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Recent measurements of electron spectra for slow multicharged N ion;surface collisions
are present‘ed.‘ The emphasis is on potential emission, i.e. the electron emission related to
the neutralization of tkie tons. When using N ions that carry‘a K shell vacancy into the col-
lision, characteristic K Auger electron emission from the projectiles is observed, as well as,
for specific surfaces, tafget atom Auger trancitions (resulting from vacancy transfer). Mea-
surements of the inteﬁsity of these Auger transitions as a function of the time the ions spend
above the surface can serve as a useful prqbe of the timescales characterizing the relevant

" neutralization processes. This technique iz elucidated with the help of some computer simu-
lations. It is shown that neutralization timescales required in the atomic ladder picture, in
which neutralization takes place by resonant capture followed by purely intra-atcmic Auger

transitions, are too long to explziin our experimental results. The introduction of additional

neutralization/de-excitation mechanisms in the simulations leads to much better agreement :

with the experiments. 3 L
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Government.  Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark, i
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- i
mendation, or favoring by the United States Government or any agency thereof. The views \
and opinions of authors expressed herein do not necessarily stafe or reflect those of the

Fintted Craten O3 b Ny
Lnned States Goverament or uny "l‘a"""’ OCren,




1. Introduction

The interpretation of electron spectra induced by highly charged ions scattering from
metal surfaces is, in general, not straightforward [1-3]. Generally, these spectra contain
contributions from b(ﬂh kinetic emission and potential ewnission. Studying the potential
emission part of the spectra provides information on the neutralization of the highly charged
ons in front of metal surfaces. A moéi(:l fpr this nevtralization, frequentl}" used in the past,
~was first introduced by Arifov et al. [4] The model assumes resonant neutralization of
the highly charged ions by metal electrons from the valence band. This leads to highly
excited atoms that are assumed to de-excite by intra-atémic‘Auger transitions. .Recently
‘we performed some cdmp‘utér simulations [5] showing that the de-excitation rates used in
this model are too-slou‘; to explain our expérixﬁental results. Acidifibnal neutralization/de-
excitation nlechaxtisms‘;were shown to be required in order to obtain the faster de—excitat‘ion
rates inferred from the measurements.

In the following, we will summarize the experimental results and th¢ computer simulations
leading to the above rﬁentioned conclusions. We will also discuss the application of these

conclusions on an additional analysis of our measurements.
2. Experimental Results

The highly charged ions used in the experiments were provided by the Oak Ridge National
Laboratory Electron Cyclotron Resonance (ORNL-ECR) ion source. A well collimated beam
of m/q selected ions was directed on é crystal at various angles of incidence. Emitted
clectrons were observed using a hemispherical analyzer (3% energy resolution) with a biased

channel plate. The analyzer was rotatable in the plane defined by the incoming beam and

the crystal normal. This set-up is showr. schematically as an inset of Figure 1.




Also shown in Figure 1is aset of measurements (5] taken for 24 keV Nt jons (9 = 2,4, 6)
incident on Cu(100) at 10° relative to the surface and a detection angle of 130° relative to the
incoming beam. The spectra were normalized to the respective total electron yields which are
given in the Figure caption. Assuming kinetic emission to be independent of the charge state
of the i‘ncoming projectiles 6], distinction between kinetic emission and potential emission
can be made.  As discussed elsewhere [5], 95% of the N2* clectron spectrum consists of
kinetic emission. We can therefore use this spectruni as the kinetic emission contribution in
the N** and the N® spectra. Besides this kinetic corltribution; the' N** spectrum containg
some additional intensity at the low energies (see Figure 1), part of which has been ascribed
to LMM Auger electron emission from the moving projectiles [5].

For the N®* spectrum in Figure 1, on the other hand, additional intensity is observed in
a broad energy range. Most of this iniensity (> 75%) consists of low energy electrons up to
30 eV [5] These low'eriergy electrons are probably emitved due to Auger mechanisms leading
to the de-excitation of the highly excited atéms created close to the sﬁrface. A?ound 50 eV
a discrete structure is observed which has been p‘revio‘usly ascribed to LMM Auger electron
emission from the moving projectiles [5,7). The average energy of this structure is slightly
~ higher than the comparable one in the N4+ spectrum (Figure 1), which is consistent with the
expected shift in LMM Auger electron enérgies due to the presence of the K shell vacancy
in the éase of N®*. The rest of the additional intensity starting at about 100 eV results
from KLL Auger electron emission from the moving projectiles. The energy range of the
discrete structure around 360 eV is consistent with calculated KLL Auger electron energies
(5,8] that are appropriately Doppler shifted. This structure may contain contributions due to

the emission of KLL Auger electrons prior to surface penetration on the incident trajectory,

from ions travelling just below the surface and from reflected ions (however, only reflected




over small scattering angles). When the ions penetrate deeper than the mean free path
of such 360 eV electrons in the target (at least on the order of § A), inelastic scattering
of £he electrons will give rise to a ﬁtxclx broader energy distribution. Such a broad energy
distribution underlying the discrete st‘ructu.re is indeed observed experimentally (see Figure
1). |
Similar results were obtained for anotlur metal surface, namely Au(110) {1,9]. The
dcpﬁndencc of the projectile KLL Auger electron intensity on the anglc of mcxd(’nce for this |
metal surface is shown in Figure 2 (after the subtragtion of the broad energy distril)ution),
The results were obtained for 60 keV N°* jons and an observation angle of 90° with respect
to the incident beam dlrectlon An increase of the angle of incidence results in a decrease of
the dxscrt ste KL, Auger electron intensity as was also found for Cu(100) [5]. This decrease
in intensity can be explained by a decrease of the total time available for the neutralization
of the incident ions. This was also found by de Zwart (2], who’measured the LMM Auger
electron intensity resulting from Ar®t ions incident at 45° on polycrystalline W as a function
of the energy of the incident ions. In the case of Au(110), interesting additional discrete
structures were observed at 69 eV and at 220 eV [1] for both 60 keV N®* ions and 70 keV O+
ions. These structur‘es were explained in terms of Au inner shell transitions, made possible
subsequent to vacancy transfer from the projectiles to the target atoms. The intensity of
the 69 eV target Auger fransition is shown as a function of the angle of incidence of the N&+
ions in the inset of Figure 2. The behaviour of this structure is opposite of the behaviour of
the KLL Auger electron intensity; an increase of the angle of incidence results in an increase
of the target transition intensity. The reason for this increase is not straightforward and is

related to different aspects of the neutralization problem as, for instance, the number of close

collisions between the projectiles and the target atoms, the production mechanism for the




target vacancies and the fraction of projectile K shell vacancies available once the projectiles
have penetrated the solid. This problem is discussed elsewhere in detail with the help of

Monte Carlo simulations of the ion trajectories inside the solid [9).
3. Computer Simulations and Discussion

Recently we have described a ?:0mputer simulation program calculating the de-excitation
cascade of a h’ighly exéited atom formed in front of a metal surface by the resonant neutral-
ization of a iligllly charged ion [5]. In l)ri‘ef, we assumed th‘at a N°* ion approaches a metal
surface with a constant perpendicular velocity. At 30 a.u. above the surface six electrons
were assumed ‘t(; be resonantly transfered from the valence band of the metal surface to
thq n=7 shellv of the ion. For the resulting highly excited atom, purely intra-atomic Auger
‘processes were assﬁmed to be the only de-excitation mechanisins. F\irthermore‘, only those
Auge; mechanisms leading to electrons as low in enefgy as possible were taken ihto account.
.After each Auger step, a fast electron transfer from the metal valence band to the n=7 shell
of the ion wﬁs assumed to keep the particle neutral. The intra-atomic Auger rates were
estimated using Cowan’s Hartree Fock codes [8]. The results obtained for this simulation are
shown 1n Figure 3 wheré the number of electrons occupying the‘pr‘incipal quantum shells
are displayed as a function of the ion-surface distance (the perpendicular velocity used was
comparable to 24 keV N°®* ions incident at 10°). The n=6 and the n=4 shells are not pop-
ulated because such small Auger steps would not give rise to the emission of electrons. In
contrast to the measurements (see Figures 1 and 2), in the simulation (see Figure 3) no
KLL and even no LMM Auger electron emission is observed. This discrepancy between the
measurements and the sirmulation 1s too large to be ascribed to the crudeness of the simu-

lation [5]. Rather, it indicates that the assumption that the ion is resonantly neutralized to




a highly excited atom and subsequently de-excited only by intra-atomic Auger transitions
' x'nay not be correct.

| | 'i‘hereforé we performed (5] a modified simulation, assuming again resonant neutralization
of the ion into n=7, but now followed by faster de-excitation mechanisms. We used the
atomic rates multiplied by a factor of 20 for the transitions between n=7 and n=5 and for
the transitions betwgcn n=5 and the M shell. In addition, we assumed the occurrénce of
Auger de-excitation directly into the L shell. The corresponding rate was taken to be 0 for
large ion-surface distances and 10" .~ for distances smaller than 8 a.u. The results for this
simulation are shown in Figure 4. As shown in the figure, this simulation leads to significant
LMM and KLL Auger electron emissio‘n.v As discussed in reference [5], with this modification
satisfactlory agreemexit with the measurements was obtained not only for the KLL and the
LMM Auger electron yields, but also for the total electron yields.

As shown in the F“igures 3 and 4, the simulations were‘stopped once the projectiles
reached‘ th‘e surface. The measurements, on the other hand, might contain contributions
from subsurface emission. However, cur simulations can also be interpreted as starting and
stopping at a distance shifted with respect to the surface plane. For example, starting the
simulations at 25 a.u. above the surface and stopping at 5 a.u. below the surface, then

corresponds to a 5 a.u. shift towards the surface.

A plausible explanation of our calculations is as follows. At a certain distance above
the surface, the highly charged ions are neutralized leading to highly excited atoms. De-
excitation of these atoms takes place by rates much faster than purely intra-atomic Auger

rates. Close to the surface, fast Auger de-excitation directly into the L shell occurs, followed

by KLL Auger electron emission from above and below the surface. As deduced from the




agreement between the simulations and the measurents, Lhe‘loacling of the L shell takes
place during the last 8 a,u. This distance of 8 a.u. is probably related to the‘ depth below
the surface from which KLL Auger electron emission can be observed and thus to the mean
free path of the KLL Auger electrons in the solid. Due to this fast loading of the L shell, the

KLL Auger vlectron emission itself is reduced to, essentially, a one step emission problcm

(sce Figure 4).

Such a scenario opens promising possibilities for the additional analysis of some of our

uxpcrimcntai results.  For instance, for the analysis of electron spectra of hydrogen like
pEOJectxles mc1dent on Cu(lOO) assummg‘that the L shell is loaded close to the surface and
usmg Monte Carlo simulations of the ion scattermg inside the solid, it is possible to determine
- theeffect of Doppler broadening on the Auger lineshape. Comparison with the measuremlents
yields information on the relative contributions from incident, from penetrated and from
reflected projectiles [9} Studying thcsg: calculated projectile Auger electron intensities as
well as calculated target Auger electron intensities as a function of the angle of incidence,
and comparing them to the measured values (see Figure 2), provides more information on
the neutralization problem.

Another possibility for such an analysis has recently been carried out on the electron
spectra induced by bare ions like N+ on Cu(100) [10]. In these measurements two discrete
structures are observed, separated in energy by roughly 60 eV. These two structures are
ascribed to the sequential filling of the K shell. Assuming that the L shell is loaded close to
the surface reduces analysis to a simple two otep problém. In the first step, the first K shell
vacancy is filled, in thé second step. the remaining one. The ratio between the two intensities
leads to an estimate of the total time available for this sequential decay and thus of the

distance above the surface at which the “loading” of the L shell occurs. The measurements




and analysis will be presented elsewhere [l();},‘

Finally, We mention the analysis of X-;a)' spectra obtained for h‘_ydrogcx‘l like ions incident
on a metal surfﬁce. As observed récentl_y‘ by Briand et al. [11], such spectra contain detailed
information on the e.lcctronic‘c‘onﬁgu‘ratim‘l of the atoms at the time the X-rays are emitted.
["rescutl,y, we are working on a higljl‘ rcso‘lu‘tion detection of such X-rays using a Bragg crystal

in combination with a position sensitive detector.
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FIGURES
FIG. 1. Electron energy distributions for 24 keV Nt (¢ = 2,4,6) ions incident on Cu(iOD)
at 10°. The spectra were normalized to the respective total electron yields which were

found to be 7.2, 8.1, and 12.5 electrons per ion in order of increasing charge states. A

schematic view of the experimental set-up is shown in the inset.

FIG. 2. De pendence of the normallzed I\LL Auger electron intensity on the anglP of incidence -
for 60 keV N°* jons incident on Au(110). The dependence of the normalized Au line at
69 eV on the angle of incidence is shown in the inset. Both spectra shown are background

subtracted.

FIG. 3. The calculated distribution of the electrons over the principal quantum shells as a
function of the ion-surface distance deduced from the atomic ladder picture for 24 keV
N+ ions incident at 10°. The atomic rates which were used in the ‘simu‘lations, were

estimated using Cowan’s Hartree Fock codes [8].

FIG. 4. Same as Figure 3, but with the rates for the population of the n=5 shell and the M
shell increased by a factor of 20 and assuming that Auger de-excitation directly into the

L shell starts at a dxstance of 8 a.u.
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