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Low-energy ion neutralization at surfaces: Resonant and Auger processes
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The interaction of H& with a typical metal surfacéAl or Pd) is described, analyzing in detail the different
mechanisms that contribute to the neutralization of the projectile when backscattered from the surface. Auger
and resonant neutralization processes are considered and analyzed including a detailed quantum-mechanical
description of the He-metal interaction, for projectile energies between 100 eV and 3 keV. We show that the
promotion of the He-4 level, due to its interaction with the metal-atom-core orbitals, is the crucial mechanism
making resonant processes operative. We find, however, that resonant processes are much more important for
Al than for Pd. In Al, both Auger and resonant processes are equally important for neutralization of the ion,
while for Pd we find that Auger is the dominant mechanism, making the He/Pd system the ideal case for which
Hagstrum’s exponential law appears to be practically valid for all velocities. We also find qualitative agree-
ment with experimental data, which we consider a satisfactory result in view of the fact that our theory is a
complexab initio calculation free of adjustable parameters.
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I. INTRODUCTION ization at very low velocities, i.e., for ion velocities small
compared to the target Fermi velocity, a condition also met
Low energy ion scatteringLEIS) is a widely used in LEIS. In Hagstrum’s theory the fraction of ions that are
surface-analysis technique to obtain information on the comnot neutralized along the incomirigr outgoing trajectory is
position and the structure of a surface. In LEIS, the surfac@iven by P =exp(—v./v,), wherev, is a characteristic ve-
under investigation is bombarded by Hns with a kinetic locity of the metal and, is the perpendicular component of
energy of~1 keV at a large angle with respect to the sur-the ion velocity with respect to the surfacg._ W(_a will see
face. The surface composition is obtained from the energ€low how Hagstrum’s model has to be modified in order to
spectrum of ions that are backscattered by a large angi@clude neutralization due to resonant processes. The rel-
(typically 135°). Amongst the backscattered projectiles, onlyevance of resonant process@ssonant neutralization and
a fraction P~ leaves the surface agsingly chargefipositive resonant ionizationhas bgen .|nvest|gated by many authors
ion. The main advantages of LEIS digits extreme surface [3—7]- In resonant neutralizatiofRN) the empty-ion energy
sensitivity (LEIS is sensitive just to the outermost layer, l€vel is resonating with the occupied part of the metal con-
since ions that are backscattered from deeper layers are vefyiction band and a metal electron is transferred to the ion; in
efficiently neutralizeyl and (ii) its insensitivity to the local ~ésonantionization, the empty levels of the metal conduction
(chemical environment of the backscattering atéie., gen- pand resonate with the ion energy level and el_ectron tgnnel—
erally no matrix effects are obserydd.]. ing occurs in the opposite direction. Our main goal is to
The main objective of this paper is to describe the inter-cOmbine all these processéduger and Resonantinto a
action of He™ with a typical metal surfacéve will consider unified model fo_r ion neutrah;aﬂon, to f|'nd out yvh|ch pro-
either Al or Pd and analyze in detail the different mecha- CESSES are do_mlnant in the different regions o_f ion energies.
nisms that contribute to the neutralization of the projectilegt the same time, we want to understand which conditions
when backscattered from a surface atom. In the literaturd)@ve to be metin order to make Hagstrum’s exponential law
neutralization processes have mostly been analyzed by coftill applicable, and how. is related to other metal proper-
sidering either Auger or resonant neutralization indepen!!€S:
dently. Hagstrum’s Auger neutralizatiddN) model dates
back to 19542] and was developed to describe ion neutral- Il. MODEL AND GENERAL SOLUTION

A. lon trajectory and He *-metal interaction potential

*On leave from Fudan University, Shanghai, People’s Republic of The incoming ion follows a trajectory perpendicular to the
China. surface and directed towards a surface atom while the out-
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going specieqeither He' or HE’) are scattered off at an lence electrons. In this context, the promotion of the He-1
angle of 45° with respect to the surfa@@rresponding to a level due to its interaction with the metal-core electrons is
scattering angle of 135°). important, due to which the Hesllevel may become reso-
At long distances the ion feels an image poten(&#e nant with the metal conduction band so that resonant pro-
below), while at very short distances the ion and the metakesses become very efficiei@,9]. Therefore it is very im-
atom undergo a binary collision. For the case’bie” back-  portant to calculate carefully the position of the Helgvel
scattered at 135°, the velocities of the scattered He ion angs 5 function of He-metal distance.
of the recoiling metal atom are, in the laboratory frame, | our approach to this problem, we follow R¢¥] and
va=0.24);, andvy,=0.7&;, for l_—Ie/AI ar]dvpd% 0.0%jy, describe the interaction between the Hedével and the
andv,,=0.94;, for He/Pd,v;, being the incoming veloc-  eta) by means of the Linear Combination of Atomic Orbit-
ity of He. In our description of resonant processes we neglecgﬂS(LCAo) approach using a molecular-orbital basis. As rel-

the recoil of the metal atom, since—due to their 10W o o0 jovels we include the following orbitals: He: 1Al 25,
velocity—they travel only a short distance during the time

- Lo O?é)’ 3s, and J; and Pd 3, 3p, 3d, 4s, 4p, 4d, and 5. All
| wh .e., ca. 0, .
g\.tjrva when resonant processes are operative, l.e., ca the other core levelfAl 1s and Pd &, 2s, 2p) are included

There is also—apart from the close collision—a change of” the calculation using a pseudopotential technique, equiva-
the ion velocity along the trajectory due to its interaction lent to analyzing the different interatomic orbltgl interactions
with the metal(which corresponds to the image potential atby means of a second-order overlap expansion, which im-
large distances We accounted for this effect in our calcula- Plies having very small overlap between the core levels and
tion and found no significant change in the results. Thus, irthe He-Is orbital.
this article we will assume the ion to be backscattered at the In our LCAO approach we first calculate the different
turning point of the trajectory with an outgoing velocity interactions between the Heslevel and the metal orbitals
equal to the incoming one; in this way we maintain the rela-using quantum chemistry techniques, then, we analyze the

tive velocity between projectile and scattering center. chemisorption energy for different cases: in the first configu-
ration, we consider Heas a frozen charge state and assume,
B. lon neutralization. Resonant and Auger processes to be consistent, all the hopping paramefgys; between the

. . He-1s level and the metal orbitalto be zero. In the second
In our approach to investigate the charge-transfer pro-

cesses between Heand a metal, we distinguish between cor!f|gurat|9n.we con sider frozen Massumingl s, =0. Wwe
. define the “diabatic” He-5 level, E4, as the energy differ-
Auger and resonant processes since these processes act Ii
) . C . .“ence of the total system for the charge state$ & He',
different spatial regions: AN acts at large distances, Wh”eE[He+] and E[HE"] with respect to the Fermi level
resonant processes act only during the close collissme P P
below for a discussion of this approximatjofNote that dur- 01 N
ing the close collision also AN will be active, but with much E[He']~E[He ]=EysEe. 2
lower transition rates as compared to RN and may therefor
be safely neglected there.
With these assumptions we calculate independently th

+ :
Auger survival probabilities for the incoming and outgoing el tohthe Hé state(seedFZfo[lo] fo;rdet.ans). inl N
paths,PX,in and PX’OW respectively, as well as the prob- n the next step we define an effective spinless Newns-

abilities for He" to survive and H& to be reionized in the Anderson Hamiltonian where we introduce the diabatic
and P... respectively. From these level of He and the hopping termis;q; that have been ne-
e glected in the previous step. This Hamiltonian reads

ﬁlote that the differenceE[He']—E[He’] measures the
hange in potential energy of the ion when going from the

close collisionP,,
guantities we obtain the total ion fraction after the whole

ion-surface interaction, P by means of the following equa-
tion: A=E . (R)Ppst D efi+ D [TisiCleei+H
=Ei1s 1s i €in; - [ 1s,iC1sCi -C-]
P+:Px,inp+ PX,out+(l_PX,in)PreionPX,out' (1)

Surv
In the following, we will refer to the first and second parts +2, [Ti;clc;+H.cl, (©)
of Eq. (1) as the survival channel and the reionization chan- 17
nel, respectively. In the reionization channel, a contribution . o
to P* is obtained from the ions Auger neutralized along thewhere the unperturbed eigen valugsand the hopping inte-
incoming trajectory due to the resonant-ionization mechadralsT;; are the LCAO parameters associated with the free

nism. Next we discuss how to calculate the different quantiorbitals of the crystal and with the corresponding electronic
ties appearing in Eq(1). Atomic units @=#=m=1) are Structure. The Newns-Anderson Hamiltonian is usually writ-

used throughout this work. ten in a momentum representati$4], which is straightfor-
wardly obtained from Eq(3) by changing to the basis of
[ll. RESONANT PROCESSES Bloch wave functions giving the electronic structure of the

metal. The Al and Pd surfaces are assumed to be unrecon-

structed and have fdd11) symmetry. The tight-binding pa-
For the He-metal system, resonant processes are due tameters for Al and Pd are taken from REE1]. Different

charge transfer between the He-level and the metal va- integrals needed to obtain the hopping between He and the

A. General formalism
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. 3F ‘.\ 1 FIG. 2. The adiabatic energy level of HE;, in front of Al
3 -\ ] (dashed lingis shown together with the diabatic levél;, (con-
5‘.’1 2L ,\\ ] tinuous ling. The top and the bottom of the conduction band of Al
g /I \‘.\ i are schematically drawn as two horizontal straight lines. The zero
= \\ of energy is taken at the Fermi level so that the hatched region
r AN 7 represents the occupied part of the band. Due to the interaction
\\\ . between He and the core electrons of Al, the Heldvel is pro-
oL T moted and resonates with the conduction band close to the surface.
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charge. In Fig. 2 we also show the adiabatic lewg], which
atom-surface distance (a.u.) is the molecular orbital level resulting from the interaction

. betweenE, and the Al-core orbitals. Note that at large dis-
_FIG. 1. Th? hoppmg parametetys, for th? He-1s .level an_d tances both energy levels coincide, while at small distances
different atomic orbitals of Al(a) i=3s (continuous ling¢ andi

=3p, (dotted ling. (b) i =2s (dot-dashed lineandi =2p, (dashed  the hopping integrald; modify E; substantially by pro-

line). Distances are measured with respect to the first atomic layefnotion of the He-% level, so that for small distances this
new level overlaps with the conduction band of Al.

metal surfaces are calculated using Slater siggbitals Figure 3 givesT; for the He/Pd system, wherestands

[12] and the code of Ref§13,14. The excited states s~ for the 3, 3p, 3d, 4s, 4p, 4d, and % orbital of Pd.

and 23S of He in front of an Al surface have also been Figure 4 showsE,s and the adiabatic levef, for the

analyzed in Ref{10] and their contribution to the neutraliza- He/Pd system. The behavior & is similar to the one
tion of He" was found to be small. The reason is that thesgound for Al. Note again the promotion of the Hes-level

excited states are above the Fermi level in the range of disand its overlap with the Pd conduction band, due to hopping.
tances of interest. Therefore, they will be neglected in this

work. C. Dynamic solution of the Newns-Anderson Hamiltonian

- The time-dependent evolution of the He-level occupa-
B. Eys and Ty, for He/Al and He/Pd tion numbern;4(t) has been analyzed using Keldysh-Green
Figure 1 showsT;s;, wherei stands for the & 2p, 3s,  function technique$15]. Details have been published else-
and 3 orbital of Al, as a function of the metal-He distance where[7]; let us only summarize here that in this approach
along the direction perpendicular to the surface. Zero diswe calculate the Green functid® ,(t,t") associated with
tance corresponds to the metal atom center. the He-1s level. This Green function satisfies the following

Figure 2 shows  for the He/Al system. Th& level s integrodifferential equation:
obtained from Eq(2) whenE[He"] andE[He" ] are known.

These quantities have already been calculated for Al in Ref. 1dGlq 1s(t,t")/dt—E15(R(1))Glg 1s(t,t")

[10] for distances between 1 and 10 a.u. The valuek qf t

given in Fig. 2 are also similar to the ones published in Ref. =o(t—t")+ f,dtl 1515l R(1),R(t1);t,t1]

[10], but our values are more accurate, since the #\lp- !

bital and the %-core level are included in our calculation. At X Glg1s(t1,t"), (4

large distances we recover the image potential limit, while at

small distance<€, bends down, basically due to electro-
static interaction between the He-level and the Al atomic  where the self-energﬁrl_%1S is given by
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whereng(w) is the Fermi-Dirac distribution function of the
metal electrons ang; ;(w) the density matrix for the metal
surface,

1
pij(@)=——Imgi (). ™

In Eq. (6), ty is the initial time used to solve numerically
Egs. (4) and (6) with the initial conditionsn;¢(ty;)=0 for
incident ions andhq4(tg) =1 for incident neutral atoms. The
initial condition ny¢(te) =0 is used to calculat®y,,, while
nis(tg) =1 is used to calculat®,;,,. The initial time is
defined by an initial distancd, large enoughd, around 7
a.u. from the last metal layper

IV. AUGER PROCESSES

In our basic Eq(1) we have assumed that resonant and
Auger processes are spatially separated. From the results pre-
sented in Figs. 2 and 4 we can conclude that this is a good
approximation. In these figures we see that the adiabatic
He-1s level E, is below the metal conduction band for large
distances so that only Auger neutralization can operate there.
When E 45 resonates with the conduction band, Auger pro-
cesses can still operate but their rate is small in comparison
with that of resonant processes and can be neglected. With

gi j(w) being the retarded Green function of the unperturbedhese assumptions we can consider Auger and resonant pro-

metal surface. In Eqg4) and (5) E;s, andT,5; depend on
the time-dependent ion positioR(t). Once we calculate

1s.1s(t,t"), the occupancy4(t) is obtained from the equa-
tion

+oo
0=t Gl o)+ 3 [ done(@ip o)
t
XJ' dt; Gig1s(t, ) Tasi(R(t1))
to

t .
X f dt, Grlg,ls(t-tz)-rls,i(R(tz))e_'w(tl_IZ). (6)
to

cesses as spatially separated and, consequently, we will de-
fine the separation poiat, as the distance whekg,s crosses

the bottom of the metal conduction band. Since Auger pro-
cesses are important for distances larger thanl a.u., we

will use the jellium model to describe these processes. Note
that, when the distance between atom and surface increases,
more and more metal atoms contribute to Auger neutraliza-
tion and the use of the jellium model becomes more appro-
priate.

In contrast to resonant processes, Auger processes will be
treated semiclassically here. In the semiclassical approxima-
tion (SCA) the transition rates for capture ¢ht) or loss
(1/74,) of an electron by the ion is calculated quantum me-
chanically, using Fermi’'s golden rule, as a function of dis-
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tance. These rates are then inserted into a clasgitadtey 0025 —————T——— 77—
equation giving the instantaneous occupancy of the atomic
orbital. Within this approximation, and taking into account

that no loss process is possible when the ion energy level i
below the Fermi level at the low velocities considered in this
work, the Auger survival probability for the incoming trajec- 0.015 -

tory reads
Pi ! fwd !
n=exg — z
Adn VintJzg  Tac(2)

An equivalent expression holds for the outgoing path. For
Auger processes, it has been demonstrated in [R6f.that o000 ——
the SCA is very accurate when calculating atomic occupan- 0 1 2 3 4 5 6 7
cies. distance (a.u)

Transition rates for different Auger processes contributing
to neutralization of Hé on Al were presented in Ref10], _ FIG. 5. The Auger capture rate for He on Al as a function of the
where the rates for direct Auger neutralizatifrom Ref, ~ distance to the surface.
[17]) and direct Auger deexcitation were calculated using a , .
surface response function: the process of indirect Auger ddnteraction with the metal-core electrons. Therefoye)
excitation was found to be negligible. It should be noted thaghould be written as the linear combination,
Ref.[10] dealt with Auger neutralization of Heat very low
veIocities(perpendicul'ar energies smaller than a few axd |16) = Cpiel o) + E clv), (12)
therefore the calculation of the Auger rates made use of the [
following approximations:(i) the energy variation of the ) ] .
He-1s level with distance to the surface was not taken intoVhere (r|#ye) is the He-I wave function,(r|y) is the
account, since at very low velocities the ion is almost comWave function of the I-core orbital, and the coefficientg
pletely neutralized at very large distances when approachingnd¢i are known functions of the distance. When substitut-
the surface(at distances of ca. 3 a)u.(ii) bulk plasmon iNg Eq.(11) into Eq.(10) all the terms(ye'd"[ ) can be
assisted neutralization was neglected, since bulk plasmor¥glected, since the wave functions of the core levels are
cannot be excited at large distances from the surface. In th@ighly localized and we get
present case we deal with ion energies in the range 100- _ iqr
1000 eV, where He can get close to the surface and varia- M (K,0) = Cre{ 1 €T [ Yrie) - (12)
tions of the He-% level may become important. Moreover, . . :
in the present case the ion):)enetrates th% jellium edge and its Finally, in Eq.(12) |4 is taken as a plane wave orthogo-

potential energy allows excitation of bulk plasmons, which is::'al'zt?d to';fﬁé I_?nd tfor<r| ¥ne) We use a variational wave
an important contribution to the Auger transition rate. There-tNction o the He atom. .
This calculation is carried out for distancesmaller than

fore in this work we will approach the Auger problem from the jellium edgez; (z,=2 a.u. for A). For distances larger

a different perspective: the distance-dependent rate-(2) .
is calculated as the Auger capture rate of one electron to th@anzi the Auger capture rate is assumed to decay exponen-

0.020

0.010 |-

1, (a.u.)

: 8

0.005 |-

adiabatic leveE;¢(z), using the bulk formul@18], valid for ually as
ion velocities much smaller than the Fermi velocity, 1 1
- —(z-2))/dp
e 1)1, (13
1 - d 1 Tac(2)  Tac(Z))
23 [(a0] S L
Tac(2) kS Jo (2m)®  €(q,w) with dy=1.15 a.u. taken from Ref{10]. As mentioned
, above, this effective distance was calculated using a surface
X[M(k,0)|*8(Ex—E15(2) — w), ©) dielectric function. The values of /- are shown in Fig. 5.
. The rapid decrease of 44 for short distances is mainly due
with to the quick promotion of the adiabatig; level. Note that
) the Auger rate becomes very small for distances shorter than
M(k,q) = (/€' T | i) (100 ~1 a.u. where resonant processes set in, thus the spatial

separation of Auger and resonant processes is actually real-
In Egs. (9 and (10), (r|¢) is the wave function of a ized. The Auger capture rate reaches its maximum at the
metal electron of momenturk and energyE,, kg is the jellium edge. This value is about a factor of 2 larger than the
Fermi momentum(r| i) is the atomic wave function and maximum value of I, calculated in[17], the difference
€ (g,w) is the Lindhard dielectric function. In calculating being mostly due to the contribution of the plasmon-assisted
the matrix elements of Eq10) we have to take into account neutralization process. Another sophisticated calculation of
that E is the energy of the Hesllevel resulting from its the Auger capture rate was performed by Cazaldtaal.
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[19]. These authors analyze the effects of an improved de- 1.0 ——F——F——T——T———7T—
scription of the He-% wave function, which is more ex- s
tended than the simplest variational wave function used in  ggl
[17] and also in this work, and of the excited states of He. In
their calculation, however, the Heslenergy level was as-
sumed to be always shifted up by the image potential with a
saturation at 4 eV. With these assumptions, the contributiors=
of plasmon-assisted neutralization was ruled out. As a result ® 0-4 |-
a net increase of the Auger rate by-5000 % was obtained -
with respect to the earlier results pf7] in the range of 02 |-
distances near the image plane. This range of distances i
relevant for experiments at grazing incidence, where the per

’
1 1 L 1 L 1 L 1 L 1 "

pendicular energy of He is only of a few eV. In this regime, 0.0 _1;0 _1‘66 50 0 50 100 150 200
experiments have been performed by Hesthal. [20], mea- 10 . . . . . . .
suring neutralization of He. These authors deduced Auger _' ' ' ' ' ' ' '
transition rates from their experimental data and obtained, a: 08 (b)

a result, Auger rates that exceed the theoretical ones by twi
orders of magnitude, assuming that the neutralizing transi- i
tion occurs at large distances from the surface where the us _ 06 -
of a pure image potential shift of the Hes-level is justified. <& 5
van Somereret al.[21] also performed experiments at graz- € ¢4 |
ing incidence, measuring electron-emission spectra. The
spectra could be nicely reproduced by using the calculatec
He-1s level of Ref.[22] and either of the Auger rates calcu-
lated in[17] and[19]. Concerning the analysis of Rg¢20] i
van Someren showed that Auger rates close to the theoretice 0.0 &=
ones are deduced also from those data, if the theoretica 60 40 -20 0 20 40 60
He-1s energy is used as input data. Thus, the discrepancy time (a.u.)

between the Auger rates of Hedtttal. and theoretical ones

could be traced back to the fact that Auger neutralization FIG. 6. The occupancy of the Heslevel interacting with Al as
occurs also at distances where the image potential shift is n@t function of the interaction time;=0 corresponds to the turning
a realistic model for the position of the Heslevel. In sum- point of the trajectory. Different lines show the results of calcula-

mary, the comparison of theory to experiment gives confi{ions assuming: only resonant procestesited ling, only Auger

dence to the theoretical results for the position of the Heorocesse_sdashed ling an_d Auger and r_esonant_procesges_lncluded

level and the Auger rates. together into the dynamic equatidgoontinuous ling lon incident
energies of 260 eV irfa) and 1440 eV in(b).

80

V. RESULTS a.u(1.44 ke, this region extends up to ca. 2.5 a.u. and it

. . does not significantly change down t0=0.051 a.u260
In our resonant dynamic calculations we have chosen thev)_ In Fig. 6 we also include the values of(t) calculated

ion trajectory and the velocities as discussed in Sec. Il; fof . o
assuming Auger processes to be the only neutralization

the diabaticE IeveI. we have used the \_/alues_calcqlated iNmechanism. Thus we see, how—along the incoming
Sec. lll for boththe incoming :ind outgoing trajectories: for trajectory—Auger neutralization starts to operate at large
the outgoing trajectory we tak;s to depend on the metal distances, while resonant neutralization becomes important
atom-ion distance as shown in Figs(&) and 4(Pd. This  at small distances. This validates the approximation intro-
approximation is valid if the resonant process is operative aguced in Sec. Il to calculate . In order to find a quantita-
very small distances onlfbelow 3 a.u), a region for which  tive answer to the question of how good the ansatz of spatial
E,< is mainly determined by the binary interaction betweenseparation of the processes is, we performed a dynamic cal-
the metal atom and the ioisee below. culation where Auger and resonant processes are treated si-
Figure 6 shows the ion occupanay(t) as a function of ~multaneously. This is done by using the dynamic E4).
the trajectory timing; wheré=0 corresponds to the turning with the self—energ;&rls’ls corrected by a termi(rac) o(t
point of the trajectory. We should mention that the turning—t;). As a result we find that this “local” approximation to
point of the trajectory is a function of the ion kinetic energy the Auger self-energy is a good one for calculating the
and is calculated using[He" |; to useE[He"] for calculat-  atomic occupancy, for details see Rf6]. In Fig. 6 we also
ing the turning points would increase their values only by caincluden 4(t) as calculated using this dynamic approach. An
0.05 a.u., not introducing significant changesig(t). From  important result of this analysis is that the final ion charge is
Fig. 6 we see that the resonant charge-exchange processesurately approximated by our calculation using &g.
are localized around the turning point, at distances that do In Figures 7 and 8 we show our calculated ion fractions
not depend strongly on the ion velocity. Thus, fo=0.12 P* for the He/Al and He/Pd systems together with experi-
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FIG. 7. The contribution of different processes to the ion frac-
tion of He" backscattered from Al. Dashed line: Auger survival
probability. Full circles: survival probability including resonant pro-

FIG. 8. The contribution of different processes to the ion frac-
tion of He* backscattered from Pd. Dashed line: Auger survival

; ; robability. Dashed-dotted line: survival probability including reso-
cesses only. Full triangles: the results for the survival channel. Fulﬁ y P y 9

. full calculation for the ion fracti btained th ant processes only. Long-dashed line: our full calculation for the
squares: our full calcuiation for the ion fraction, obtained as e, , fraction, obtained as the addition of the survival and reioniza-

addition of the survival and reionization channels. The experimenta\l.i n channels. The experimental data are shown by a continuous
data are shown by a continuous line. Incident energies are markqﬁ?e Incident énergies are marked by arrows onstaxis
by arrows on thex axis. ' '

metal conduction band. This is the crucial point that makes
the resonant processes operative. Thus it seems convenient to
speak of “collision-induced resonant neutralization” rather

mental data from Ref§23] and[24] (bold lineg. The vari-
ous theoretical curves correspond to the following caBés:
assuming only resonant processe®.(,), P* assuming than just of RN in this case

only Auger process'eQD(;mPX'om), andP*l for the survival Comparing our results for Al and for Pd, we find some
channel and our final result foP* as given by Eq(1).  mportant differences between the neutralization behavior of
Comparing the He/Al and the He/Pd results we find an im-p| and Pd: while for Al the adiabatic leveE, level reso-
portant difference: for Al, resonant processes present fates with the metal band at a metal-ion distance bfa.u.,

this threshold appears at about 1 keV. Moreover, for Alihe charge-transfer processes betweeri lded Pd less ef-
resonant processes are found to be important in the regiogtive.

150 eV—1.5 keV, contributing substantially to the tofal, Our final results forP* for the He/Al system shows an
while for Pd the importance of resonant processes seems {@ysual behavior in the energy range 110-6\5 keV, with
be small, with a non-negligible contribution ®" only for o minima in the ion fraction around 150 eV and 400 eV
ion energies between 1 and 4 keV. kinetic energies. These two minima are due to resonant pro-
cesses and can be traced back to the behavior of the hopping
VI. DISCUSSION AND CONCLUSIONS integral T, 3 (see Fig. 1, which shows a pronounced mini-

. .. mum atd~2 a.u. and a negative slope in the rang@.5—2
The dynamic Eq(4) for resonant processes can be fairly a.u.; setting arbitrarilyT ;5 35 constant in the interval O to 2

well approximgted by using the adiabatic levBls instead a.u., we obtain a broad peak between 1.5 keV and 120 eV
of the diabaticE; s, and by including only effective hopping with just a minimum inP* for the resonant processes. These
terms between the Heslevel and the conduction banBys  results show that the energy regime 26[R20 eV represents
and E, differ considerably(see Figs. 2 and)4 since the a transition regime where resonant processes become impor-
adiabatic levelE, is promoted by its interaction with the tant, leading to oscillations d®* and finally to an increase
metal-atom-core orbitals, and becomes resonant with thef P*, once the resonant channel is fully open. Note that the
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experimental data shown in Figs. 7 and 8 do not show an0%—by just using a different set of orthogonalized wave
oscillations, as has to be expected since these experimerfismctions when calculating Eq12), as found in Ref[19].
were performed in a rather narrow energy range.The systemevertheless, we decided to stay with the simpler sidggle-
He/Al was analyzed also in Reff25]. The main differences  wave functions, since our main aim is rather to gain insight
between the results presented in R@6] and the results of jnto the interplay of the relevant physical processes than to

Fig. 7 are due to the inclusion of the As2orbital, which |50k for a quantitative description of experimental data.
was neglected in Ref25], and makes an important contri-

bution to the promotion of the Hesllevel.

Regarding the He/Pd system we summarize that, in this
case the influence of resonant processes seems to be very
small, so that neutralization is almost exclusively due to Au- We are indebted to P. Pou, F. J. Gardfidal, R. Peez,
ger processes. In other words, this is a system where Hagnd J. Ortega for useful discussions. This work has been
strum’s exponential law appears to be practically valid. funded by the Spanish Comisidnterministerial de Ciencia

In summary, we find qualitative agreement comparing ouly Tecnologa under Contracts No. PB97-0044 and PB97-
calculations to experimental data. This is a satisfactory re0028. E.A.G. and N.P.W. acknowledge the Spanish Comi-
sult, taking into account that our theory is a compllx sion Interministerial de Ciencia y Tecnolagfor financial
initio calculation, free of adjustable parameters. The follow-support. E.A.G. was also finally supported by Consejo Na-
ing example may illustrate this situation: we would find ancional de Investigaciones Ciéfitas y Tenicas(CONICET,
increase in the Auger ratedyc by 50%—and, equivalently, Argenting and Fundacio AntorchagArgentina under Con-
an increase in the matrix elements of E@2) by around tract No. A-13564/1-26.
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