Emission of Slow and Fast Electrons from
Clean Metal Surfaces Under impact of
Slow Multicharged lons

We discuss the interplay of various electron emission processes induced by inpact of siow
(v £ 10% m/s) muiticharged ions on an alomically clean metal surface, with prior emphasis
on the resulting slow (£ 50 eV) electron emission statistics (viz. the measured probability
distributions for emission of given numbers of siow electrons). A recently developed clas-
sical overbarrier model satisfactorily describes the relevant clectronic transitions between
an incoming multicharged ion and the metal surface in the context of a four-stage scenario,
i.e., (I) the projectile’s approach toward the surface, (1E) its close contact with the latter, (1II)
its subsequent penelration into the target bulk and finally, depending on impact energy and
angle, (IV) its possible backseatlering into vacuum. Slow electrons are mainly emitted dur-
ing phases {I) and (11} and contribute dominantly to the observed total electron yields.

Key Words: multicharged-ion swrface interaction, hollow atoms, potential emission,
multicharged fon newtralization, ion-induced electron emission

1. INTRODUCTION

An ion which approaches a solid surface gives rise to a transient
exciled complex, because of the available ion recombination ener-
gy. Deexcitation of this short-lived complex can take place via var-
ious electronic transitions between states of the particle and the
surface. Besides their {fundamental interest, these processes are
also of practical relevance for plasma-wall inferaction in gas dis-
charges including thermonuclear fusion experiments, ion beam-
activated material modification and surface analytics involving
clastic or inelastic ion beam scattering. For impact of neutral atoms
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and/or singly charged ions, relevant electronic interactions have
been studied during the last four decades in increasing detail.?-0
For singly charged ions, the principal deexcitation mechanism
usually involves Auger clectron transitions between two electrons
of the surface density-of-states (S-DOS, cf. list of abbreviations in
the Appendix), by which means one of them may become ejected
into vacuum, to give rise to “potential emission” (PE).! At suffi-
ciently Iow ion impact energy the corresponding PE yield will
dominate over also possible contributions from kinetic electron
emission (KE). For impact of doubly charged ions, two electrons
can be resonantly captured from the S-DOS, followed by autoio-
nization of the such transiently formed neutral, doubly excited par-
ticles.” The latter processes have recently been studied in
considerable detail®-1! and are comparably well understood. How-
ever, for impact of multicharged ions A9t (MCI, charge state ¢ >
2), many different neutralization-deexcitation processes can be-
come involved. Hagstrum! 12 (g < 5) and Arifov et al.13 (g < 8) first
treated such cases both experimentally and theoretically. The latter
authors assumed multiple-resonant transitions 1o take place be-
tween an incoming highly ionized particle and the metal surface,
thus rapidly forming a multiply excited neutral particle, which then
starts to decay via sequential autoionization processes, causing
gjection of a corresponding number of slow electrons. In this way,
the appreaching particle becomes transiently converted into a
“hollow atom™ which carries a number of electrons in its outer
shells, while its inner shells remain empty. With today’s availabil-
ity of powerful multicharged ion sources, production and decay of
such “hollow atoms” near solid surfaces has become a subject of
considerable interest.

Total yield and energy distributions of emifted electrons have
been measured for impact of, e.g., Ar¢* ions up to g = 12.14-16 ¢
was found that for g > 8 the total slow electron vields no longer in-
creased according 1o the MCI total recombination energy, as was
the case for earlier results obtained with lower ion charge states. 13
Rather, in the course of the MCI’s neutralization, some inner shell
vacancies stay empty until close contact of the projectile with the
larget surface, and will even be carried into the target bulk where
they finally decay under emission of fast Auger electrons, as first
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demonstrated with H-like N and O7* projectiles.]” Several
groups!3-20 have studied the related Auger electron spectra in de-
tail, and conversion of MCl into “hollow atoms’ near a metal sur-
face has also been demonstrated {from the resulting soft X-ray
emission.21-24 In addition, fast Auger electrons can also originate
from the target particles,?® and the above described inner shell va-
cancies in recombining MCI influence the projectile-charge de-
pendence of the charge states of both the scattered projectiles?6 and
the spuitered targel atoms.2’

So far, reviews of this rapidly emerging field have mainly ap-
plied classical concepts,’ 32830 and some of the involved electron-
ic transitions have also been treated quantum mechanically, e.g.,
resonant neutralization (RN, Ref. 31) and autoionization {Al; Ref.
32).

Auger electron transitions within the transiently formed, multi-
ply excited “hollow aloms” cause their autoionization (“Al”) and
are the more probable the smaller the change in principal quantum
numbers for the respective “down-electrons”. 132930 Consequent-
Iy, the bulk of the ejected “up-electrons™ gain a kinetic energy of a
few eV only, whereas the much faster “above-surface” (henceforth
abbreviated as “a.s.”) produced electrons due to Auger transitions
into the projectile inner-shell vacancies remain comparably sparse.
During further approach of the particie toward the surface, already
emitled electrons can be replaced by the continuing RN which,
however, will run into competition with other projectile ionization
processes as, e.g., electron promotion into vacuum due to state
shifting (which also produces a.s. slow electrons) and resonant
ionization (RI) into empty surface states. A detailed discussion of
these and other relevant transitions will be presented in Section 3.

However, as soon as the projectile has reached the surface, all of
its electrons still bound in highly excited states will become
*stripped off*830 and in this way additional slow electrons will be
produced.?3 When subsequently penetrating into the target bulk,
the transiently reionized projectile will again become neutralized,
but now only into more tightly bound sheils which can still exist
within the solid.>> Because of this change in the projectile’s popu-
lation distribution, still present inner-shell vacancies can now be
recombined with a much higher probability than above the surface,
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which gives rise to the major share of observable fast Auger elec-
trons, i.e., the so-called “below-surface” (henceforth abbreviated
as “b.s.”) fast Auger electron emission.’®34 Secondary electrons
produced inside the target bulk by the fast b.s. Auger electrons can
also provide some slow electrons. Under favorable backscattering
conditions some projectile inner-shell vacancies may even survive
after the projectile has again left the target surface and become
eventually filled above the latter, which produces additional a.s.
fast Auger electrons.?? In this Comment we would like to demon-
strate that the number of ejected slow electrons greatly surpasses
the number of fast Auger electrons, giving the former ones a domi-
nant role for the observable total electron yields. In particuiar, we
will regard data for total slow electron yields due to impact of very
slow, highly charged ions (up to fully stripped Ar!8+, Li-like Xe? 1+
and Ne-like Th8%*, respectively) on a clean gold surface,?33%
which have been determined by measuring the related electron
emission statistics (ES), i.e., the probability distributions W, for
emissionof n=0,1,2. . .electrons.3¢

2. PRACTICAL ASPECTS OF MEASURING SLOW
MCI-INDUCED ELECTRON EMISSION FROM A
CLEAN METAL SURFACE

In Figs. 1a and 1b we have sketched the presently most common
experimental techniques for studying electron production due to
impact of slow MCl on a solid surface via measuring, respectively,
(a) the total electron yields, and (b) the kinetic energy spectra. Fig-
ures le—le show further experimental approaches for studying
such collisions via (¢) the electron emission statistics, (d) projectile
scallering and () the resulting soft X-ray emission. Reference 37
provides some guidance for the preparation of suitable slow MCI
beams and of atomically clean metal target surfaces, for which we
would like to emphasize some especially important points.

First of all, to obtain reliable experimental data in this field of
research, preparation of well-defined target surfaces and conduc-
tion of the measurements under ultrahigh vacoum conditions are
mandatory. This is of particular importance {or all processes which
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depend either directly or indirectly on electronic transitions in
front of the surface, as the a.s. slow electron emission, the a.s. fast
Auger electron emission and, most notably, the scattering of pro-
jectiles under grazing angles of incidence, for which almost per-
fectly flat target surfaces need (o be prepared.?® Ina further context
we will only regard such experimental results which have been ob-
tained by meeting these stringent conditions. However, when stu-
dying fast b.s. Auger electrons or soft X-ray emission, the target
surface cleanliness is less important, since both processes originate
within the solid. Furthermore, one can apply either polycrystalline
or single-crystalline target surfaces. In the latter case, additional
information becomes available by aligning the MCI incidence
with different low-index directions of the target crystal surface.??
We emphasize the high desirability of comparing results obtained
with different target species, since the influence of the latter prop-
erties {e.g., work function, electron density, conductivity) on MCI-
" induced electron emission phenomena has not been systematically
~ investigated, so far.

In order to impose a low vertical impact velocity on the surface,
in some studies refatively fast MCI are impacied under grazing in-
cidence. We mention that such studies are subject to rather strong
effects as Doppler shifting and modification of the S-DOS*6 and
a strong KE background (see, e.g., Zeijlmans van Emmichoven et
al., loc. cit., Ref, 18). Since KE produces low electron energy con-
tinua similar to the PE processes, such techniques are of limited use
for detailed investigation of the PE contributions of our present in-
terest.

A final remark is in order on the absolute measurement of slow
electron energy distributions, which becomes rather difficult at an
_electron energy typicatly below 10 eV, since contact potential dit-
ferences, spectrometer transmission characteristics, stray fields
and incompletely defined coilection geometries all pose consider-
able problems. Hemispherical retarding field analyzers as are com-
mon in low-energy electron-diffraction (LEED) surface studies
instead of the electron spectrometers sketched in Fig. 1b provide
the most reliable results, especially if the absolute yields of, re-
spectively, slow and fast clectrons need to be compared. 11540
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FIGURE 1 Standard experimental arrangements for the investigation of MCl-surface in-
teraction. Abbreviations: X9+ MCl-projectiie of charge stale ¢; €7 emitted electrons; X
scattered projectile of charge state 7; X0: scattered neutral particle; PSD: position sensitive
detector; [: collector current; Iyt target current. (a) Measturement of total electron yieids.
(b) Spectroscopy of ejected electron energy distributions. (c) Measurement of electron
emission statistics (ES} and typical example of measured ES (detector sipnal vs. electron
multiplicity 7y measured for 100 eV Arft impact on clean Au (from Ref. 33}, (d) Measure-
ment of charge state anc/or angular distributions of scattered projectiles. (¢) Spectroscopy
of emitted X-rays.

3. THE OVERALL SCENARIO OF SLOW MCI-METAL
SURFACE INTERACTIONS AS BASED ON
EXPERIMENTAL EVIDENCE

The until now developed scenario for the interaction of a MCI with
a metal surface has evolved from numerous experimental inves-
tigations of total electron yields, electron emission statistics and
fast Auger electron energy distributions, together with the analysis
of scattered projectiles and soft X-ray emission. So far, it is best
described in terms of the so-called “classical over-the-barrier mod-
el” (COB-model), which has recently been developed by J.
Burgddrfer et al.’® The approach of a slow MCI (charge state ¢;
projectile velocity v, < vp, v being the Fermi velocity of electrons
inside the metal target) toward a metal surface (usually character-
ized in the “jellium approximation” by a conduction band with the
work function Wg, and Fermi energy Ep, cf. Fig. 2) causes a collec-
tive response of the metal electrons, which under the above as-
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FIGURE 2 Electronic poteatial barrier between the MCI and the surface, exemplified for
the cases of an Ar12* projectile at about 50 a.u. (dotted curve) and 26 a.u. (full carve), re-
spectively, above a Au surface. In the second case, the potential barrier has decreased below
the Fermi level of Au, by which electron capture becomes classically permitted.

sumptions at large distance R can be described by the classical
image potentiat (atomic units are used unless otherwise stated)

Vo =L (D

This image potential accelerates the MCI towards the metal sur-
face and therefore imposes a lower limit to the projectife impact
velocity, corresponding to an upper limit for the available MCI-
surface interaction time. In addition, the image interaction causes a
shift of the projectile electron states and decreases the height of the
electronic potential barrier between the MCI and the surface (cf.
Fig. 2 and Ref. 30), which is formed by the projectile’s potential, its
image potential and the image potential of the particular electron (o
be captured. At a critical distance R:(g),

Rlg) = 584 + 2, @)
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FIGURE 3 States of a neutralizing MCI approaching a metal surface. Electrons captured
via RN can be emitted via Al, promotion into vacuum due to sereening and image shift (88/
18), and “peeling off” of all electrons which cannot stay bound to the projectile inside the
solid. Furthermore, electrons can be recaptured into the solid via RI

this potential barrier (cf. Fig. 2) will have decreased below the Fer-
mi level of the metal, at which moment the MCI will start to capture
electrans resonantly from near the Fermi edge of the conduction
band (resonant neutralization, RN; cf. Fig. 3) into highly excited
projectile states. Although eleciron capture is in principle already
possible at larger distances via tunneling processes through the po-
tential barrier, this has been found to be of minor importance.30
The COB model also predicis the principal quantum number of
that highly excited projectile state in which this RN will take place:

~1/2
ny < =L 14 g-05 (3)
2W(P \/éa

283



The RN stops as soon as captured electrons have shielded the ion
charge and, as a consequence, the potential barrier has moved up
again above the Fermi level. With ongoing approach of the projec-
tile, the over-the-barrier condition will be restored and RN can go
on. However, the above mentioned image interaction and the
screening of the projectile charge by already captured electrons
will shift the energy levels of the projectile upwards (“image shift,”
IS and “screening shift,” SS; see Fig. 3), because of which ., in Eq.
(3) designates the highest n-shell of the projectile which can be
reached during the whole neutralization sequence.

The further evolution of the now multiply excited projectile de-
pends on the competition between RN and other classes of elec-
tronic transitions. Intra-atomic Auger transitions involving two or
more electrons already on the projectile lead to electron emission
into vacuum (autoionization, Al) or into empty states above the
Fermi level of the conduction band (“Auger-loss to the conduction
band,” AL), at the same time populating lower projectile n-shells
(cf. Fig. 3). Electrons which have been shifted above the potential
barrier and the Fermi level of the target surface can be lost inio
empty states of the conduction band (resonant ionization RI as the
inverse process to RN), or become promoted above the vacuum
level and thus emitted (“IS + SS promotion mechanism,” cf. Fig,
330:33) However, any electron lost from the projectile is rapidly re-
placed by RN, and eventually a fully reutralized “hollow atom”
has been formed,

The complete deexcitation of this highly excited species to its
neutral ground state, via the above described manifold of electron-
ic interactions, would require a time not available because of the
upper limit set by the image charge attraction (cf. above). At the
end of phase I (approach toward the surface) the “hollow” projec-
tile will thus touch the surface (phase I1) still in a highly excited
state, where now a third slow-electron emitting process (the so-
called “peeling off mechanism,” PO3Y-33) becomes operative, be-
cause screening of the projectile core by metal electrons within the
tirst target layer causes the removal (i.e., “peeling off”) of all the
electrons with larger Rydberg radii ry = n?/g than the screening
length within the solid A, = v/, 4! of the metal (a, . . . surface
plasmon frequency; A; = 3 a.u. for a gold target). However, the such
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removed electrons will rapidly be replaced within the solid via
electronic transitions like resonant capture of target core electrons
and/or Auger neutralization (AN) by electrons {rom the conduc-
tion band into more tightly bound shells of the projectile, thus
forming a much less excited “hollow” projectile. Very likely, these
processes coniribute to the slow electron yield as well, similar to
the process of transfer ionization in MCl~atom collisions.

Further relaxation of the projectile within the solid (phase IIE)
will finish with the filling of not yet recombined inner shell vacan-
cies. As already outlined in Section 1, these transitions provide the
majority of the observed fast (projectile) Auger electrons, in com-
petition with also possible X-ray emission, according to the given
fluorescence yield.

Alternatively, sufficiently close encounters of the projectile with
target atoms can transfer some projectile vacancies 1o the target
atom cores via quasi-RN or Fano-Lichten type promotion, result-
ing in the emission of characteristic target auger lines.?> Fast Au-
ger electrons emitted inside the solid either from the projectile or
the target atoms may also produce slow secondary electrons. All
the electrons {fast and slow) emitted during phase III are contribut-
ing to the b.s. PE. The projectiles will either remain inside the solid
until their complete neutralization and stopping, or may be back-
scattered at any point on their trajectory within the target. In the
case of grazing incidence, this backscatiering corresponds to a
“specular reflection” of the projectiles (cf. Ref. 6), in which case
the projectile deexcitation will be completed onits outgoing trajec-
tory.

A detailed modelling of the above sketched scenario has so far
only been made forphaseI. As anexample, Fig. 4 illustrates amod-
elled evolution for Ar'2* jons impinging on clean gold (Wg = 5.1
eV) with a nominal kinetic energy of 750 eV (v = 6 x 10% m/s), ex-
posing the following developments. Atthe critical distance R, = 26
a.u. (cf. also Egs. (2) and (3) and Figs. 2 and 3} electron capture into
n =13 starts, and soon thereafter AL will cause population into the
n=12 states (Fig. 4b). ALR =21 a.u., lowering of the potential bai-
rier and IS of the 1= 12 shell permit RN to proceed into it, because
of which about six electrons will be quickly captured. The in-
creased population of n = 12 screens the nuclear charge for the
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electrons already occupying the n = 13 shell, and eventually—at
R =~ 18 a.u—causes promotion of these electrons into vacuum (cf.
Fig. 4a). These concomittant processes continue forthen=12,n=
11 and n = 10 shells. The simulation is stopped at adistance of R=2
a.u. from the target, because neither the concept of image charge
nor the assumption of hydrogenic energy levels remains appropri-
ate in closer vicinity to a conducting surface. From R = 13 a.u. on,
the initial Arl2* projectile remains practically neutral (Fig. 4a) but
carries all its captured electrons in highly excited states toward the
surface, where 12 electrons will still be populating the n = 8
through n = 11 shells (cf. Fig. 4b). All these electrons are now
peeled off, because the condition rp < As permits only electrons
with 72 < 5 to remain bound in projectile states inside the solid.

Only for an initial AriZ* velocity v, < 104 m/s {corresponding to
21 eV nominat impact energy, but 50 eV will be gained in addition
due to the image charge attraction, see below) is there enou ghtime
for some elecirons to reach the M- and N-shells. Of course, the pro-
jectile’s evolution obtained {rom this modelling is more detailed
than can (and probably ever will) be deduced from the possible ex-
perimenial information, and itis thus of interest to which detail the
above presented scenario is indeed unambiguously supported by
available experimental evidence, as we will discuss in the follow-
ing.

(i) Distance of First Neutralization

We start by examining the evidence for the distance of firstelectron
capture as predicted by the COB model (Eq. (2)). This distance is
closely related to the kinetic energy gain Afy im of the projectile
due to its image charge attraction, which accelerates the projectile
until its complete neutralization. A simple staircase approximation
within the COB model3 predicts

AE, . = 0236 Wy - ¢*%. ()

im

About 75% of this energy is already gained by the projectile on its
way from infinity to the distance R, of its first electron capture via
RN (Eq. (2)). This image charge acceleration can be seen qualita-
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Lively from saturation effects with decreasin g impact velocity, both
for total electron yields?3 and a.s. K-shell Auger clectron intensi-
ties.'834 Quantitative measurements of the corresponding energy
gain are possible from the charge-state-dependent scafltering
angles of Arf* projectiles (¢ = 1-6) impinging under grazing
angles on a clean, flat target surface.’® Due 10 the image charge at-
traction, the ion velocity component perpendicular to the larget
surface will increase on the incoming path, resulling in a larger
specular reflection angle for higher ¢ than for initially neutral or
tess highly charged projectiles. Such measurements have recently
been extended to Xe4*-projectiles in charge states up to ¢ = 33.92
Good agreement was found with ¢32 dependence as predicted by
Eq. (4) about up to ¢ = 26, beyond which the such determined -
image charge acceleration apparenily became “saturated.” It js im-
portant to note that this particular experimental technigue depends
on the assumption that the outgoing projectile trajectory itself is
1ot subject to any image charge attraction, i.e., that reflected pro-
jectiles remain neutral from the outset. While this might be the case
for moderately charged Ar?* and Xe#* (¢ < 8) projectiles, for much
higher charged incident ions as, e.g., Xe30*, some inner-shell va-
cancies might survive for a sufficiently long time after the surface
scattering and thus decay only during phase 1V, causin g arecharg-
ing of the projectile and, at the same time, production of fast a.s.
Auger electrons. Note, that such a recharging is probably responsi-
ble for the results of the scattering measurements by de Zwart et
al. 28 (see Section (v) for a further explanation). Moreover, near the
surface the PO mechanism transiently causes a charging up of the
projectile, because of which the latter might appear as not fully
neutralized on the very first part of its outgoing traj ectory. “Satura-
tion” of the measured AE, im with increasing g as reported in Ref.
42 might be caused by this effect, since Xe%* ions carry vacancies
in their M-shells for g > 26.

Recently, Aumayr et al.35 could extract AEy, im quantitatively
from the leveling-olf of measured total slow electron yields at low
nominal projectile velocities (< 3 x 104 m/s), for perpendicular im-
pact of very highly charged fons (up to Th8™ and Xe31+) onto a
clean polycrystalline gold surface. As an example, for Th71* pro-
Jectiles they found a low impact energy limit of about 700 + 160
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eV (cf. Figs. 5a and 5b). The approximate validity of Eq. (4) could
thus be confirmed up to the so far highest accessible MCI charge
states. Consequently, the distance for the first electron capture
seems Lo be quite well predicted by the COB model,?0 also in good
agreement with classical dynamic calculations regarding the pre-
dominant neutralization processes. 3

(if) Auger Electron Emission Cascades

Direct experimental evidence for the development of such cas-
cades is only available from their last few steps, i.¢., the filling of
K-shell or L.-shell holes in the projectile, which can be unambigu-
ously identified from the respective characteristic peaks in the fast
electron energy spectra, !8-2034 Doppler shift measurements of the
relevant Auger lines were found consistent with an emission from
projectiles still travelling along their original direction of inci-
dence. In earlier work!0 all of these electrons were attributed to
phase I, but more recent experiments showed that actually only a
minor fraction of the inner-shell vacancies (typically less than
10%) are being filled above the surface,!8:34 whereas the majority
of the fast Auger electzons is emitted from inside the metal, i.e.,
during phase III. The thus always minor a.s. contribution to the fast
Auger electiron peaks can only be abselutely determined in careful
measurements at very low impact energy and/or with grazing-inci-
dent proiectiles. As already mentioned, the fraction of these a.s.
fast Auger electrons is limited by the image charge accelera-
tion. 18,34

The large majority of electrons emitted during phase I involves
energies of a few eV only (cf. Ref. 33}, From their broad, unstruc-
tured energy distribution it is not possible to assign the emission of
slow electrons to specific Al transitions. However, a systematic
comparison of measured total electron emission yields and statis-
tics>? with results of COB-modelling calculations can serve to sep-
arate the contribution of electrons generated by the Al-mechanism
fromothera.s. and b.s, slow electron emilting processes. Measured
total yields for impact of slow (typical projectile velocities be-
tween 2 % 10% and 2 x 10° m/s) MCI as N¢* (g=5,6), Ne? (¢ =
5-10), Ar?t (g =5-16), Kr#* (¢ = 5-10), Xed (g =6, 8, 10) and I 9+

289



300y e
g, Th''™* > Au
b .%
o 200 b~ ‘0.____. -
.S " Tl [ R, [ Y @
'®
= 100 - -
(a)
0—1 ot ditioectote b A PRRETSR SE TN TOU WY SOV N SO WO
0 10 20 30 40 50 60
v (1 0% m/s)
300 — i e e N —
" AE. =700 eV
image E
2501 é - == % ‘ % -
i d k
g 8 Th7'* — Au ~
‘v
= 200k .
(b)
150 5 : i 1 i i ) f L { ; i H 1 ' ¢ 4 ]
0 i P 3 4

1, (107 s/m)
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(g = 16, 20, 23, 25) on a clean polycrystalline gold surface were
found first to gradually decrease with increasing impact velocity,
but then to level off towards an apparent velocity-independent part
of the total electron yield.33

Accompanying model calculations, as illustrated, e.g., in Fig. 6
for impact of Arl2+ on Au, indicated that the PO contribution to the
total electron yield is nearly independent of the projectile’s veloc-
ity (we remark that the IS/SS promotion mechanism was also
found rather insensitive to v, but, at least in this particular case, re-
mained comparably unimportant), whereas the Al-related electron
yield decreased with increasing projectile velocity, because of the
decreasing time available for the Al cascades in {ront of the sur-
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FIGURL 6 Tetal slow clectron emission yiclds for impact of Arl®* on gold vs. projectile
veloeity (from Ref. 33). Fuli symbols denote measured stow electron yields. Solid lines
indicate the calculated total slow electron yields as derived under different assumptions for
the fraction of electrons emitted from the projectile but absorbed by the Au surface (X1: no
absorption, 0.7 » £1: 30% absorption of emitted clectrons, £2: 50% of Al but (% of PO
and 18/88; for further details cf. Ref. 33.
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face. Consequently, the velocity-dependent part of the total slow
electron yield has to be attributed 1o Al (cf. Fig. 6). The measured
functional dependencies of the total slow electron yields on the ini-
tial projectile charge state ¢ could satisfactorily be reproduced by
these modelling calculations. However, a quantitative comparison
between the experimental yields and the corresponding simulated
results is severely hampered not only due to an incomplete undes-
standing of the b.s. slow electron contributions (they are estimated
to be of minor importance in the case of slow Arl2* on Au, howev-
er}, but also from the unknown fraction of slow electrons which are
emitted from the projectile toward the Au surface and there ab-
sorbed.

(ii1) Evidence for the Peeling-Off Mechanism

The velocity-independence of the peeling-off contribution (cf. Fig.
6) results from the fact that the a.s. Auger transition cascade is

“much too slow for a significant population of such tightly bound
levels which can stay filled when the projectile touches the surface.
A “holiow” projectile which is neutral at the moment of surface
impact should therefore lose practically all of its g electrons which
still sit in outer shells. Experimentally, the velocity-independent
slow-electron fraction of the total electron yield was found 1o in-
crease more or less linearly with the initial projectile charge state q,
but with a proportionality factor considerably larger than one.3?
‘The source of these extra electrons is still a matter of speculation,
but since the related yields are proportional (o g, it might result
from AN-type processes which fill more tightly bound shells of the
projectiles after the latter have just got peeled off their ¢ ouler elec-
trons (cf. above), Comparison of measured slow-electron emission
statistics (in particular their standard deviations33) with results of a
Monte Carlo code version of the COB model gave further indica-
tions on the influence of a rather deterministic process like PO.
These calculations showed that Al involves a relatively wide
Gaussian-shaped probability distribution, while the PO mecha-
nism in combination with IS/SS produces a rather narrow distribu-
tion, as was found appropriate to reproduce our recent
experimental data33 (cf. Fig. 7). ‘
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(iv) Subsurface Deexcitation

Deexcitation of a projectile which is penetrating the solid involves
anumber of processes with different signatures. The appearance of
characteristic target-Auger electron lines25 proves that at least
some projectile inner-shell vacancies survive sufficiently long to
be transferred in close encounters to the target atoms. Such vacan-
¢y transfers may also be responsible for the increase of secondary
ion yields with higher projectile charge, as was observed for im-
pactof Ar#* (g = 1-9) on asilicon surface.?” Clear evidence that the
fast projectile Auger electrons originate predominantly (i.e., to
more than 90%) from below the surface was presented by scatter-
ing-angle-dependent data on K-Auger electron emission in colli-
sions of N and N7 projectiles with clean metal
surfaces.13:19.25,34 For heavier MCI, filling of their inner-shell va-
cancies can also proceed via X-ray emission. Recently, consider-
ably detailed information has been obtained from highly resolved
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X-ray spectra produced in MCl-surface collisions.22-24 In this
way, complementary {o the observation of fast Auger electron
emission, the number of spectator electrons in higher principal
quantum shells at the moment of a radiative inner-shell transition
can be determined, which gives direct evidence for the existence of
“hollow” projectiles even below the surface. Note, however, that
the such produced X-ray photons can escape from much deeper
layers in the solid than the fast Auger electrons, which must be tak-
en into account for the comparison of results from both methods.
The investigation of sequential Auger electron transitions during
the subsequent recombination of two vacancies in the projectile K-
shell has provided quantitative information on the involved transi-
tion time and consequently on the changing numbers of spectator
electrons in outer shells.** Contributions by slow (< 50 eV) elec-
trons originating either directly from b.s. processes (AN/AI) or
produced as secondary electrons in collisions of the fast b.s. Au ger
electrons with bulk atoms and/or conduction electrons could so far
not be separated from the a.s. slow electron contributions. Howev-
er, a comparison of total slow electron yields for different projec-
tile ion species with equal charge state (e.g., for impact of Ne%+ as
compared to Ar?* 33 or for Xed1* as compared to Th1* 35) shows
that in general more slow electrons are emitted for those projectile
tons which carry fewer electrons. This seems 10 indicate the exis-
tence of b.s. slow-eleciron contributions to the total yield, since,
according to our COB modelling calculations, the a.s. slow-elec-
tron emission, for a given projectile charge state, is insensitive to
the actual projectile core.

{v) Projectile Backscattering

It is well known that slow ions after scattering from a clean metal
surface leave the latler predominantly in the neutral state.#4 For
impact of 20 keV Ne, Ar or Krions under 15° on a clean tungsten
surface, 627 with primary charge states up to g =8, only singly and
doubly charged scattered projectiles could be observed, whereas
for g =9, triply charged scattered projectiles also showed up. This
is a clear indication that inner-shell vacancies in the projectile have
survived the backscattering and only thereafter became recom-
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bined via Auger electron transitions on the outgoing projectile tra-
Jectory. Recently, it was demonstrated {rom the Doppler shift of
K-shell Auger electron energies that for relatively fast, initially
multicharged N6* O7+, Ne%* jons the Auger electron emission oc-
curs ?flolainly after projectile backscattering from the target sur-
face.

{vi) Comparison of Total Yields for Slow and Fast Elecirons

Asexplained earlier, the major part of the fast Auger electrons pro-
duced due to MCI impact on metal surfaces will arise only after the
projectile has entered the target bulk. The time available for a pro-
jeclile above the surface is principally limited by its image charge
acceleration. As an example, for N6+ impinging on clean tungsten,
Egs. (2) and (4) predict a time limit of about 80 femtoseconds.
Moreover, the emission of a.s. K-shell electrons from the projectile
is hampered because of the peculiar electronic population structure
of the “hollow” projectile. On the other hand, after entering the tar-
get bulk, a nitrogen K-shell vacancy cannot survive longer than a
few femtoseconds,?* because the projectile L- and M-shells be-
come quickly filled, which offers much more favorable conditions
than given above the surface for the {(most probable) KLL and
KLM Auger transitions. Reference 34 gives further arguments for
the observed preponderance of b.s. over a.s. fast Auger electron
emission. It should be added that according to Egs. (2) and (4) the
image-charge acceleration-limited time interval, available for a
projectile untilits surface impact, slowly decreases with increasing
initial charge state (in the high-¢ limit as g~1/). Whereas the small
ratio between a.s. and b.s. fast Auger electron yields is well under-
stood, almost no measurements have been made of complete elec-
tron energy spectra for MCl-induced PE from clean metal
surfaces, except for normal incidence of N&* and Ar%* on clean
polycrystalline tungsten. 0 At the respectively lowest impact ener-
gies (0.9 keV for N+ and 1.35 keV for Ar?%), the contribution of
fast nitrogen K-shell electrons to the total electron yield was about
7% and that of the fast argon L-shell electrons about 1%, with the
corresponding measured total electron yields being about 5.519:40
and 10 electrons per MCI, 4 respectively. Further evidence that the
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fast Auger electron contribution to the total electron yields is in-
deed small can be deduced {rom corresponding absolute data given
in the theses of de Zwart (Ar?* on tungsten, g = 9; Ref. 16) and of
Folkerts (H-like MCI of carbon, nitrogen and oxygen on tungsten;
Ref. 19). In the latter work, at the respectively lowest impact ener-
gies of about 100 eV at 45° angle of incidence, thus giving “per-
pendicular” impact energies of about 50 eV, which however have
to be increased by the respective image charge accelerations of
about 12, 16 and 20 eV, respectively, the typical KLL Auger peak
intensities rose up to about 4 X 1073 electrons/(MCLsr.eV). Some
further analysis, taking into account the probable origin of b.s. Au-
ger electrons inside the metal and their transport back into vacuum,
shows that for each fast electron ejected per projectile K-shell va-
cancy inside the solid, typically only up to 0.3 fast electrons can
actually escape and thus contribute to the total electron yield. This
number has to be compared with the respective total electron yields
to show that indeed the contributions from fast Auger electrons are
relatively small. In Ref. 16 it has been shown that the number of
fast Auger electrons originating from argon L-shell vacancy re-
combination is roughly proportional to the eriginal number of va-
cancies. Considering the fact that when increasing the projectile
charge state by one, the respective increments of the total slow
electron yields are surely larger than one (see below, in particular
Fig. 8), we conclude that the relative contribution of fast Auger
electrons to the total yield will even gradually diminish toward
higher charge states. However, despite the small fraction of fast
Auger electrons, it should be stressed that a considerable part of the
information now available in this field has been gleaned from their
spectra.

If we assume that some of the b.s. fast Auger electrons produce
secondary electrons inside the metal, consideration of the typical
yields for such processes®’ under the given circumstances leads to
about one slow b.s. electron for each scattered b.s. fast Anger elec-
tron. Consequently, the yields of b.s. slow secondary electrons and
those of b.s. fast Auger electrons should be of comparable size and,
therefore, the b.s. slow electron contributions will remain much
smaller than the slow electron yields produced during phases (I)
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and (II), which in turn provide the by far dominant contributions to
the total PE yields produced in slow MCl-metal surface collisions.

(vii) How Efficient Is the Total Potential Energy of Projectiie
ions Spent for Electron Emission?

Finally we ask where the large potential energy brought in by a
highly charged ion into a metal target will actually end up. As we
have seen, for projectiles where during their neutralization in front
of the surface inner-shell vacancies remain unfilled, a large part of
their initial potential energy will be carried away by the resulting
fast Auger electrons, which however does not greatly contribute to
the total electron yield (see above). This is illustrated in Fig. 8,
which presents measured total slow electron yields (which in the
light of our above discussion are roughly equal to the respective to-
tal electron yields) for impact of 4.9 x 10° m/s Ar%" (up to fully
stripped ions}) on clean polycrystalline gold333% vs. the appropriate
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total potential energies W, o (sums of the respective single ion-
ization potentials W,_1; for 0 < i < g). These ionization poten-
tials, if calculated from Slater’s rules,46 agree within 5% with the
results tabulated in Ref. 47. Arions incharge states ¢ = 8 will keep
completely filled K- and L-shells, whereas for 9 = ¢ = 16 anum-
ber of (¢ — 8) L-shell vacancies are present during the a.s. neutral-
ization and, in addition, one/two K-shell vacancies for Arl7+ 18+
Given the limited time in front of the surface due to the projectile’s
image-charge acceleration (see above), all these (g — 8) inner-shell
vacancies will survive practically until the surface impact and thus
retain substantial excitation energy which is not available for a.s.
emission of slow electrons in the course of the earlier outlined RN-
AI-PO scenario. If we subtract the “withheld” excitation energy
from the above-defined total potential energy Wy pot» the remain-
ing part fits much better into a linear relation extrapolated from the
respective total stow electron yields for ¢ < 8 (cf. Fig. 8). For cal-
culating these so-called “usable” potential energies, we have (opti-
mistically) assumed that during the projectile neutralization until
surface impact, electrons have already cascaded down into the re-
spective M-shells. The still remaining discrepancy between the
corrected potential energies and their linearly extrapolated values
(dashed line in Fig. 8) indicates that with increasing ¢ most of the
a.s. captured electrons cannot actually make it down to the M-shell
before surface impact. In addition, for ¢ = 17, 18 a partial projectile
deexcitation via X-ray emission could also be respoasible for the
discrepancies between the corrected values and the linear extrapo-
lation.

SUMMARY

We have presented a rather complete scenario for the interaction of
slow MCI with a metal surface, which is largely based on the now
available experimental evidence. This scenario has been schemati-
cally summarized in Figs. 9a~9d. During phase I the MCI is accel-
erated towards the metal surface by its own image charge, and at a
certain distance starts to extract electrons from the metal surface
{(Fig. 9a). These clectrons are captured resonantly into highly ex-
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cited states of the projectile, eventually forming a neuntral but “hol-
low atom,” which subsequently decays via autoionization and
other above-surface electron emission mechanisms (Fig. 9b). Be-
cause the image charge attraction limits the available interaction
time, the autoionization cascade cannot be completed outside the
solid. Screening of the projectile core by metal electrons upon sur-
face impact results in the “peeling off” of the still weakly bound
projectile electrons (Fig. 9c), which together with electrons result-
ing from the reneutralization of the projectile by Auger type pro-
cesses will, at least partly, be emitted from the surface. Decay of
still present inner-shell vacancies leads to emission of X-rays or
fast Auger electrons, which subsequently can also produce slow
(below surface) secondary electrons (Fig. 9d).

APPENDIX: LIST OF ABBREVIATIONS

Al autolonization

AL Auger loss to (empty states of) the conduction band
AN Auger neutralization

a.s. above surface

b.s. below surface

COB classical over-the-barrier {model)

ES electron emission statistics

IS image shift (of energy levels)

KE kinefic electron emission

KLL Auger transition combining a K-L transition with ioniza-
tion of a second L electron

KLM  Augeritransition combining a K-L transition with ioniza-
tion of one M electron (not to be mixed up with the Dutch
airline)

LEED  low energy electron diffraction

LMM  Auger transition combining an L-M transition with ion-
ization of a second M electron

MCI multicharged ion

PE potential electron emission
PO peeling-off
RI resonant ionization

300



RN resonant neuwiralization
S-DOS  surface density-of-states
S8 screening shift (of energy levels)
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