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Abstract

We present recent developments for electron emission induced by impact of 
slow (projectile velocity < 1 a.u. = 2.18 x 106 m/s) atoms, molecules, and 
singly and multiply charged ions on atomically clean monocrystalline metal 
and insulator surfaces. We show, in particular, that with grazing incident 
projectiles on monocrystalline flat surfaces the coincident measurement of 
projectile energy loss with the number of emitted electrons, the electron yields 
caused by potential and kinetic emission can be distinguished. Furthermore, 
for grazing impact of neutral ground state atoms on monocrystalline flat metal 
surfaces a very precise determination of the small total electron yield near the 
kinetic emission threshold can be achieved, and the measured yields are in 
good agreement with a classical model for electron emission from binary col­
lisions of projectiles with quasi-free metal electrons above the target surface. 
We also present some results on slow molecular projectile non-proportionality 
effects in kinetic emission. Finally, we mention as two novel applications of 
KE a surface structure determination based on KE by grazing-incident ions or 
atoms, and a method for evaluation of mixed ion beam fractions for different 
ion species with nearly equal charge-to-mass ratios.
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1. General Aspects of Kinetic Emission (KE) and Potential Emission (PE) - 
Scope of the Present Report

Processes induced by impact of slow heavy particles on solid surfaces (neu- 
tral/ionized atoms or molecules; impact velocity typically far below 1 a.u. = 
25 keV/amu = 2.18 x 106 m/s) are highly relevant for plasma- and surface physics 
and -technology (Hasselkamp, 1992). Nature and intensity of these processes de­
pend both on the kinetic and the potential (i.e. internal) energy carried by the 
projectile toward the surface.

1.1. Kinetic Electron Emission (KE)

In most practical applications the kinetic energy of a projectile is of higher 
relevance than the potential energy, as, e.g., for kinetic emission (KE) 
(Hasselkamp, 1992; Schou, 1988; Rösler and Brauer, 1991; Baragiola, 1993), 
ion-surface scattering and kinetic sputtering (Sigmund, 1993; Gnaser, 1999). For 
inducing KE, the projectile needs a minimum velocity or kinetic energy (KE
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Figure 1. Energy levels for quasi-free electron metal (left) and wide-band gap insulator (right). CB: 
conduction band (with empty region in red), VB: valence band. Horizontal line: vacuum level, EF: 
Fermi energy, W: surface work function.

threshold) which depends on the projectile and target species. In general, this KE 
threshold cannot be clearly identified. Precise determination of the electron yield 
which disappears at the KE threshold is not a simple task, because common tech­
niques for electron yield measurement involve the electrical currents of impinging 
projectiles and ejected electrons. The absolute measurement of neutral projectile 
fluxes requires rather specific methods. Different processes can contribute to KE 
and their relative importance depends strongly on the given situation.

For normal incidence on metal targets, both the momentum transfer from pro­
jectiles onto quasi-free metal electrons and electron promotion into the continuum 
in close collisions with target atom cores may excite electrons inside the target 
bulk. In insulator targets there are no quasi-free electrons and KE can then only 
arise from close projectile-target particle collisions. Figure 1 compares the prin­
cipally different surface-densities-of-states of a quasi-free electron metal and a 
wide-band gap insulator surface.

In the present review we deal with recent studies for grazing incidence of neu­
tral atoms and singly and multiply charged atomic ions on exclusively atomically 
clean metal and insulator surfaces. We discuss related total electron yields derived 
from measured electron number statistics (ES), without considering energy and 
angular distributions of the emitted electrons. The considered projectile impact 
energy is restricted to a few keV/amu (for electron emission induced by faster 
ions we refer to the review of H. Rothart in this book).

Sections 2 and 3 deal with KE and PE studies for monocrystalline Au(l 11), 
Al(lll) and LiF(OOl) surfaces where differences in the surface-density-of-states 
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play a decisive role. In either case, electrons excited inside the solid diffuse 
toward the surface and only a fraction of them can escape into vacuum. KE 
involves at least three steps, i.e. electron excitation in the target bulk, trans­
port of some of these electrons to the surface and passage of a fraction of the 
originally excited electrons over the solid-vacuum barrier (Hasselkamp, 1992; 
Rösler and Brauer, 1991). We have restricted ourselves to measurements for PE 
and KE from collisions in the surface selvedge (region at and above the topmost 
plane of surface atoms). In this case the KE yield depends almost exclusively 
on the primary excitation mechanism (step 1), and in contrast to the more com­
mon near-normal incidence conditions the two other steps for KE are of minor 
importance.

Grazing incidence conditions permit a fine tuning of the distance of closest 
projectile approach toward the surface, corresponding to an impact parameter 
selection in atomic collisions. Combined with the technique of electron emission 
statistics (ES, see Section 2) this opens the possibility for KE measurements with 
a so far not achieved sensitivity and accuracy, being of foremost importance for 
near-KE threshold studies.

In addition to their kinetic energy, singly and multiply charged ions (MCI) 
Zq+ also carry the potential energy which had to be spent for removing the 
respective number of electron(s) from the initially neutral atom. The same po­
tential energy will be released if the charged projectiles are neutralized upon 
impact on the surface, giving rise to (additional) potential electron emission (PE) 
(Baragiola, 1993; Hagstrum, 1954a, 1954b; Arnau et al., 1997; Winter, 2002); 
see also Figure 2. Apart from producing PE, the potential ion energy causes 
for some materials desorption of near-surface particles (“potential sputtering”) 
(Neidhart et al., 1995; Sporn et al., 1997; Aumayr and Winter, 2004).

1.2. Potential Electron Emission (PE)

PE results from fast electronic transitions (rates > 1014 s—1 ) between surface and 
empty projectile states, which require no minimum impact velocity and start be­
fore the ion has actually touched the surface (Hagstrum, 1954a, 1954b). The PE 
yield increases strongly with the projectile potential energy, i.e. its charge state 
q. At higher impact velocity also KE will produce slow electrons which cannot 
simply be distinguished from the PE contribution. Various one- and two-electron 
transitions can be relevant for PE.

Resonant neutralization transfers electrons into empty states of the ion which 
overlap occupied surface valence band states. For MCI impact sequential res­
onance neutralization generates multiply-excited particles (Arifov et al., 1973) 
termed “hollow atoms” (Briand et al., 1990).
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Figure 2. Total electron yields y versus ion velocity v measured for impact of singly and multiply 
charged Ne ions on atomically clean polycrystalline gold (Eder et al., 1999). Observed electron 
yields result from KE (yield increases monotonically with impact velocity from the threshold on) 
and PE (respective yield increases with ion charge state but slightly decreases with impact energy).

Resonant ionization as the inverse process to resonance neutralization transfers 
electrons from projectile states into empty states with binding energy below the 
surface work function W.

Auger neutralization (sometimes named Auger capture) can give rise to elec­
tron ejection from the surface valence band if the available potential energy 
exceeds twice the surface work function W. One electron is captured by the ion 
and another one ejected with a kinetic energy defined by the common energy 
balance. The electron energy distribution corresponds to the self-convolution of 
the surface-electronic-density-of-states.

Auger de-excitation of projectiles can take place if after resonance or Auger 
neutralization their excitation energy is still larger than W. Excited projectile 
electrons interact with target electrons and the latter are ejected and the former 
demoted, or other target electrons are captured into the projectile and originally 
excited electron of the projectile ejected. In contrast to Auger neutralization, elec­
tron energy distributions resulting from Auger de-excitation are directly correlated 
with the surface-density-of states.

By incorporating these different electronic transitions into an adiabatic model 
(no coupling between electronic and nuclear motion), the total slow electron yield 
can be calculated (Hagstrum, 1954a, 1954b, 1956). Transition rates increase expo­
nentially with decreasing ion-surface distance, according to the overlap between 
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the surface-density-of-states and the projectile-based electronic wave functions. 
Consequently, these transitions start most probably from the Fermi edge of the 
surface-density-of-states. Assuming transition probabilities as independent of the 
impact velocity, neutralization of singly charged ions occurs most probably at 
a distance of a few Angstroms. Neutralization of an MCI Z9+ can, however, 
already start at a considerably larger distance which increases with the charge 
state q (see below). MCI may capture a sizeable number of electrons from the 
surface within a rather short time (typically about ten fs), which will give rise 
to autoionization of the transiently multiply-excited particles. Here, one or more 
electrons are ejected into vacuum, while other projectile electrons are demoted 
into lower lying states. Projectile autoionization was first observed for tran­
siently formed doubly-excited atoms in the surface impact of He2+ or metastable 
He+ (Hagstrum and Becker, 1973). Electron energy distributions resulting from 
autoionization are not related to the target surface-density-of-states.

Quasi-resonant neutralization is a near-resonant transition between target- and 
projectile core states which can only occur in close collisions by a strong overlap 
of the inner electronic orbitals. This process may occur in the late stage of MCI 
neutralization in the bulk.

Radiative de-excitation of excited projectile states formed by resonance of 
Auger neutralization of singly charged ions is much less probable than Auger 
de-excitation, since the respective transition rates are orders of magnitude smaller 
than for Auger transitions. However, the radiative transition rates increase with 
about the fourth power of the projectile core charge (Bethe and Salpeter, 1957), 
whereas the Auger transition rates are not strongly affected by electron-core in­
teraction. Therefore, in the final steps of the MCI de-excitation which involve the 
recombination of inner-shell vacancies, apart from Auger electron emission also 
soft X-ray emission can become probable (see below).

Based on the above concepts our present understanding of MCI-surface inter­
action has been sketched in Figure 3. Neutralization of MCI starts by forming 
transient multiple-excited species which carry empty inner shells and have thus 
been called a “Hollow Atom”. This name was first used (Briand et al., 1990) for 
explaining the projectile-characteristic soft X-ray emission observed in the surface 
impact of MCI. The X-rays are produced in the late stage of the hollow-atom 
decay inside the target bulk, whereas most of the slow electrons will be emitted 
already before the hollow atom has touched the surface (Arnau et al., 1997). In 
this way a MCI extracts a number of electrons from the surface and eventually 
becomes neutral. During this neutralization, slow electrons are emitted via au- 
toionzation. Eventually, the full MCI potential energy will be deposited during a 
rather short time (typically less than hundred femtoseconds) within a very small
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Figure 3. Schematic characterization of neutralization steps for a slow MCI approaching a surface, 
with formation of a hollow atom, its decay and possible KE (Winter and Aumayr, 2002).

area (typically one nm squared). This neutralization sequence can be explained by 
the so-called “classical over-the-barrier model” (Burgdörfer et al., 1991). If the 
hollow atom gets closer to the surface, it will become screened by target electrons 
which further accelerates its neutralization and de-excitation sequence.

Desorption and potential sputtering (Neidhart et al., 1995; Sporn et al., 1997; 
Aumayr and Winter, 2004) do only occur for certain insulator materials and gas- 
covered surfaces.

Once inside the solid, the so far remained inner shell vacancies in the 
strongly screened hollow atom will now also be filled, which gives rise to 
emission of projectile-characteristic fast Auger electrons and/or soft X-rays (see 
above), depending on the respective fluorescence yield. The different projectile 
recombination- and relaxation processes cannot be easily distinguished from each 
other, since some of the fast Auger electron emission may already occur before 
close surface contact and slow electron emission can continue after penetra­
tion of the surface. However, the slow electrons carry the information about the 
hollow-atom development above and at the target surface, whereas the fast Auger 
electrons and/or soft X-rays are signatures for the final hollow-atom development 
below the surface (Arnau et al., 1997).

1.3. Combined Kinetic and Potential Electron Emission

If the ion kinetic energy stays well above the KE threshold (Hasselkamp, 1992), 
total electron yields will result both from PE and KE, and the relative importance 
of both contributions will be difficult to distinguish except in the following cases.
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(a) For projectile ions with a kinetic energy well below the KE threshold 
(exclusive PE);

(b) if the potential energy greatly exceeds the kinetic energy (dominant PE);
(c) for neutral ground-state projectiles of any velocity (exclusive KE).

In Section 2 we will demonstrate how for the special case of grazing projectile 
incidence the coincident measurement of electron emission and projectile energy 
loss permits separation of PE and KE contributions, even if both are of comparable 
size.

In some cases distinction between KE and PE is not very meaningful. One 
example is electron emission for singly charged ion impact on MgO, which has 
been interpreted by the creation of a hole in the valence band via resonant elec­
tron capture, followed by Auger neutralization of this hole (PE related effect) 
(Matulevich and Zeijlmans van Emmichoven, 2004). An alternative explanation 
involves production of a surface exciton via electron promotion in collisions with 
O" target ions (a kinetic effect) followed by autoionization of the exciton (an 
Auger-type effect) (Riccardi et al., 2004).

Another effect concerns the excitation of plasmons. Sufficiently fast particles 
(electrons, ions) can excite plasmons in a solid (Raether, 1988). Another plas­
mon excitation process has recently been observed for slow ion impact on metal 
surfaces (Baragiola and Dukes, 1996; Stolterfoht et al., 1998).

For this to occur, either the ion potential energy needs to be sufficiently high 
(“potential excitation of plasmons”), or it proceeds as a secondary process which 
is caused by fast electrons from KE. Clear signature for plasmon excitation is the 
subsequent one-electron decay with a characteristic feature in the electron energy 
distribution (Raether, 1988; Baragiola and Dukes, 1996; Stolterfoht et al., 1998; 
Eder et al., 2001). Slow-ion induced plasmons can therefore result from the 
potential and/or the kinetic projectile energy.

2. KE and PE for Grazing Incidence of Slow MCI on Single Crystal 
Surfaces

2.1. Experimental Aspects

The total electron yield y (mean number of electrons emitted for single projectile 
impacts) from KE and/or PE is usually determined from the fluxes of projectiles 
Ip and emitted electrons Ie = y ■ Ip/q (“current measurement”; see Hasselkamp, 
1992). For charged projectiles this can be simply accomplished by the measure­
ment of target currents for different target bias (with and without electrons leaving
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Figure 4. Experimental setup for measuring the electron number statistics (ES) (Eder et al., 1997).

the surface). Here one must avoid possible contributions from charged particle 
reflection, secondary ion emission and spurious electron production by reflected 
or scattered projectiles or electrons. Primary ion currents should be at least in the 
nA range which can become a problem for highly charged ions. Neutral projectile 
fluxes can either be determined via KE if the respective yield is already known, or 
by means of sensitive calorimetry with a bolometer.

Another very useful method for total electron yield measurements utilizes the 
electron number statistics (ES), i.e. the probability distribution Wn for ejection of 
1, 2, ..., n electrons per incident projectile. From this ES the total electron yield y 
is simply obtained as the first moment of the Wn distribution, if the probability Wo 
for no electron emission is also known (see below; Lakits et al., 1989a; Aumayr 
et al., 1991 ; Kurz et al., 1992, 1993; Eder et al., 1997). Figure 4 shows a setup for 
ES measurements for near-normal particle incidence. Incoming ions are brought 
to the desired impact energy by a four-cylinder lens before hitting the target sur­
face, but their lowest achievable impact energy is determined by image charge 
acceleration toward the surface (Aumayr et al., 1993a; Winter et al., 1993). Elec­
trons ejected from the target with an energy below about 50 eV into the full 2ji 
solid angle are back-bent by a highly transparent (96%) conical electrode and 
accelerated toward a surface barrier detector at 20 kV with respect to the target. 
The probability Wy that no electron is emitted cannot be directly measured but 
becomes practically negligible for y >3. However, for small electron yields Wo is 
the dominant ES component, and without its knowledge no accurate determination 
of y by the ES technique is possible.

In Sections 2.2, 2.3 and 3 below we describe ES measurements in coincidence 
with grazing scattered projectiles, which permit a straightforward evaluation of
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electron-detector

Figure 5. Experimental setup (schematic) for measuring electron number stastistics (ES) in coinci­
dence with scattered projectiles for grazing incidence of slow MCI on a monocrystalline flat target 
surface (Lemell et al., 1998; Lemell et al., 1999).

Wo and therewith the precise measurement of very small electron yields. As two 
other attractive features, the ES technique is also applicable for neutral projectiles 
and it requires only very small projectile flux (less than 104 projectiles/s), which 
avoids the disturbing charge-up of insulator surfaces (Vana et al., 1995a, 1995b). 
Apart from its application for measuring y, the ES are of interest in their own, as 
they give information on the total number of electrons involved in the particular 
emission process, and on the related mean single electron emission probability. 
These two parameters differ significantly for KE and PE processes (Lemell et al., 
1995, 1996a; Vana et al., 1995c).

For determination of the relative importance of PE and KE we have performed 
measurements with slow MCI impinging under a grazing angle of incidence on 
atomically clean flat monocrystalline target surfaces. In this particular scattering 
geometry the projectiles interact with the surface along well-defined trajecto­
ries (surface channeling; see Winter, 2002). Rather detailed information can be 
obtained if the electron emission is measured in coincidence with the angular 
distribution of scattered projectiles (Lemell et al., 1998, 1999), and further insight 
can be gained if the energy loss of scattered projectiles is also taken into account 
(Stöckl et al., 2004).

Figure 5 schematically shows a setup by which the energy- and angular distrib­
utions of projectiles scattered under grazing incidence from a flat monocrystalline 
target surface can be observed in coincidence with the ES of ejected electrons. 
In such a situation neutral scattered projectiles are usually more abundant than
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scattered projectiles direct beam

Ar8+ (450 eV/amu, <j>in= 5°) Au(111)

emitted electrons

Figure 6. Top: Intensity distribution of scattered projectiles recorded with a position sensitive de­
tector for 0.45 keV/amu Ar8+ ions impinging under a grazing angle ø,n = 5° onto a clean Au(l 11) 
surface (Lemell et al., 1998). Bottom: Mean number of emitted electrons measured in coincidence 
with projectiles scattered into different exit angles (positions corresponding to the top of figure).

charged ones. Kinetic energy distributions of both neutral and charged particles 
can be determined by means of time-of-flight (TOF) techniques which require a 
well-defined time structure (short pulsing) of the projectile beam.

2.2. MCI Impact at Grazing Incidence on Au(1 11)

Coincidence measurements beween ES and scattered projectiles have been per­
formed for grazing impact of slow MCI on clean monocrystalline Au(l 11) with an 
experimental setup sketched in Figure 5 (Lemell et al., 1999; Stöckl et al., 2004). 
Figure 6 shows the intensity distribution of scattered projectiles recorded with a 
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position sensitive detector for 0.45 keV/amu Ar8+ ion impact under an angle of 
incidence of 5° onto a Au(l 11) surface (Lemell et al., 1998). The peaked feature 
on the top right hand side represents a small fraction of the primary ion beam that 
has passed above the target (see Figure 5), whereas the broad peak results from 
scattered projectiles. Specularly reflected projectiles contribute to the central peak, 
while scattering from surface imperfections (e.g. steps) is responsible for the tail 
of the scattered particles distribution. On the bottom of Figure 6 one sees the mean 
number of electrons emitted in coincidence with different parts of the angular 
distribution shown on top. Apparently, less electrons are emitted for specularly 
reflected projectiles than for non-specular scattering.

In Figure 7 we show the ES from these measurements. The upper panel depicts 
“non-coincident ES” resulting from all impinging projectiles without selection. 
“Coincident ES” are obtained in coincidence with projectiles for the complete 
scattering distribution shown in the top part of Figure 6. From the difference we 
see that a considerable fraction of the projectiles has not been specularly scattered 
and apparently produced a comparably higher electron yield.

In the center of Figure 7 ES labelled (1) results from truly specularly re­
flected projectiles into the central peak in the top part of Figure 6. ES labelled 
(2) was measured coincidently for projectiles scattered out of the specular direc­
tion into the tail shown in the top part of Figure 6. ES(2) clearly gives a higher 
electron yield than ES( 1) [40], Finally, in the bottom part of Figure 7 an ES is 
shown for Ar8+ impact under normal incidence on polycrystalline Au with a 
total impact energy of 2.5 eV/amu (Kurz et al., 1992), which is comparable to 
the 3.4 eV/amu kinetic energy component normal to the surface for grazing inci­
dence of 450 eV/amu projectiles at 5o with respect to the surface. Since 100 eV 
(2.5 eV/amu) Ar projectiles (v = 2.2 x 104 m/s) can hardly produce any KE, the 
ES shown in the bottom part of Figure 7 results exclusively from PE by Ar8+ ions 
which release a total potential energy of about 600 eV upon their surface impact. 
The similarity of this ES and the one labeled (1) in the center of Figure 7 proves 
that specular scattering from a metal surface produces approximately the same 
PE yield as the same ions if impinging perpendicular with an energy comparable 
to the surface-normal impact energy component for grazing incidence. ES( 1 ) can 
therefore be related to PE from projectiles which approach the top-most surface 
layer not closer than about 1 a.u. Another conclusion from this observation is 
that the PE contribution from hollow-atom relaxation above a metal surface only 
depends on the respective perpendicular impact velocity component.

We remark that the tail toward higher eletron numbers in ES(1) (center of 
Figure 7) results from projectiles which have produced KE on some surface steps 
and were then just randomly scattered into the specular direction.
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Figure 7. Top: ES for 0.45 keV/amu Ar8+ ions impinging under a grazing angle </>jn = 5° onto 
a Au(lll) surface, measured non-coincidently and in coincidence with all scattered projectiles 
(Lemell et al., 1998), respectively. Center: ES for 0.45 keV/amu Ar8"1“ ion impact under a grazing 
angle øjn = 5° onto a Au(l 11) surface, measured in coincidence with the central part (1) and the 
wings (2) of the projectile scattering distribution shown on top of Figure 6, respectively. Bottom: 
ES for 2.5 eV/amu normal incidence of Ar8+ on polycrystalline Au (Kurz et al., 1992).

In this context we note that for grazing scattering of MCI on flat surfaces 
the entrance angle of the MCI and therefore also the exit angle of specu­
larly reflected neutralized projectiles are increased by the image charge at­
traction on the incoming trajectory (Aumayr et al., 1993a; Lemell et al., 1996b; 
Meyer et al., 1995; Winter, 1992). For example, near a Au surface (work function 
W = 5.1 eV) Ar8+ ions gain about 30 Ev, which is a considerable fraction of their 
initial perpendicular energy of about 140 eV in the above discussed case. For
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energy loss (keV)
(a) (b)

Ar3+ -* LiF(001 )
E ■ 18 keV y» 3.8°

Figure 8. (a) Coincidence spectra of the number of emitted electrons versus projectile energy loss 
for 18 keV Ar3+ impact on a LiF(OOl) surface (angle of incidence 3.8°) (Stöckl et al., 2004). Red 
and green curves as explained in (b). (b) Cuts through these coincidence spectra at constant mean 
energy loss (red curve) provide the related mean number of emitted electrons, and cuts for a given 
mean number of emitted electrons (green curve) provide the related mean energy loss. The two 
curves have been extrapolated to zero energy loss and zero number of emitted electrons (red and 
green circle), respectively (for further explanations, see text).

higher ion charge states the increasingingly stronger image charge acceleration 
will eventually prohibit access to the grazing incidence regime. Secondly, faster 
grazing incident projectiles can produce KE by elastic collisions with quasi-free 
electrons above the surface (see Section 3). However, in the here discussed case 
the Ar ions with about 0.1 a.u. velocity give rise to a KE yield of less than 2% 
(Kurz et al., 1992), which is negligible in comparison to the resulting PE yield.

2.3. MCI Impact at Grazing Incidence on LiF(OOI)

We now consider a case where the PE and KE yields are of comparable im­
portance. In order to separate these KE and PE contributions, we use the close 
relationship between KE and the inelastic energy loss of scattered projectiles (see 
Section 3). For grazing incidence conditions and with a time-of-flight (TOF) unit 
added to the setup shown in Figure 5 we have performed ES measurements in 
coincidence with the projectile energy loss (Stöckl et al., 2004). Figure 8 depicts 
a correlation of the mean number of emitted electrons with the projectile energy 
loss. Extrapolation of the resulting curve to the hypothetical case of projectiles
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Figure 9. “Pure” PE yields versus MCI potential energy (data points) for grazing impact of 
Ar^+ (angle of incidence = 3.8°) compared with theoretical limitation by potential energy 
conservation (solid line) (Stock! et al., 2004).

without energy loss (red circle in Figure 8; not directly accessible in our experi­
ment) leads to an electron emission yield which is not accompanied by a kinetic 
energy loss AE of the projectile (Stöckl et al., 2004). Therefore, this extrapolated 
electron yield could only result from the projectile potential energy Epot as a 
“pure” potential electron emission yield ypE (AE -> 0). Plotting this extrapolated 
data for different Ar<y+ projectiles as a function of the related potential energy 
supports our interpretation quite convincingly. As shown in Figure 9, we find a 
linear relationship between this “pure” PE yield and the potential energy carried 
by different MCI towards the surface. There is no dependence on the kinetic pro­
jectile energy which has been varied between 18 and 54 keV (Stöckl et al., 2004). 
Most notably, the data points are close to the limit of potential energy conservation 
(solid line in Figure 9). Auger processes resulting in PE (see Section 1) require a 
potential energy of at least twice the minimum electronic binding energy W at the 
surface (corresponding to the work function of metal targets). The maximum pos­
sible number of electrons emitted via PE is therefore given by nmax = Epot/2W. 
This number of PE electrons is indeed evaluated from our extrapolated data, taking 
into account a binding energy of about 12 eV (Ochs et al., 1997) for the highest 
occupied states in the F~(2p) valance band of LiF (solid line in Figure 9).
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Here we have assumed 100% probability for electron escape from the sur­
face. This assumption seems not unreasonable considering the large band gap of 
LiF(OOl) which extends above the vacuum energy and thus blocks the absorption 
of slow electrons inside the solid. We also remark that the extrapolated relatively 
large mean energy loss of 1 keV correlated with no electron emission (green circle 
in Figure 8b) results from the relatively small distance of 13 cm between the 
impact spot on the target surface and the projectile detector, which therefore also 
registers a significant amount of scattering events from deeper surface layers.

Our remarkable finding that the ion potential energy is utilized by almost 100% 
for PE suggests that up to the highest ion charge state/potential energy applied in 
the present measurements (for Ar8+ Epot 600 eV), the electronic properties 
of the LiF target (limited hole mobility, possible reduction of electron capture 
rate due to hole formation, necessity for capture of more tightly bound electrons, 
see, e.g., Wirtz et al., 2003) do not limit the supply of electrons for complete 
neutralization and de-excitation within the given short surface interaction time.

In particular, the PE yields observed for grazing AF/+ impact are by more 
than a factor of two larger than earlier measured for normal incidence of Ar^+ 
on polycrystalline LiF (Vana et al., 1995b). In grazing collisions the projectiles 
interact with many different F" sites over a relatively long way. On the other 
hand, for normal impact the rates for electron capture from neighboring sites are 
considerably (typically one order of magnitude) smaller than for capture from the 
F_ ion closest to the projectile impact site, and multiple capture from a single site 
would also involve more tightly bound electrons (Wirtz et al., 2003). Our present 
findings are consistent with image charge acceleration measurements for graz­
ing scattering of MCI on a monocrystalline LiF surface (Auth et al., 1995), from 
which result a complete projectile neutralization along the particle trajectory can 
be concluded.

Since surface-channeled projectiles interact with the surface along well defined 
and calculable trajectories (Winter, 2002), the here presented technique allows, at 
least in principle, investigations of the PE yield as a function of the closest distance 
of projectile approach toward the surface, which also permits studies of dis­
tance dependent Auger transition rates (Hecht et al., 1997; Monreal et al., 2003; 
Bandurin et al., 2004).

3. Near-Threshold Studies for KE from Grazing Incidence of Slow Atoms 
on Single-Crystalline Metal and Insulator Surfaces

For these measurements fast neutral atoms have been produced by passing the 
respective singly charged ions through a gas-filled charge-exchange cell and suf-
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Figure 10. Raw data for projectile time-of-flight versus electron number for I keV H° impact on 
LiF(OOl) at øjn = 1.8° (colour code indicates from blue to red increasing relative intensities; Winter 
et al., 2002).

ficiently close collimation. With similar techniques as described in Section 2.3, 
coincident measurements of electron number statistics (ES) with projectile time- 
of-flight have been performed for grazing scattering of neutral ground state 
hydrogen atoms (avoiding any PE) on LiF(OOl) (Winter et al., 2002), and of neu­
tral ground state hydrogen and noble gas atoms on Al(l 11) (Lederer et al., 2003). 
This permitted precise measurements down to very small electron yields (< 10“4 
electrons per projectile) and also projectile energy loss measurements without 
electron emission, as necessary near the KE threshold.

3.1. Near-Threshold KE Studies for a LiF(OOI) Surface

Figure 10 shows a 2D plot of raw data for ES versus projectile time-of-flight 
(TOF) for grazing impact of 1 keV H° on LiF(001) (Winter et al., 2002). Events 
without electron emission (left column) belong to elastically scattered projectiles 
(lowest mark) or to a different number of discrete energy losses of 12 eV each, 
which are related to excitation of the corresponding number of surface excitons 
(Roncin et al., 1999). One- and more electron emission events (other columns) 
can be accompanied by production of no or of different numbers of excitons.

Figure 11 shows the electron yield and fractions of excitons and negative ions 
after H° scattering under c/)in = 1.8° with different impact energies. Scattered 
negative ions have been registered with biased electric field plates and a second 
particle detector (Mertens et al., 2002).
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energy (eV)

Figure 11. Fraction of excitons (full circles), electrons (full triangles) and H- ions (open cir­
cles) versus impact energy, for scattering of H° atoms under </>jn = 1.8° from LiF(OOl) 
(Mertens et al., 2002).

Interpretation of these results involves the binary collision of H° atoms 
with F- ions at LiF crystal lattice sites (Winter et al., 2002; Roncin et al., 1999; 
Mertens et al., 2002). In such collisions an electron can be captured from an F~ 
ion into a negative hydrogen state which then is shifted to a crossing with a F_* 
surface exciton state at about 2 eV below the vacuum level. At this crossing the 
electron may either be recaptured for forming a surface exciton, or the negative 
ion prevails and acts as precursor for electron emission by detachment at the sur­
face, or it can survive the scattering event. For grazing scattering on LiF(001) the 
projectile energy loss is exclusively caused by discrete contributions for exciton 
production (about 12 eV each) and/or negative ion formation which primarily 
ends up in electron detachment (about 14 eV). Toward higher impact energy the 
discrete energy losses gradually change into quasi-continua which however still 
constitute a relatively small part of the total projectile energy.

3.2. Near-Threshold KE Studies for an Al(1 11) Surface

The situation is rather different for a quasi-free electron metal surface such 
as Al(lll). Figure 12 shows measured projectile energy loss distributions for 
emission of no and of one electron (Lederer et al., 2003). In striking contrast to
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Figure 12. Energy loss spectra for emission of no (full circles) and one (open circles) electron from 
scattering of 1.5 keV H° atoms at øjn = 1.88° on an Al( 111) surface (Lederer et al., 2003).

scattering from LiF(OOl), for the metal surface the projectile mean energy loss is 
considerably larger but not strongly different for cases without or with emission 
of electrons. Apparently, most of the projectile energy loss results from friction in 
the quasi-free electron gas in the solid, a situation not applicable for an insulator.

The fact that without electron emission a much larger mean projectile energy 
loss is found for scattering from Al(lll) than from LiF(OOl) (see Figure 10) 
can be satisfactorily explained with a simple classical model for binary elastic 
collisions of the projectile in the quasi-free electron gas at the selvedge above 
the Al(lll) surface (Winter and Winter, 2003). The maximum velocity of elec­
trons here is the Fermi velocity up which depends on the electron density. The 
majority of collisions takes place at a relatively large distance from the surface 
(typically some a.u.) and therefore results only in small projectile energy transfers 
which, however, for an appreciably large number of collisions along the projectile 
trajectory add up to the here observed total energy loss. The KE threshold velocity

v,h = y G/1 + W7EF - 1)

for electron emission is reached if the energy transfer in a binary collision is 
sufficiently large to excite an electron from the Fermi level (EF: Fermi energy) 
into vacuum (Baragiola et al., 1979). Measurements performed with H° and He0 
projectiles agree on a quantitative level with these simple model calculations, both 
with respect to the KE threshold velocity vth and the dependence of the KE yield 
on the projectile velocity near vth (see Figure 13).
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Figure 13. Full circles: Total electron yields versus projectile energy for He0 atoms scattered 
from Al(lll) under ø;n = 1.88°. Solid curve: Model calculations as explained in the text 
(Lederer et al., 2003; Winter and Winter, 2003). Insert: Vertical scale enlarged by a factor of 20, 
with the small contribution below v = 0.1 a.u. presumably caused by scattering events on surface 
imperfections.

Recently, similar measurements have been conducted for grazing incidence of 
Ne and Ar atoms on Al(l 11). They revealed defined but very small KE contribu­
tions below the here discussed KE threshold for quasi-free electron metals. Such 
“subthreshold KE” has recently been explained by higher-momentum components 
in the local S-DOS as the result from surface corrugation and electron correlation 
effects (Winter et al., 2005).

Comparing Figure 11 for impact of H° on LiF(001) with Figure 13 for He0 
on Al( 111) shows a clearly different behaviour of KE yields towards low impact 
energy. There is a quite well defined threshold for Al( 111), whereas for LiF(001) 
no such clear threshold can be found even at lower impact energy than covered by 
Figure 11.

For insulators KE can still occur at very low impact energy, despite the 
generally higher electron binding energy in comparison with metal surfaces. 
This explains why bombardment of oxidized (“dirty”) metal surfaces with slow 
projectiles gives a higher chance to emit electrons than for atomically clean metal 
surfaces. However, for non-grazing impact the observed relatively higher electron 
yields for insulators then for metals are mainly caused by a larger mean free
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Figure 14. Comparison between total electron yields versus impact velocity for normal impact of
H+, and on Au and highly oriented pyrolytic graphite (HOPG) (from Cernusca et al., 2002).

path for inelastic electron collisions (KE step 2) (Hasselkamp, 1992; Schou, 1988; 
Rösler and Brauer, 1991).

4. Non-Proportionality Effects for Siow Molecular-Ion Induced KE

In the present context we understand as “non-proportionality” or “non-additivity” 
in KE a discrepancy between the KE yield for a certain molecular projectile and 
for the sum of KE yields produced by its constituent particles with equal impact 
velocity. Such effects are generally explained by differences in the projectile ion 
charge shielding inside the target bulk. The most simple case is KE for Ht and 

molecular ions in comparison with protons. Figure 14 shows related data for 
normal impact of H+ (n = 1,2,3) on gold (Lakits et al., 1989b) and HOPG 
(highly oriented graphite) (Cernusca et al., 2002). In both cases the measured 
electron yields are not subject to any PE contribution. Respective KE thresholds 
are the same for all three projectile ion species, but the KE yields themselves 
exhibit a clearly apparent non-proportionality. This behaviour has been explained 



546 HP. Winter et al. MfM 52

(Lakits et al., 1989b) by the different number of electron(s) per proton for the 
three projectile ions, which causes accordingly different shielding of proton(s) 
inside the solid. In essence, the following simple relation holds at a given impact 
velocity:

y(H+) = y(H+) + (n - l)y(H°).

This relation permits determination of KE yields for impact of neutral hydrogen 
atoms (which have actually been measured for a gold surface by means of the ES 
method; see Lakits et al., 1989b) from the much easier measurable KE yields for 
charged projectiles. We do not claim, however, that the same relation holds for 
other chemical species, which would be worthwhile to check.

A rather strong non-proportionality into the other direction has been identified 
for impact of singly and multiply charged fullerene ions (C^) on clean poly­
crystalline gold. Multicharged ions do not produce any PE, even if their 
potential energy becomes sufficiently large (about 22 eV for q = 4), since this 
potential energy is apparently used for enhanced fragmentation upon surface im­
pact (Winter et al., 1997). The KE yield for impact of ground state C+ ions on 
Au (no PE) at an impact velocity of 1.2 x 105 m/s is about 0.03 electrons/ion 
(Eder et al., 1999). At the same impact velocity, a single ion produces an 
average of about 9 electrons, corresponding to 0.15 electrons per carbon atom! 
Measurements for differently charged fullerene fragments down to n = 15 
showed practically no deviation from the KE yield proportionality with the intact 
fullerene molecule. It would be of interest to investigate the behaviour of KE 
yields toward still lower numbers of carbon constituents, in order to explain the 
reason for this quite huge non-proportionality effect.

5. Novel Applications of KE and PE

5.1. Surface Triangulation by Means of KE from Grazing 
Incident Atoms

Measurements involving grazing incident projectiles on monocrystalline target 
surfaces as described in Sections 2 and 3 have been conducted for planar channel­
ing conditions. In this scattering regime the projectile trajectories can be derived 
from an approximated continuum potential with planar symmetry. This results in 
specular reflection of projectiles in front of the topmost surface layer, with an 
energy loss and electron emission as explained above. The scattering conditions 
are drastically changed if the incident beam is aligned to a low index direction 
of the crystal lattice. Then the projectiles will be steered along atomic strings
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Figure 15. Non-coincident ES for scattering of 16 keV H° atoms from Al(l 11) under </>,n = 1.9°, 
for azimuthal orientation angles of 282° (axial channeling) and 278° (planar scattering), respec­
tively (Winter et al., 2004).

in the surface plane (“axial channeling”), governed by a continuum potential of 
axial symmetry. In such cases the probability for projectiles to penetrate into the 
bulk of the target becomes enhanced. Consequently, one expects for transition 
from planar to axial surface channeling enhanced electron yields, because of a 
higher chance for trajectories leading into the subsurface region. In Figure 15 we 
show non-coincident ES for scattering of 16 keV He atoms from Al(l 11) under 
</>in = 1.9° along two different azimuthal directions (Winter et al., 2004). Data 
for scattering from the target surface along the (110) direction (F)in = 282°, 
open circles) reveals a substantial enhancement of events with higher electron 
numbers, compared to a “random” azimuthal orientation (0jn = 278°, full cir­
cles). This striking difference is interpreted in simple terms by a relatively small 
fraction of projectiles which under axial surface channeling conditions can enter 
the subsurface region, resulting in an increase of the total electron yield.

The such enhanced electron yield can also be observed by an increase of 
the (uncompensated) target current. Low index crystallographic directions can 
be deduced from this current as a function of the azimuthal orientation of the 
target surface. This “ion beam triangulation” (Pfandzelter et al., 2003) allows one 
to investigate the structure of clean surfaces and, in particular, ultrathin films.

Note that the data displayed in Figure 15 do not reveal a shift of ES with low 
electron numbers, but rather an enhancement for high electron numbers, caused 
by a small part of projectiles which produce a considerably larger number of
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Figure 16. Electron detector count rate as function of azimuthal target angle for scattering of 16 keV 
He0 atoms from Al( 111) under </>jn = 1.9°. Upper curve: discriminator level 0.15 V, lower curve: 
discriminator level 2.0 V (Winter et al., 2004).

electrons. With ion beam triangulation based on target current measurements, the 
structure of Co and Mn films epitaxially grown on Cu(001) has been studied. For 
these systems a variety of complex superstructures is present and, in particular, 
for the Mn c(12x8) Cu(001) system a new structural model has been derived 
(Bernhard et al., 2003). If the same method is applied by recording ES instead of 
the target current, important advantages will be gained. The number of impinging 
projectiles can be reduced to an extremely low limit of some 1,000 projectiles 
per second (equivalent to currents of sub-fA), so that even for ultrathin films any 
damage by the fast projectiles can be excluded. In addition, by selecting emission 
events with a higher number of electrons (see Figure 15), the “signal to noise 
ratio’’ will be substantially enhanced. This was demonstrated in the scattering 
experiments mentioned above by different settings of the signal discriminator 
level for the surface barrier detector (Winter et al., 2004). In Figure 16 resulting 
counts are plotted as function of the azimuthal angle for (7disc = 0.15 Volt (just 
above the detector noise level, upper curve) and 2.0 Volt (only detection of events 
with electron number n > 9, lower curve). Recently this new technique was 
successfully applied to studies on the structure of ultrathin Fe films on Cu(001) 
(Bernhard et al., 2005).
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Figure 17. ES for impact of a mixed MCI beam (16O6+/40Ar15+) from an electron beam ion 
trap (EBIT) (Schneider et al., 1991). The fractions of the two ion species can be determined after 
evaluation of raw ES data (open circles) according to Lakits et al., 1989b and Aumayr et al., 1993b.

5.2. m/q DISCRIMINATION FOR MIXED MULTICHARGED ION BEAMS

Ion beams from MCI sources often comprise a mixture of ion species from differ­
ent elements in different charge states. No standard methodology for ion analysis 
(electrostatic or magnetic field selectors, time-of-flight measurement) can distin­
guish between different ion species with (nearly) equal mass to charge (m/q) ratio 
accelerated by the same potential difference. However, one can utilize surface 
impact of the ions in question, as soon as they produce strongly different electron 
emission yields. In this way we could accurately determine the fractions of dif­
ferent ion species with equal q/m in mixed ion beams, both for highly charged 
atomic ions (different PE yields; see Figure 17 from Aumayr et al., 1993b) and 
for fullerene ions and their fragments (different KE yields; see Section 4 and 
Figure 18 from Aumayr et al., 1997).

Recently we have built a simple setup that exploits the strongly different PE 
yields for highly charged ions extracted from an electron beam ion trap (EBIT) of 
the distributed “LEIF” (low-energy ion beam facility) infrastructure in Heidelberg 
(Crespo Lopez-Urrutia, 2003). An ES detector (see Section 2.1) registers short 
electron pulses which are created from individual ion impacts on a sputter-cleaned 
single-crystalline gold surface in UHV.
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Figure 18. ES for impact of quadruply charged fullerene ions l2C^ and their singly charged 
fragment ions 12C^5 (from Aumayr et al., 1997).

The heights of these pulses are directly proportional to the number of ejected 
electrons. Therefore, the pulse height spectra allow for separation and quantitative 
analysis of different ion species with equal or nearly equal m/q. We demonstrate 
the power of this method by characterizing a full scan of the analyzing magnet 
by correlation of the pulse heights from the ES detector with the analyzing mag­
netic field strength. The resulting 2-D plot is shown in Figure 19 and allows one 
to distinguish the here desired l29Xe<?+ ions from various residual gas ions like 
Ar^+, ()l/+ and N‘/+, and to identify minute admixtures like W</+, Ba^+ and Cu<?+ 
(Meissl et al., 2006).

The target crystal was mounted on a manipulator and could easily be retracted 
after the here described ion identification, in order to allow the MCI beam from the 
electron beam ion trap to enter an experimental chamber for other measurements 
of interest.

6. Summary and Open Questions

R.A. Baragiola, one of the pioneers in the field of ion-induced electron emission 
from solid surfaces, has recently listed the following five “unsolved problems” 
(Baragiola, 2005):

(a) threshold behavior for heavy ions;
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Figure 19. Plot of the number of emitted electrons for ion impact events versus analyzer 
magnet field strenght converted to ion charge-to-mass ratio (total scanning time 30 min) 
(Meissl et al., 2006).

(b) non-additivity in molecular impact;
(c) dependence of material properties for insulators;
(d) dynamics of plasmon decay;
(e) non-Poissonian probability for non-electron emission.

In this review we have demonstrated how the measurement of electron number sta­
tistics (ES) can benefit experimental studies on slow ion induced electron emission 
in a number of ways. Combination of the ES technique with grazing incidence 
scattering of slow atoms and singly and multiply charged ions on flat monocrys­
talline metal and insulator surfaces permits rather detailed studies on potential 
electron emission (PE) and kinetic electron emission (KE) with the following 
achievements.

Section 2: For impact of multiply charged ions contributions by PE and KE can 
be separated and quantitatively explained in terms of simple model considerations. 
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In contrast to metal surfaces, PE yields for insulator surfaces are considerably 
higher for grazing incidence than for larger angle impact, which is possibly caused 
by incomplete hollow-atom formation in the latter case. Systematic trajectory­
dependent investigations of PE may eventually permit the mapping of Auger 
transition rates versus surface distance.

Section 3: Total electron yields for KE could be reliably measured in co­
incidence with the energy loss of scattered projectile down to less than 10-4 
electrons/particle near the KE threshold. Atom trajectories with different, well 
defined distances of closest approach to the surface lead to KE thresholds that 
depend sensitively on the electron density in the surface selvedge. With these 
results important contributions for the solution of Baragiola’s problems (a), (c) 
and (e) have been made.

Section 4\ Examples for non-additive electron yields from molecular ion im­
pact (problem b) suggest more systematic experiments and attention from theory. 
The same applies to slow ion induced plasmon excitation (problem d).

Furthermore, two interesting applications of KE and PE have been presented 
in Section 5:

(1) Based on clearly changing ES for transition from planar to axial surface 
channelling, a new non-destructive technique for structural characterization 
of surfaces and thin films (“surface triangulation”) has been developed.

(2) Strongly different PE and/or KE yields permit the identification of different 
ion species with equal or similar q/m in mixed ion beams.

At least three other interesting points should be mentioned.

(1) The still unresolved question of a possible “trampoline effect” 
(Briand et al., 1996): During the approach of a slow MCI toward an 
insulator surface a situation could be envisaged, where still incompletely 
neulralized ions become stopped and reflected from the temporarily 
electron-depleted and thus positively charged surface.

(2) Strong electron emission from slow fullerene surface impact is not under­
stood (Winter et al., 1997).

(3) What can be expected for grazing scattering of molecules on monocrystalline 
metal surfaces - will there be some kind of “snowplough” effect?
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