ a.u. to obtain accurate resultdfterwards, the theo-  AS @ consequence of this behaviorsat9 the curvel'psp
retical angular distribution is convoluted by means of aiS Wo orders of magmtuge smaller than the other two curves
Gaussian shape of widthe=0.08° in order to account for While ats~15 the ratel'Zsis 20 times smaller thafi2s.
the experimental angular resolutifit0]. Finally, the angular ~ The slow decay of our pure surface plasmon transition rates
distributions presented below are normalized in such a wa@! intermediate and large ion-surface distances is directly re-
that their area correspond to the fraction of scattered atoms #§ted to the higher-order contributions to the expansion of the
the ground statéi.e., ngt(S_)+oo)]_ The experimental an- final atomic str;tte given by Eq10). Indeed, the variation of
gular distribution[10] was normalized in the same way.  the slope of i, and s arounds=5 can be unambigu-
Recently[25], we have developped a more geneaaid ously related to the contributions from th& =2 shell,
also more Cumbersomapproach to compute atomic and which at this distance start to be more important than the
ionic fractions and also angular distributions of scattered parcontribution coming from then* =1 shell. In fact, the ex-
ticles. This method, which is of classical trajectory Monte-pansion of Eq(10) for the eigenfunctions is strongly domi-
Carlo(CTMC) type, is based on the integration of Hamilton- nNated at very short distances by the first term but it decays
Jacobi equations for the particles motion and takes intd00 fast withs as compared to the second term, which starts
account the charge exchange mechanisms with the corréd become noticeable arours-4 and taking over around
sponding changes in the potentials felt by the particles whef=>5. A second slope variation occurs F§g, starting ats
an electronic transition occurs. In the particular case consid=-9 and becoming very clear at- 10, which is related to the
ered here—one kind of electronic transition towards arfast decay of the* =2 as compared to the* =3 terms in
atomic state, which cannot experiment further charge exthe expansion that contribute more than the other terms
change mechanisms—the simpler and faster rate equati@round this distance.
method presented above and the more general CTMC one From the precedent discussion, one can visualize a simple
yields the same results both for charge fractions and angulgicture of the electron capture where the largest hydrogenlike

distributions. orbitals included in the expansion of EQ.0) reach first the
surface inducing the electron capture at large ion-surface dis-

. RESULTS AND DISCUSSION tances. In particular, the average radius ofrifie=2 and the
. o . - n* =3 hydrogenic shells are approximately 4 a.u. and 9 a.u.,
A. Atomic description effects for collective transition rates respectively, which correspond to the distances at which the

In our previous work for the HE/Al system[11] we re- N*=2 and then* =3 shells start to contribute notoriously to
ported PSP rates within the FIA and applied them to obtairthe total collective ratd" .. In this sense, the average ra-
angular distributions for the final neutralized helium ions.dius of every state in the expansion might allow one to esti-
The main concern in that work was to study the contributionmate the distance at which each term in the expansion is
of the surface-plasmon mode of neutralization to the angulagoing to become more important than the precedent term.
distribution of the final neutral He atoms so that only few Furthermore, the average radius of thé=1 shell is ap-
details were given about the calculated PSP rates. In particyproximately 1 a.u. being very close to the value of the dis-
lar, the effects of the representation of the final atomic statéance at which the PSP rate gets its highest véhefore
were not studied there. Therefore, in this section we analyzeanishing due to the energy conservation restriction and the
the dependence of our PSP rates on different approximatiorshift of the atomic energy levelTherefore, within this pic-
introduced to describe the atomic wave function representinture the neutralization probability at large distances is very
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FIG. 1. PSP and MEA transition rates as a function of the ion-image plane distand, PSP transition rate calculated by including
in Eq. (10) all them=0 orbitals up ton* =3 [I'$){v,=0)]; dashed-dotted line, the expansion of EL) is restricted to ther* =1 and
n* =2 orbitals[T'2{v,=0)], dashed-triple dotted line: the expansion is restricted tanthe 1 orbital only[I'$2{v,=0)]. (b) ¢, TE,
(vy=0); dashed line, PSP transition rate computed by using a description of the final atomic state similar to that usedig, R#ffor
the MEA rates[l“,(,(’s)p(v”=0), see teXt O and®, MEA transition rates calculated in Refd.2,13 (O, @, with and without inclusion of the
ion effect on the initial electronic wave function, respectiyely

small compared to the same probability at short distancesvaluation of the MEA rate$12,13, which we include in
because the weight of the largest orbitals in the expansion dfig. 1(b). The ratel'yea (I'{yea) COrresponds to calculations
the perturbed wave function is much smaller than the weighperformed with unperturbegberturbed initial electron states
of the smallest orbitals. _ where the perturbation is caused by the field of the nearby
The small differences between our three cuV§$s (i He™ ion. For comparison purposes we also include in Fig.
=1,2,3) at short distances are related to the fact that thg(p) our best PSP ratEpgp. As mentioned in the introduc-
energy for every curve is obtained consistently with the wavajon a very important feature of the multielectron neutraliza-
function, so that the better is the description of the wavgjon rates is that they include simultaneously both the collec-

function the better is the energy. Together these two effectge and the single particle response of the metal surface. We
are responsible for the small increment of the collective ratefigte first that the curvé©

hort di h h bati f both psp, Which is very different from
at short distances where the perturbation of both energy a pspin the whole range of distances, is very close to the rate
wave function for the atomic state is largest. Note, howeverF

hat fors=4 the diff b 2) andr@ vEa . especially fors=3. The very small differences be-
that fors=4 the differences betwedrgspan PSPa)re N0- tweenl' Y, and I'yea at large distances are due to the dif-
toriously smaller than the differences betweBdr and  ferent choices of the variational parameters included for the

I'{p. Therefore, the convergence of the wave function exatomic wave functions. Second, we note that in R&fthey
pansion yields a convergence of the collective rates to a finsjave concluded that despite the fact that the calculation of
curve which differs fromI'§gp by less than 1% fos<20.  T',,c, includes all possible neutralization channels, the deter-
Therefore, in the rest of this paper we shall takf2,  mining neutralization channel at distances greater than 3 a.u.
=I"pgp. from the surface is the monopole surface plasmon channel.
In order to find out the source of the discrepancy betweer herefore, from these facts we are led to the conclusion that
our FIA surface plasmon rates and the MEA rates, we show (%), and I'ye4 contain the same surface-plasmon contribu-
in Fig. 1(b) another approximated PSP rate, denotel{d%,  tion. Since the only difference betwe&h2,andI pgpis the
which considers a g-hydrogenlike wave function to de- more precise description of the final atomic wave function in
scribe the final atomic stat@vhere the parameter=1.34  the evaluation of the latter we believe tHjtgpcontains the
yields the best energy for the ground state at infinily the ~ same surface-plasmon contributionlage, . In other words,
evaluation of " the 1s-hydrogenlike wave function re- if our atomic wave function for the ground state of helium
mains frozen for all ion-surface separations, although the enwere included in the evaluation df,cz, , the resulting curve
ergy is shifted according to the classicaldbBkhavior. These should be very close tbpgpfor the ranges=3. These con-
approximations are very similar to those involved in theclusions also indicate that the model Hamiltonian of Etj.
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is quite appropriate to describe the electron-surface-plasmafum He’(1s?) the electron will be localized around the He
coupling for ion-surface distances in the rarsge3. Finally,  ion core within a distance of the order of the average radius
by comparison of'j,c, with bothT"(2sand I pspin Fig. 1(b)  of the ground level, which in our case is approximately 1 a.u.
we can conclude that the perturbation of the initial metalThen if the ion is fixed at a large distance from the metal
electron states by the incoming ion produces an effect that igurface 6>1) the bound electron, denotedeswill also be
small as compared to the effect of describing appropriateljar from the surface at a distance, which for practical pur-
the final atomic state for the helium atom. poses can be taken to bes along thez axis perpendicular to
We note that although our cur\]éls),,[given in Fig. 1a) the surface. Consider next a sheet_ of electrons at_ the metal
surface ¢=0 plane and draw a circle €,) of radius p
centered on one of the sheet electrons, denoted awhich
is in front of e, along thez direction (so thate* is the

but not shown in Fig. (b)] goes above both %pandTyea ,
it also shows a similafnearly parallel decay behavior in the

C o 1) . .
ranges=3. The explanation is that to obtalfbsponly the g tace electron closest ;). The interaction betwees,
first term in the expansion of Eq10) was kept, which at  g5nqe* s V(s) = 1/s, while the interaction betwees, and

large distances is equivalent to describe the perturbed grourbq]y other sheet electron, located on or ins@Jg is
state of the helium atom by asdlike type of wave function.

At small distances the first term in the expansion of @) 1
is affected by the surface, an effect not included in the evalu- U= ——, (20
. (0) . pP +Ss

ations of bothl'pgpandI'yea Where the corresponding ex-

ponential wave functions were kept frozen. However, thesg that one can write

main difference betweeRS2,and "%, comes from the fact

that in the calculation of S2pthe energy of the final state has i

been computed for all distances consistently with the wave ———<uUs=sV. (21

function leading to a poor description of the energies because p\?

in that case the expansion of E@0) contains only one term, 1+ s

while for I'%,andT'yea the energies have beganconsis-

tently) fixed to their correct values. The main idea here is to estimate the numiép) of elec-

trons on or insideC,, whose interactiotJ with the captured

B. Collective versus single particle neutralization electrone, is not negligible as compared to the interaction

In this section we present a simple argument to illustratd?€tweene, ande*. If N(p)>1 then clearly the captured
why, for those ion-metal systems where potential emission ofléctron will be more willing to give up its energy surplus
a surface plasmon is energetically allowed, it is reasonable t§irough a collective channel instead of doing it through a
expect the collective transition rate to be much larger tharsingle particle channel. Such number can be simply esti-
the two-electron Auger rate at intermediate and large ionmated aN(p)=A/a—1=(p/r)?—1, whereA=mp? is the
surface distances. We start by noticing that, in general, foarea ofC, anda=mr? (for p=r) is the effective area on
simple (electron gasmetals, such as Al, the surface-plasmonthe z=0 plane for each electron on the sheet, with
energy is very close téand sometimes slightly larger than = (4/3wne)~** where n, is the electronic density of the
the Fermi energy. Therefore, to have enough energy to presolid. In the limits—o, one has that)—V, for any value of
duce a real surface plasmon during the neutralizing transie, S0 that for very large ion-surface distances the captured
tion, the metal electron should be captured into an atomi€lectron will interact equally with all the electrons of the
level located below the bottom of the conduction b&26l. metal and not with only one of them. For finite valuessof
Energy conservation requires the absorption of the releasetie have to consider specific values mfor which U is not
energy by another participant in the process, which can be Begligible as compared 6. For instance, whep=2s, one
second electron(in the two-electron Auger modleor a  has thatU=0.45/, so that one cannot neglect these interac-
surface-plasmon(collective multielectron surface mode tions. In this case for the set of distanes#s;=(2,5,10) one
Since in the Auger transition only one electron absorbs alpets the number=(15,99,399). Thus, at these ion-surface
the energy liberated during the capture, it means that the registances the captured electrep interacts simultaneously
of the electrons of the metal should not become aware of itwith an appreciable number of surface electrf#d. For the
By the contrary in the collective case the energy liberatedarger circle of radiusgp=10s, one hasu=0.1V, while N
during the capture has to be shared simultaneously by many (400,2500,10 000) for the ion-surface distances
electrons to give rise to surface-density fluctuations whose=(2,5,10). Clearly at intermediate and large ion-surface dis-
guanta are the surface plasmons. To discriminate betwedances, the captured electrepinteracts simultaneously with
these two possible neutralization modes, it is relevant to finanany surface electrons instead of interacting with just one of
out how the interaction between the captured electron with ghem. Therefore, whenever the energy released by the elec-
particular electron of the surface compares with the simultatron e, during its capture into the atomic level is equal or
neous interaction of the captured electron with many of thdarger than the surface-plasmon energy, the surface will be
electrons at the surface. more willing to accept the surplus energy through a collec-

Consider a Hé ion fixed in front of an Al surface. It is tive response(surface plasmonsthan through a single-
clear that right after its capture into the ground state of heparticle response.
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FIG. 2. PSP transition rates as a function of the ion-image plane FIG. 4. PSP transition rates as a function of the ion-image plane

distance. 4, v;=0; dashed linep;=0.14; dashed-dotted lin@,,  distance.#, v,=0; dotted line,v,=0.55; dashed-dotted line;,
=0.15. =0.7; dashed liney,=0.85; long-dashed liney,=1.

At short distances the plasmon emission is still possiblg, the threshold velocity u(;,~0.42) for kinetic surface-
but the probability for the two-electron Auger process getsyjasmon emission in Alwhich occurs without electron cap-
high enough to compete with the collective mode. In facty,rg) 59 that the velocity and the trajectory of the incoming
when p/r¢<1, the number of surface electrons arowfd o " \yhich are of crucial interest in the study of angular
vanishes. In that case the captured elecgpmlearly iden-  gistributions for neutralized ions after grazing collisions with
tifies the electrore* from all the other electrons, so that the etaliic surfaces, cannot be perturbed by this type of pro-
sin_gle-_particle mode can com_pt_ate with the collective modegagg. Finally, in Fig. 4, besides the FIA curve, we show our
which is present only up to a finite distance~(0.5s forthe  cojlective transition rates for the larger parallel velocity
He"/Al system) where conservation of energy makes the ange, =[0.55—1.Q where it is possible for the ion to loose

collective rate to vanish as already reported in RRet]. energy by kinetic surface-plasmon emission although, for
this range of velocities, the kinetic energy of the ion is more

C. Velocity effects for surface-plasmon transition rates than a hundred times larger than the energy of the surface

, . plasmon, so that this type of energy loss should perturb very

In F+'9- 2—4 we show our PSP neutralization ralfegyfor weakly the ion’s velocity. Before discussing the effects of the
the He'(1s) — Al system as functions of the ion-image plane \e|ocity on the collective transition rates and also on the
distances for three dlfferent'ranges of yelomﬂes. In Fig. 2 corresponding angular distributiorollowing section it is
we compare our FIA collective rafd1] with those for par-  f rglevance to note that the experimental angular distribu-
allel velocitiesv;=0.14 and 0.15, which are relevant to the tjon for the He (1s)— Al system under a grazing incidence
experimental work of Ref[10]. In Fig. 3 we extend the angle of 0.5° for 2 keV Hé ions [10] covers the range of
range of ion velocities up to,= 0.40, which is slightly be- scattering anglefl.5°—3.59 with the maximum of the angu-
lar distribution located around 2.45°. From the simple corre-
lation between the scattering angle and the neutralization dis-
————y tance we can infer thafor the scattering potentials we are
A - ol oyt considering in this work, which are the same as those of Ref.
O N SlediaLs : [11]) most of the collective neutralizations occur within the

' range of distances=[0.5— 8] with the maximum neutraliza-
tion arounds~2.

For v;=<0.15 Fig. 2 shows that within the range of dis-
tances Es=<8 the two velocity dependent PSP rates go on
top of the curve obtained within the FIA, while fa>8,
where all the rates are two orders of magnitude smaller than
their maximum value neas~1, they show a difference
i (=35%), which is clearly small as compared to their general
0% e decay behavior. The approximate independence of our calcu-
0 1 2 3 4 85 6 7 8 9 10 11 1213 14 15 lated PSP rates with respect to the ion velocity in the range

Ton Image-Plane distance s (a.u.) of distancess=1 where the FIA process is energetically al-

FIG. 3. PSP transition rates as a function of the ion-image plan(l:owEd can be qualitatively understclod from a simple analysis
distance. ¢, v,=0; dotted line,v;,=0.2; dashed-dotted liney, of the finite velocity matrix elemenl‘slj(l) of Eq. (12), which
=0.3; dashed liney,=0.4. differ from the FIA case by the extra factor €xqv;- p}.
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Symmetry considerations related to the fact that the ion vethe velocity effects grow up to the point where the next term
locity v, has an arbitrary direction transforms this factor inin the expansion takes over. A possible explanation, in terms
cosf, - p) which, for v;- p<1, a condition that is satisfied of the simple picture of a set of orbifgselated to the ion
here, can be written approximately as-{vip2. The first interacting with the surface, might be that when one of the
term yields the FIA results, while the second term contain®rbits “touches” the surface there are always electrons with
the velocity effects. Takey,~0.15, and consider first the the right momentum to match the ion velocity so that for
case of small ion surface distancggor which then* =1 many electrons the ion seems to be at rest; when the orbit
orbital makes the most important contribution to Efj0).  gets outside of the surface this matching is not possible so
Therefore, since for the ground state the average valuésof that the velocity effect comes into play until the next orbit
(r)~1, the velocity effects are expected to be negligible atouches the surface where the velocity effect vanishes again,
short ion-surface distances. On the other hand, for large iorand so on.
surface distancess&8) the higher orbitals contributions in ~ Finally, in Fig. 4, besides the FIA curve we show our
Eq. (10) (for which the average value ofis larger than 1 collective transition rates for the extended range of ion ve-
become more important, producing a noticeable effect on théocities 0.55<v;<1.00. We distinguish two situations.
velocity-dependent collective rates, as we see in Fig. 2. (1) For velocitiesv;=<0.7 the behavior of the finite veloc-
However, since fos=8 the PSP rates are at least two ordersity curves maintains a similar trend as those considered in
of magnitude smaller than near the surface, these velocitlyig- 3. Now, however, the curves begin to separate a little
effects are of negligible consequences for the evaluations d¢floser tos=2 with the largest difference located again near
neutral fractions although they produce clear effects on thé=4 where the rate for,=0.7 is decreased by an approxi-
collective angular distributions, as we shall see later. mate factor of 1/3 with respect of the FIA rate, yielding a
For short distances< 1 the FIA rate vanisheld1], while ~ maximum relative difference of 65%. Fee6 these curves
the collective rated pgp for v,#0 remain finite, although remain very close to the FIA curve with a negligible differ-
they decay very fast toward smaller distances, being at ence.
=0.5 more than four orders of magnitude smaller thas at (2) For velocities larger than 0.7 the situation gets more
=1. We shall see on the following section that the effect ofcomplicated because once the curves get separated at or be-
the finiteness of the collective rates 1 1 produces larger low s=2 they do not merge &=6 as the curves for smaller
and more relevant effects on the corresponding angular disselocities(approximately do. In particular, the curve far,
tributions of the final neutrals than those coming from the=1.0 is a factor of 1/4 smaller than the FIA ratesat3 and
ranges=8 discussed in the preceding paragraph. The vang factor 1/6 as=4. Therefore, we believe that in these cases
ishing of I'pspbelow a threshold distancg=1 [11] for the  there is a real effect of the ion velocity on the surface-
fixed ion caseq;=0) is a direct consequence of the shifts of yjasmon transition rates, which is not negligible for the

the bound-energy levels of He induced by the nearby metalhole range of ion-surface distances where the collective
surface, plus the constraikt<kg, which makes it impos- L« tralization is important.

sible the conservation of the energy for the collective process
whens<s,. The inclusion of the parallel velocity of the ion
introduces enough initial energy to compensate the shifts of
the bound atomic level, allowing the conservation of the en- In order to illustrate how much the angular distributions,
ergy and the existence of the collective channel at short ioninduced by the surface-plasmon mode of neutralization, are
image plane distances. affected by the parallel velocity of the incoming ions we
In Fig. 3 the curves fov;=0.2, 0.3, and 0.4 also go close have considered the velocity-dependent transition rates ob-
to the FIA rate except in the intermediate range of distancegined in the preceding section to solve the set of coupled
(2.5<s=<5.5) where they go slightly below the FIA rates equationg17) together with the appropriate initial conditions
with a relative difference, which is at most of 35% aroundto obtain velocity-dependent angular distributions for the
s=4 for v,=0.4, being even smaller far,=0.3. These dif- He"(1s)/Al(111) system. We assume here the conditions
ferences are still small as compared to the near exponentigbnsidered in the grazing incidence experiments of Ré,
decay behavior of all these curves withAs an example at where the ion beam has an energy of 2 keV with an angle of
s=4 the ratel"pgp(v,=0) is one order of magnitude smaller incidence of 0.5°, which amounts to a parallel veloaity
thanI'pgp (v;=0) ats=1 so that differences smaller than =0.14, to obtain the angular distributipAD(0.14)] shown
35% between the curves nesa=4 are negligible. Further- in Fig. 5(full line), which yields a neutral fraction of 74.2%.
more, a few checkings show us that these differences in thEor comparison purposes, the analogous angular distribution
PSP rates yield differences in the corresponding neutralizefbr the same system and geometry but within the fixed ion
He fractions, which are below 2% up to velocities approximation [AD(FIA)], reported in Ref.[11], which
=0.55. This situation can be explained by the fact that neuyields a neutralized fraction of 72.8% is also included in Fig.
tralization occurs mostly near2 [11] where all the curves 5 (dotted ling together with the experimental curve of Ref.
go very close. A peculiar feature of these velocity-dependentlO] (filled squares Finally, we display in Fig. 5 the angular
curves is that in those regions sfwhere one of the terms distribution obtained by consideration of the MEA rate of
dominates the expansion of Ed.0), the velocity effects are Ref.[12] (dashed ling We should remind at this point that
negligible, while in those region where the same term decayall the theoretical as well as the experimental angular distri-

D. Velocity effects for angular distributions

012903-9



F. A. GUTIERREZ AND H. JOUIN PHYSICAL REVIEW A68, 012903 (2003

14 ' ' ' ‘ ' ' The width difference between the MEA and the PSP an-
- ®  :Experiment gular distributions are related to the large values of
ad o BT ooy maem || I'vea—as opposed to the vanishing values Io§s—very
g | w0 | reymanmane || close to the surface, where the image potential has its stron-
g . . gest effect. In fact, for an incident ion the large increment of

v, in the regions=<1 produces a large “final angle of inci-
dence” at the neutralization position, which yields to a large
outgoing angle for the neutralized particle. Since the rate
I"'vea is largest in this region most of the neutralized ions
will be sent to large angles. By the contrary, for distanses
=<1, the PSP mode has a vanishing rate, due to energy con-
: straints plus the upward shift of the bound atomic level, so
T that the PSP mode neutralizes particles not too close to the
surface where the image potential is not strong enough to
send the particles to large angles. The fact that the MEA
angular distribution clearly overcomes the experimental
FIG. 5. Normalized angular distribution of scattered neutral Hecurve at large angles might be taken as an indication of a
atoms as a function of the scattering angts, (- ¢) for 2 kev ~ possible overestimation of the MEA rate near the surface
He" (1s) ions, impinging on an AlL11) surface with¢;,=0.5°. W,  [11]. On the other hand, the differences both in shape and in
experimental result of Ref10] normalized to 100%; dashed line, neutral fraction between the PSP and the experimental angu-
theoretical result obtained by using the MEA rates of Reifg, 13; lar distributions are expected to decrease after consideration
dotted line, theoretical result obtained by using the PSP rates con®f other contributions—besides the one coming from the PSP
puted in this work fow = 0; full line, theoretical result obtained by mode—to evaluate the theoretical angular distribution. In-
using the PSP rates computed in this work pr=0.14. deed, we expect that a more precise evaluation of the Auger
rate, especially near the surface, should give a contribution
butions presented here have been normalized in such a wahich, when added to the PSP one, should yield a theoretical

that their area corresponds to the fraction of scattered atonf?gular distribution closer to the experimental one. Further-
in the ground state. more, two other possible neutralization processes, which

A first conclusion one can obtain is that although the ve-Should be analyzed since their contribution might not be neg-
locity effects on the collective ratBpspfor v,=0.14 were ligible, are those involving either the excitation of volume
[

found to be small with respect to the FIA, the correspondin :asrr&ons or the %X.C'taRt'Oggf multipole surface plasmons as
effects on the angular distributions appear to be larger an ready mentioned in Ref ]'- : .
Our results, together with the precedent discussion,

more relevaqt. This is not thg case for the related neutr""l'zeglearly illustrate the sensitivity of the angular distributions to
fractions, which show a relative difference of 1.9%. We cany,o yransition rates in the whole range of ion-surface dis-
also see that for small angléwhere the left tail of both ;505 A similar conclusion for the ion-surface and atom-
calculated angular distributions go above the experimental tace interaction potentials has been recently obtained
oneg the velocity-dependent angular distribution goes below»g) Therefore, the information contained in the experimen-
the FIA curve, something that is consistent with the fact that,| angular distributions constitutes a reliable tool to test tran-
the veIoc@y-dependent collective rate. goes below the FlAgition rates together with ion-surface interaction potentials.
rates for distances abosge- 8. CI.earIy, this is an small effect. Finally, we mention that the main conclusion of REF1],

For larger angles the A[BIA) still goes above the AD.14 it respect to the importance of the surface-plasmon mode
but start to decay faster than it after they reach their maxiy¢ jon neutralization during ion-metal surface electron ex-
mum. The ADFIA) crosses from above the AD14 at ¢s  change collisions, which were obtained within the FIA, is not
=2.9°, remaining below it before vanishing drastically at hanged by the inclusion of parallel ion velocities like those
¢s=2.98° as a consequence of the vanishing of the FIA tranggnsidered in the experiments of REEQ].

sition rate belows=1. As already mentioned before the en-

ergy related to the parallel ion velocity allows the existence

of the surface-plasmon mode below the FIA threshold so that V. CONCLUSIONS

the velocity-dependent angular distribution does not vanish In this work we have reported theoretical surface-plasmon
abruptly as in the FIA case, but gets wider than the FlAtransition rates for the neutralization of Héons at Al sur-
distribution, remaining finite and decreasing smoothly tofaces. We have shown that for ion velocitigss 0.15, typi-
small values up to the angle;=3.26° beyond which it van- cal of low-energy grazing incidence neutralizing collisions
ishes. The increment on the width of the velocity-dependentor He*/Al like those of Ref[10], these collective rates are
angular distribution is a result of the fact that since nowpractically independent of velocity validating in this way alll
some neutralizations can occur closer to the surface theréhe conclusions of Ref11], which were obtained within the
fore, the dynamical effect®f the attractive potential before FIA. In particular, the PSP collective rates lead to theoretical
the neutralization plus the repulsive potential after the neuangular distributions, which are consistent with the experi-
tralization yield an increment of the outgoing angle, produc- mental curves although other processes are needed to explain
ing an increment in the population of neutrals at largerthe full height of the experimental angular distributions. For
angles. velocities up tov;<0.7, the velocity dependence shown by
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the collective rates for an intermediate range of distances arrgy released during the electron capture is equal or larger
small as compared to their near exponential decay behavighan the surface-plasmon energy.

with ion-surface distance, so it should not produce measur- Finally, we mention a semiclassical interpretation for the

able effects in the structure of electron emission spectra ipotential emission of the surface plasmon during the ion-

qualitative agreement with recent experimental reppris s_urface interaction. As indicated in the introdL_lction the emisj

Forv,>0.7, the velocity effects seems to be important in theSion of a surface plasmon by a charged particle can occur if
whole range of ion-surface distances where the surfacdhe velocity of the_ particle is I{:\rger than a threshold velocity

plasmon mode is of relevance for ion neutralization. Vihr = wsp/Ke, Which for Al yields v, =0.42 a.u. For an

We have also shown in this work that although both theglectron this velocity corresponds to a kinetic energy of 2.4

collective neutralization rate and the corresponding neutral€¥> Which is much smaller than the energy released by the

ized fraction depend very weakly on the parallel velocity inelectron exchange between the surface and the ion, and also

the energy range relevant for usual grazing incidence experP—WCh smaller than the energy necessary to produce a plas-

ments, the effects on angular distributions of neutralized paﬁ-“"”- The constraint imposed by the conservation of energy
ticles are noticeable. In this respect we would like to emphals much stronger than the threshold velocity condition so that

size here that experimental angular distributions of scattere ny time that the _pla_smon emission is engrgetl_cally aIIow_ed
species after grazing interaction of an iofie atomio beam uring ion neutralization, the velocity condition is automati-
with a surface[9,10] constitute a very precise tool to test cally satisfied. Therefore, in a semiclassical picture of the

both the theoretical transition rates for the relevant charggm'ss'on’ one of the surface electrons in the field of the ion

exchange processes as well as the related scattering pot ficreases its velocity until it trespasses the threshold velocity
tials [28] for the ion-surface interactions or plasmon emission, emits the surface plasmon, and gets

On the other hand, we have been able to understand tmeound to the ion.
discrepancy between the surface-plasmon neutralization rates
of Ref.[11] and the multielectron Auger rates of Ref§], ACKNOWLEDGMENTS
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