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Neutralization of He™ ions in front of an aluminum surface
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We report electron spectra obtained from grazing incidence collisions bfidtes with an A(111) surface
at collision energies ranging from 200 eV up to a few keV. The part of the spectra due to potential electron
emission is analyzed in terms of a rate equation model that uses transition rate constants for resonant charge
exchange— and Auger-type processes, and interaction energies between the projectile and the surface. It is
shown that, if recently obtained theoretical interaction energies and rate constants are used in the model,
calculated and experimental electron spectra agree within experimental error. From this it is concluded that
the theoretical input information on the He/Al system is consistent with experimentianike rate equation
model is a valuable tool for analyzing electron spectra.

PACS numbes): 79.20.Rf, 79.20.Ap

INTRODUCTION tile states involved, and electron spectra can be obtained
from the population probabilities of those states that decay
When ions slowly approach a metal surface, two differentrreversibly by electron emission. The calculation of electron
types of processes can occli):resonant transition@RT) of ~ spectra by itself is of course still far from trivial and requires,
one electron, i.e., resonant captyRC), and resonant ion- in addition to the total-dependent ionization rate§) the
ization (RI); and (i) Auger-type two-electron processes thatinteraction potentials for the initial and final state of the pro-
lead to ejection of an electraisee, e.g.[1]). The latter pro- jectile, and(ii), an approximate decomposition of the total
cesses are called Auger captifeC) processes if two metal ionization rate into the differential rates for defined initial
electrons are involved, and Auger deexcitati®D) pro-  and final electronic states of the mefa|2].
cesses if one metal electron and one atomic electron are in- The rate equation description sketched above has been
volved. We consider here “grazing incidence” collisions, applied frequently in the past to the qualitative analysis of
where the perpendicular enerBy,, sir’(9) is of the order of  electron spectra. In the absence of sufficient theoretical in-
1 eV or less, so that the projectile trajectory lies outside thdormation, model functions for both the transition rates and
first surface layer and is essentially independent on the imthe interaction potentials were used, and the Auger-type tran-
pact point at the surface. In the case of'Hens approaching sitions were described in terms of the unperturbed surface
an Al(111) surface(M) along such trajectories, the scheme of density of electronic statd$DOS [1-8]. It has been shown

possible processes that can occur is rather simple: that experimental electron spectra could very well be repro-
duced qualitatively in this way, leading to an identification of
RT the features observed in the electron spectra and to an ap-
He'+M 4= He*(1s25) +M’ proximate reconstruction of the time evolution of the
ACl  AD projectile-surface system—even for cases of rather compli-
cated reaction schemgd—8]. As an implicit result of these
He(1s")+M " +e'(Ee) 1 analyses, the reaction rate constants involved in the reaction

schemes were determined while the interaction energies were

estimated. Due to the uncertainties implied in these esti-
A scheme of processes like E€l) implies a certain time mates, such semiempirically obtained rate constants have to
evolution of the system during the collision. Since thebe considered as uncertain, to an extent depending on the
DeBroglie wave length corresponding to the perpendiculafystem.
energies is small compared to the length of the trajectories in In the case of the H&AI(111) system, recently sufficient
the interaction region, this time evolution can be described irtheoretical information has become available to calculate
terms of transition rates and population probabilities alongglectron spectra within the rate equation model, and to com-
the classical trajectories. A general difficulty that arises inpare the result with measured electron spectra. Such a com-
such a description is due to the fact that the forces determirparison is the main purpose of the present work.
ing the trajectories depend on the projectile state, so that an
initially well-defined trajectory branches into many indi-
vidual trajectories, depending on the time points of transi-
tions between the states involved. An approximate way, A mass selected Hebeam is directed at a single-crystal
which simplifies a description of the time evolution consid- Al(111) surface mounted on a manipulator. The polar and
erably, implies the assumption that a well-defined one-azimuth angles of incidend@)) and(¢), respectively, with
dimensional trajectorg(t) may be defined. In that case the () defined relative to the surface, are controlled by rotating
evolution of the system can be described by a set of couplethe manipulator with an accuracy of ca. 0.1°. The crystal
rate equations for the population probabilities of the projecsurface is prepared by sputter cleaning and annealing, and its
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He"/Al(111) at 2° grazing incidence angle and three different ki-

FIG. 1. Scattered ion intensity plotted as a function of the azi-netic energies. Below ca. 5 eV electron energy the spectra are not
muthal angle of incidence for 1-keV Heons at 8° grazing angle reliable due to stray magnetic fields. The spectra are normalized in
incident on A(111). The ions are measured in the direction of the intensity and shifted by 100 arb. unit for clarity.
surface normal. Low intensity indicates the absence of hard colli-
sions, i.e., “grazing conditions.” Such conditions are realized in the
direction of the “closest packed” surface directions.

sion function of the spectrometer. Below an energy of ap-
proximately 5 eV, the transmission function is unreliably
known due to imperfect compensation of the earth’s mag-

uality is controlled by low-energy ion scatteringEl L . .
d y y 9y terirgEIS) netic field, and the spectra are not shown in that region.

[see, e.g.[9]]. Especially, the realization of “grazing condi-
tions” was tested by monitoring large-angle scattering of
He" at small polar inci(j_ence angles. An example of an azi- CALCULATION OF ELECTRON SPECTRA
muth scan ford=8° incidence angle at an energy of 1 keV
and 90° scattering is shown in Fig. 1. Note that “grazing For a calculation of the electron spectra within the rate
conditions,” i.e., the absence of hard binary collisions of Heequation description sketched in the Introduction, we need
with the individual surface atoms, and hence near speculdhe interaction potentials for He in the states *Ki&s),
deflection of the incident beam, is realized in the six closesHe* (2 3S), and He(%?) with the Al surface. For He(1s)
packed surface directions of the sixfold rotational symmetryand He(%?), these potentials have been calculated by Me-
of the (111) surface of the Al fcc crystal. Upon decreasing rino et al. [10] using an “LCAO [linear combination of
the incidence angle further, grazing conditions are realize@tomic orbital$ method supplemented with a LD many-body
successively also for the other directions. The electron specontribution.” These authors report calculated points at dis-
tra to be discussed in this paper are measureddfer2®°  tances from 1 to 7 a.u. outside the first atomic layer, 1 a.u.
along one of the closest-packed directions. Before and afteapart. It turns out that this distance region covers the region
each measurement the realization of grazing conditions wamost relevant for Auger neutralization, so that an extrapola-
monitored. The electrons emitted as a result of thetion of the potential to smaller and larger distances does not
He™-Al(111) interaction are detected by a hemisphericalintroduce significant uncertainties. The extrapolated He-
electrostatic analyzer in a direction perpendicular to the surtential is made to approach asymptotically the image-charge
face. The analyzer has an energy resolution of ca. 3% anidteraction] —1/(4z)] with the image plane position taken to
accepts ca. 10 sr. We measured electron spectra for colli- be 3 a.u. in front of the first atom layer. This value of 3 a.u.
sion energies ranging from 0.2 to 5.0 keV. While at 0.2 keVis the sum of the “jellium edge”—surface distance of 2.2 a.u.
virtually no kinetic emission occurs, the contribution of ki- for Al and the image plane-“jellium edge” distance of 0.8
netic emission to the spectra becomes appreciable at theu.[11]. For He(23S)-Al, no theoretical interaction poten-
higher collision energies. Since we want to analyze the sportial is available. However, Dunningt al. [12] have calcu-
taneous ionization processes, we subtract the contributiorlated the H&(2 3S)-Cu interaction potential. Since they
due to kinetic emission from the spectra. This can be done itreated the Cu as a “jellium,” their potential is probably also
a rather straightforward way because the kinetic part has ag reasonable approximation for the He{®)-Al potential.
proximately the form of an exponential that extends beyondNe will use this potential in our model. It is defined relative
the energy region of the spontaneous-emission part and cda the jellium edge. In order to use it in our calculation we
therefore be determined in that region. therefore shift it by the jellium edge—image plane distance of
The spontaneous emission spectra obtained in the d&.8 a.u.
scribed way are reproduced in Fig. 2 for the three collision The potentials obtained in this way are shown in Fig. 3 in
energies 0.2, 0.5, and 1.0 keV. The electron-energy scale has diagram that allows one to visualize the processes of
been calibrated experimentally with an accuracy of bettescheme 1. This is done by normalizing the potentials as fol-
than 0.5 eV, and the spectra are corrected for the transmisws:
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FIG. 3. Potentials used in the model calculations. The potentials F|g. 4. Theoretical rate constants used in the model calcula-
are normalized to the total asymptotic energy of the He-metal sysgons. The Auger neutralizatiofN) rate constant is adapted from

tem involving the respective atomic states and the respectiviyer [13] and the resonant transitidRT) rate constant is adapted
ground state of the metal. The arrows indicate the possible eleGyom Ref. [12].

tronic transitions, resonant ionization RI, Auger deexcitation AD,
and Auger capture AC. Also indicated are the final perpendicular
kinetic energies resulting from direct ACEf.,), and “indirect ~ Processes. Especially, indirect AC neutralization will gener-
AC” ( Eﬁer;)- ally lead to significantly lower final kinetic energies than
direct AC neutralization, because in the indirect process the
(i) The He"-Al potential is set to zero energy asymptoti- projectile will be retarded in the HeAl™ potential, so that,
cally. after RI, it will have a lower kinetic energy when it gets
(i) The H&-AIZ" potential is shifted to an asymptotic neutralized in the AC process. Since the kinetic energy is
energy ofE(x)=—IP(He)+2d=—16.1¢eV. conserved in the AC transition, this leads to a lower perpen-
(i) The He&(239)-AlT potential is shifted to an dicular energy. This is also indicated in the diagram.
asymptotic energy oE(<)=—IP(He*)+®=—0.55eV. The other crucial quantities we need are the rate constants
for Auger transitions to the ground state. The total rate con-
Here ®=4.25eV is the work function of Al,IP(He) stant for the H&/Al system, including both AD and AC
=24.6eV the ionization energy of He, ahB(He* (2 3S)) processes and in addition a plasmon-assisted Auger decay,
=4.8eV the ionization energy of He(38). The electron has recently been calculated by Lorente and Monf#a),
energies for AC and AD transitions involving one or two using a “self-consistent LDAlocal density approximatidn
electrons from the Fermi-level, respectively, are then simplymethod.” Later, more refined calculations of the same total
given by the vertical energy separation between the poterrate constant by Cazalillet al.[14] have been published, in
tials at the transition distance. If electrons from below thewhich the perturbation of the surface by the ion is more
Fermi level are involved, correspondingly lower electron en-explicitly taken into account. Although this total rate con-
ergies result from the transitions. Resonant charge-transfetant is not exactly the theoretical input information needed
transitions may be visualized in the diagram by vertical tranin our reaction scheme, where AC and AD are distinguished
sitions between the HeAl potential and the H&-Al™ po-  and where plasmon-assisted decay is not explicitly taken into
tential. These two potentials cross at a distance of 12.5 a.uaccount in calculating the shape of the electron spectra, we
where the H&(2 3S) level crosses the Fermi level. There- will use this rate constant. In fact, the total neutralization will
fore, at distances smaller than 12.5 a.u., RC transitions cobe described appropriately in this way, and a certain ambi-
respond to capture of a metal electron from occupied stateguity only arises in calculating the shape of the electron
above the Fermi level, and RI transitions correspond to losspectra. We will see that, for the final comparison of experi-
of an atomic electron into empty metal states above thénental and calculated electron spectra, this ambiguity is not
Fermi level. The electronic energies implied in these transiimportant. The theoretical rate constant of R&B] is repro-
tions are, respectively, gained from the parallel motion viaduced in Fig. 4. The rate constant of the refined calculations
the Doppler shift in case of RC, and lost to the metal via[14] is about a factor of 5 larger and has a similar distance
electronic relaxation in case of RN. For all electronic transi-dependence.
tions, it is assumed, as usual, that the instantaneous perpen-Finally, we need the rate constants for the resonant elec-
dicular kinetic energy of the projectile is conserved. We no-tron exchange processes. Here, a problem arises because of
tice that neutralization to the ground state of the atom carhe rather swift motion of the atomic particles parallel to the
occur (1) directly by the AC process2) indirectly by the  surface. Even if a transition ratEq(z), as calculated for
AC process after intermediate resonant capture and loss of dixed distancegz), is available, the rate functiohi(z,v) to
electron, and3) by the AD process from the metastable statebe used in the rate equations depends very sensitively on the
after resonant capture of an electron. The final perpendiculaelative velocity (), because the actual rate has to account
kinetic energy can be drastically different for the differentfor the availability of “empty metal states” in the case of R,
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FIG. 5. The SDOS function used in the calculations. It arises FIG. 6. The population of the states distinguished in the neutral-
from the “jellium” SDOS of aluminum by a Galilei transformation ization schemdl), calculated for a grazing incidence collision of
for a relative velocity corresponding to a collision of He at an He* at 2° and 200 eV.
energy of 200 eV.

lution of the rate equations using the rate constant for reso-
and of “populated metal states” in the case of RC. Within nant charge transfer of R€fl2] and the Auger neutralization
the “jellium model” for a metal, it is customary to take the rate constant of Ref.13]. The calculations refer to a colli-
influence of the parallel motion approximately into accountsion energy of 200 eV and an incidence angle of 2°. We
by a Galilei transformation of the Fermi sphere of velocitiesnotice that most of the Auger transitions leading to neutral
of the free metal electron@ee, e.g.[15]). This leads to a He in the ground state occur rather close to the turning point,
density-of-states function that decreases gradually fronin a narrow region centered at 0.5 a.u. in front of the image
“fully occupied” to “zero” across the Fermi level. For the plane. Projectiles that have been neutralized at intermediate
case of He at 200 eV of kinetic energy, the resulting transdistances lose their electron before they reach distances
formed surface density of electronic stat&©OS is shown  where Auger transitions become significant, so that the AD
in Fig. 5. The relative energy position of the Fermi level with process is unimportant.
respect to the atomic level is given by the potential curves With the populations determined in this way, the electron
(see Fig. 3 if the population of metal states would change spectra are calculated using the method described in our ear-
stepwise at the Fermi level, RC would only be possible outfier publications (e.g., [2,3,5,9). In these calculations,
side the crossing distance at 12.5 a.u., and RI only insidezalilei-transformed SDOS functions, as shown in Fig. 5 for a
whereas in case of the transformed SDOS a rather wide rewollision energy of 200 eV, and the potentials shown in Fig.
gion exists where both RC and RI occur simultaneously. Es3, are used. The resulting electron spectra are compared with
pecially, RC is possible in the dynamical situation down tothe experimental spectra in Fig. 7. Since the experimental
rather small distances, leading to significant populations o§pectra are not on an absolute scale, the spectra are normal-
the He(23S) state close to the surface. Within the rate equaized with respect to each other in intensity for each collision
tion model, the actual rates are constructed as energy. We notice good agreement between calculated and

measured spectral shapes. The observed slight structure in

I're(z,v)=T'g(2)Ny(z,v) for RC, (2a)
800
INri(z,v)=T3(2)Ng(z,v) for RI, (2b) o0
whereN, andN, are the branching ratios for populated and 600

empty states, respectively. These branching ratios depend
sensitively on the parallel velocity, and result directly from
the transformed SDOS at a given distance from the surface.
A velocity-independent rate constdng(z) for resonance
transitions that could directly be used to define the velocity-
dependent rate constants by relati¢2g and(2b) has been
reported for the H&-Cu systen{12]. It is obtained in calcu-
lations treating the Cu as a “jellium,” and may therefore 0
also be used as an approximation for the'+hd case. It is
given as a function of the distance from the “jellium edge.” 0 s 10 s 2
In order to use it in our model, we shift it by the jellium siecon eneray €0
edge—image plane distance of 0.8 a.u. The resulting rate con- FIG. 7. Comparison of calculated and measured electron spectra
stant is shown in Fig. 4. arising from spontaneous electron emission for grazing incidence
In Fig. 6 we show the populations resulting from the so-He" collisions at 2° and three different collision energies.
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the high-energy flank, best visible in the 200-eV spectrum, ishe He -Al ™ potential, and the RI transitions, which occur
not reproduced. It could be due to plasmon excitafit8] or  mainly close to the turning point on that potential, lead to
to structure in the SDOS caused by the ion-surface interadew local kinetic energies in the AC transition region. As
tion at the rather small distances involvdad!,16. Notewor-  indicated in Fig. 3, the resulting final perpendicular energy is
thy is the very good agreement of the high-energy onset o§maller by about 1 eV, leading to a valuekff,, =2 eV, and
the spectra and of its variation with collision energy. Thisvia relation (3), to an exit angle ofJ,;=1.8°. Since the
onset is caused by Auger transitions involving two electronsncident perpendicular energy d e~ 2000[0018]sir?
from the Fermi level, and its energy position in the calcu-=0.15eV in the experiment of Rgfl7] is very similar to the
lated spectra is on the one hand rather independent of thealue of Epe,=200sirf 9=0.25eV, used for the calcula-
method used for the calculations, but on the other hand verions of the populationgsee Fig. 6 and in the potential
sensitive to the potentials and the rates used. curve diagram, the estimated angles should also be good es-
timates of the exit angles the present analysis predicts for the
experiment of Ref[17]. What is actually measured is a
slightly asymmetric distribution of exit angles that extends
The good agreement suggests that the theoretical inpiitom 1° to 2.5°, with a maximum at 2° and a shoulder around
used to calculate the spectra is approximately correct. It id.7°; in other words, a distribution that is expected on the
difficult to say how correct, because of the interconnected-basis of the above estimate. We conclude from this that our
ness of the potentials and rate constants. One therefore miganalysis is consistent with the experimental angular distribu-
prefer to state that the theoretical inputisnsistenwith the  tions of Ref.[17].
experimental results. Although, as shown above, the measured angular distribu-
As already mentioned above, the onset of the spectra, irfions are consistent with our electron spectra, as well as with
volving two electrons from the Fermi level, are rather sensithe theoretical input used in our analysis, the semiempirical
tive to the initial- and final-state potentials. For instance,Auger rate constant that was retrieved from the angular dis-
calculations show that an outward shift of the final-state podributions is higher, by about two orders of magnitude in the
tential by 0.5 a.u. leads to an energy shift of the onset byelevant distance region, than the theoretical rate constant
about 1 eV, which would be clearly visible in the measure-used in our analysis. This dramatic disagreement was already
ment. On the other hand, since the energy separation b@ointed out in Ref[17] and was ascribed to deficiencies of
tween initial and final state of the AC process happens tdhe theoretical methods applied in calculating the rate con-
vary rather little in the transition region, the electron spectrastant. From our analysis, it is quite clear, however, that, if the
are not very sensitive to the absolute AC transition rate conangular distributions would have been analyzed using the
stant. We have carried out calculations using the five timegheoretical potentials used in our analysis, the rate constant
higher Auger neutralization rate constant of Rgf4] and  obtained could not have been in significant disagreement
found that such a higher rate constant is still consistent wittwith the theoretical one. In other words, there is no disagree-
the observed spectra, although the transition region shiftgient between experiment and theory.
outward by about 1 a.u. There is a simple reason why the rate constant retrieved in
It is interesting to discuss, in the light of the presentRef.[17]from the angular distributions is so different. It was
analysis, recently published angular distributions of backassumedin the analysis that the neutralizing transitions
scattered neutralized He in grazing £ 0.5°) incidence col- Wwould occur at sufficiently large distances from the surface
lisions of He" on Al(111) at 2000 eM17]. The exit angles in  to allow one to use a pure image potenfial1/(4z)] for the
such an experiment are closely related with the electrofnitial state of the AC process and a constant potential for the
spectra. In fact, if specular reflection prevails, the exit angle§inal state. In this assumed scenario, the final perpendicular
are simply determined by the final perpendicular kinetic enkinetic energy necessarily has to be due purely to accelera-
ergy corresponding to an AC transition at a certain distanceion in theattractive image potential in the initial statand
For small scattering angle®) we have the approximate the observed small average exit angle of 2° leads necessarily
relations, to a correspondingly high neutralization rate that achieves
neutralization at sufficiently large distances of about 3 a.u. in
0O = Finct+ Fexit 1(}exn[rad_-l:[Eperp/EbearT;'llz- 3 front Of_ the image plane. o .
Obviously, the angular distribution experiment can be ex-
The perpendicular energies of the neutralized He projectileBlained in the two rather different scenarios, and is consistent
that arise according to the present analysis can simply bWith the two corresponding very different AC rates. We con-
read off the potential curve diagrafeee Fig. 3. We notice clude from this that rate constants retrieved from angular
that direct AC processes that occur within the main transitiorfiStributions without additional input information on the rel-
region around 0.5 a.u. in front of the image plane lead tvant interaction potentials are highly unreliable. For the

final perpendicular energies of abdﬁter —3eV. This en- present case of the HeAI system the scenari_o that is con-
ergy results partly from acceleration iﬁ the initial HAI sistent with the theoretical input should certainly be favored.

potential and partly from repulsion in the final 4al2*
potential. According to Eq(3), the corresponding exit angle
is Veyit=2.2° if a beam energy of 2000 eV is assumed. In the We have shown that electron spectra arising from grazing
case of the indirect AC process, the projectile is retarded iincidence Hé-Al(111) collisions are satisfactorily repro-

DISCUSSION

CONCLUSIONS
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duced within the rate equation description of the time evolu-constant used in our analysis and a recently determined semi-
tion of the projectile-surface system if theoretical input,empirical rate constant.

which has recently become available in the form of the rel-

evant interaction potentials and transition rate constants, is ACKNOWLEDGMENTS
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