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Abstract

We present basic features, important results obtained so far, and open questions 
on electron ejection from solids induced by swift ion beams in the “electronic 
stopping” regime, where the transfer of kinetic energy to target electrons domi
nates over effects related to potential energy or elastic stopping. Topics include 
primary ionization in binary collisions, transport of fast and slow electrons, 
multiple collision sequences (Fermi shuttle), collective excitations (wake, plas
mons), effects related to strong perturbation (high charge effects on primary 
ionization and electron transport, multiple ionization), Auger electron spec
troscopy (track potential, electronic temperatures), statistics and correlated 
emission of electrons, electron ejection in channeling, and charging effects in 
insulating targets.
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1. Introduction: Present Knowledge

The major part of the energy deposited in matter by swift ions in the “electronic 
stopping” regime leads to ionization of the target atoms. In condensed matter, 
ejected electrons may then suffer elastic scattering or inelastic scattering by tar
get atoms during their transport through the medium. A cascade of secondary 
electrons is created in this way. Electrons induced by swift ions are often called 
“delta-rays”, and the zone of high ionization density close to the ion trajectory is 
referred to as “track core”. The detailed knowledge of the microscopic structure 
of ion tracks is necessary for understanding radiation effects in condensed matter 
such as track formation, radiolysis, relative biological effectiveness (RBE) calcu
lations for hadron-therapy to name a few. In these examples, doubly differential 
electron ejection cross sections are a key input parameter for numerical simula
tions (Spohr, 1990; Kraft, 2000). Useful books containing comprehensive reviews 
on electron emission from solids include Devooght et al. (1991) for theoretical 
aspects, Hasselkamp et al. (1991) for experimental aspects and Baragiola (1993). 
Electron ejection in single collisions (gas targets, primary ionization) was treated 
by Stolterfoht et al. (1997). A large number of reviews in common journals are 
also available.

Important parameters which can be varied in experiments or calculations are 
first of all the properties of the projectile such as its velocity vp, atomic number 
ZP or charge <yP, and the number n of constituents in the case of cluster projectiles. 
In the following, we exclude “molecular (cluster) effects” and refer the reader to 
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the review by Fallavier (1996). Also, we restrict our discussion to the high veloc
ity regime (electronic stopping) and exclude effects related to elastic (“nuclear”) 
stopping or effects related to the potential energy (see the contribution by Winter 
et al. in this book for information about electron emission in the low velocity 
regime). The impact angle 8 between the beam and the target surface normal may 
range from 5 = 0° (perpendicular incidence) to 8 close to 90° (grazing incidence). 
Basic properties of the target are its atomic number ZT (keeping in mind that many 
materials are made of atoms of different kinds) and the thickness d. The target sur
face has a great influence on low energy electron emission (structure, topography, 
surface impurities due to physisorption and chemisorption). Furthermore, effects 
related to the orientation of either incoming beam or outgoing electrons with 
respect to a crystal direction (channeling, etc.) or the target temperature (surface 
modification, phase transitions) may arise.

Electron emission from solid surfaces under electron and ion impact was first 
observed at the end of the 19th century along with all the major discoveries con
cerning cathode rays, canal rays and radioactivity. The first systematic studies 
were performed by Füchtbauer (1906a, 1906b) exactly one hundred years ago. In 
his quite remarkable papers, Füchtbauer (1906a, 1906b) already described most 
of the basic features concerning electron yields, angular distributions and even 
velocity distributions. Nowadays, electron emission from solids is fairly well 
understood. Generally, a three step process is assumed: (1) primary ionization 
(both of target and projectile), (2) transport (elastic scattering, inelastic processes, 
secondary electron cascade multiplication), (3) transmission through the surface 
potential barrier. We should keep in mind that we are dealing with a complex phe
nomenon (many particles, target properties, surface phenomena). Theoretically, 
the phenomenon can be described at different levels of sophistication. A basic 
description is provided by the semi-empirical theory based on the classical paper 
by Sternglass (1957) with possible extensions for forward and backward emission 
from thin foil targets (Jung et al., 1996).

All theoretical approaches are based on master phase space equations. Most of 
them require first the knowledge of ion-solid interaction cross sections to model 
the primary excitation which gives rise to secondary electron cascades. They also 
need electron transport cross sections to account for electron transport and escape 
from the solid. These cross section are not easy to calculate and at the simplest 
level of modeling, they are eliminated to the benefits of empirical parameters like 
stopping power and transport or escape length (Sternglass, 1957). More involved 
models make an attempt to introduce explicitly the cross section in the master 
equation. Various approximations have been used to determine them. They are 
usually deduced from first order perturbation theory (see, e.g., Beuve et al., 2002, 
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and references therein) at various levels of sophistication to account for solid state 
effects. We can distinguish three approaches: (1) approximations which neglect 
the electronic structure of the target and where transport is considered as a se
ries of atomic collisions (Schou, 1980; Schiwietz et al., 1990), (2) models based 
on jellium theory which are able to account for collective effects like plasmon 
excitation (Devooght et al., 1987; Dubus et al., 1993; Juaristi et al., 1998), and 
(3) models where the electronic structure is taken into account explicitly (Willis 
et al., 1974; Chung and Everhart, 1977; Rösler and Brauer, 1981, 1988) or em
pirically (Beuve et al., 2002). The master phase space equation has been solved 
by direct integration in the case of stationary flux approximation (Schou, 1980; 
Devooght et al., 1987; Rösler and Brauer, 1981, 1988) or by Monte Carlo sim
ulation (Lencinas et al. 1990, Dubus et al. 1993, Beuve et al. 2002). The latter 
method provides more freedom regarding the geometry and interaction with the 
surfaces of the target. The calculated (total and differential) electron yields are 
in good qualitative agreement with experiments and allow interpretation of many 
experimentally observed features.

2. Experimental Techniques: New Developments

Experimentally, doubly differential electron yields (in single collisions with gas 
targets, doubly differential cross sections) are recorded with the help of both 
magnetic or electrostatic spectrometers, and time-of-flight techniques. The spec
trometer is placed at a certain observation angle 6, and the doubly differential 
electron yields, i.e. energy or momentum spectra, are measured by varying the 
electric or magnetic field of the analyzer. The ejection angle 0 is usually measured 
with respect to the beam direction, i.e. 0 = 0 deg. denotes emission in the direc
tion of the beam. Secondary electron yields (the mean number of electrons emitted 
per projectile) can be obtained from current measurements or from the measure
ment of electron emission statistics, i.e. the probability P(n) that 0, 1, 2,..., n 
electrons are emitted. More details on experimental techniques can be found in 
e.g. Hasselkamp et al. (1991) and Stolterfoht et al. (1997). During the last 10 
years, important new experimental techniques were applied to electron ejection. 
Advanced electrostatic spectrometers (toroidal geometry of the deflection plates; 
see Bechthold et al., 1998) allow to simultaneously measuring the complete elec
tron angular distribution at given electron energy with good angular resolution. 
This feature allowed to identify never before seen spike-like narrow electron jets 
along the beam axis in electron emission from thin foils, which may possibly be 
due to a plasma-lens (track guiding) effect (Zäpfel et al., 2002).
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The multi-detector ARGOS, initially designed for studying nuclear reaction 
products, was adapted for the measurement of fast electrons (Lanzano et al., 1998; 
De Filippo et al., 2004). With this multi-detector, in comparison to conventional 
spectroscopic methods used in atomic collisions up to now, three important ad
vantages are achieved: (1) doubly differential velocity spectra can be measured 
simultaneously at many ejection angles (up to 120 detectors), (2) absolute ejection 
yields and cross sections can be measured with great accuracy thus allowing a 
stringent test of ionization theory, and (3) (multi-) coincidences can be measured. 
This latter feature opens the door for studies of processes which have not yet 
been accessible, e.g. correlated emission of two or more electrons. Such studies 
become also feasible for low energy electrons via the measurement of the time-of- 
flight of electrons combined with imaging techniques (derived from the “reaction 
microscope”, see e.g. Ullrich et al., 2003), a technique that has been success
fully applied to study particle ejection in ion-atom and ion-molecule collisions. 
A combination of electric and magnetic fields guide the ejected electrons onto a 
position sensitive detector. The full differential emission characteristics of up to 
10 electrons per single incoming ion can be extracted (Rothard et al., 2007).

3. Overview: Basic Mechanisms

Basic mechanisms of electron ejection such as primary ionization in binary en
counter collisions, multiple collision sequences, electrons transport and collective 
excitation (wake, plasmons) are summarized in Figure 1 and explained in more de
tail throughout the text. Primary ionization in close collisions leads to ejection of 
fast (5-) electrons from the target atoms (binary encounter, denoted P in Figure 1). 
Low energy electrons stem from ionization in distant collisions or from collective 
effects such as plasmon decay or directed emission of shock electrons from the 
ion-induced wake. On their way through the solid towards the surface, electrons 
suffer inelastic collisions or angular scattering (electron transport). The projectile 
can be ionized (electron loss, denoted T in Figure 1). Higher order collision se
quences (P-T-P-..., referred to as “Fermi shuttle”) may also occur. Figures 2 and 
3 show examples of doubly differential spectra of low energy (E < 3 keV) elec
trons in backward and forward direction (Figure 2) and of high energy electrons 
(E > 10 keV) in forward direction (Figure 3).

A prominent feature in these latter spectra are “binary encounter electrons” 
with a broad distribution around a velocity of l»be = 2upcosö. Another feature 
are “convoy electrons” (CE) from either electron loss or capture to low-lying 
projectile continuum states. The paper by Breinig et al. (1982) still is an excellent 
introduction to CE. Their energy is close to zero in the projectile frame, and they
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a.) transport: elastic and
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Figure 1. (a) Basic mechanisms of electron ejection from a thin foil of thickness d bombarded 
with an ion beam of incoming charge q\ and outgoing charge q^. Low energy electrons stem from 
ionization in distant collisions or collective effects (plasmon decay and wake, upper left part). Pri
mary ionization in close collisions leads to ejection of fast (<S-) electrons from the target atoms. On 
their way through the solid towards the surface, electrons suffer inelastic collisions without angular 
deflection or angular scattering (upper right part) and may create secondary electron cascades, 
(b) Target ionization by a binary encounter projectile-electron collision (P), projectile ionization 
by the target (electron loss, T) and higher order collision sequences (Fermi shuttle P-T-P-... ).
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Figure 2. Low energy electron spectra) for H+ (9 MeV/u) penetrating a thin carbon foil (4 /zg/cm2) 
in backward (beam entrance side, left) and forward (beam exit side, right) direction. The numerical 
simulation (Beuve et al., 2002) is based on the Monte Carlo method, therefore, statistical fluctua
tions naturally arise and can be seen in the spectra. Shown are the total velocity differential spectra, 
the contribution of the K-shell Is ionization, and the contribution of KLL Auger electron emission. 
The most prominent feature is the peak of low energy often so-called “secondary electrons” at 
typically a few eV which stem from both primary ionization and cascade multiplication. Also, a 
shoulder from the decay of volume plasmons (at E < 20 eV for C targets) is visible.

form a characteristic cusp shaped peak in fast forward electron spectra. Recently, 
absolute cross sections for convoy electron emission from thin foils in a wide 
range of ZT (C ... Bi) by fast projectiles (23-95 MeV/u) were measured with 
the ARGOS multi-detector (De Filippo et al., 2004). A numerical description of 
convoy electron transport through solids in the vicinity of the projectile Coulomb 
field was developed by Burgdörfer and Gibbons (1990). Note that the production 
of CE in low lying projectile continuum states, the population of highly excited 
bound (Rydberg-) states of (heavy) ions in solids and the evolution of the ion 
charge states are related. A further electron ejection mechanism is the Auger ef
fect. Projectile Auger electrons from in-flight de-excitation of heavy ions carrying 
electrons in bound excited states can be observed (Figure 3). A review on this
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Figure 3. Fast-electron spectra emitted in forward direction (beam exit side, near 0 = 5 deg.) 
from thin foils, showing convoy- and binary encounter electrons. Left-hand side: doubly differential 
electron yields d2<r/(dE' dQ) plotted as a function of the electron energy for the collision system Ar 
on Al foil. Comparison of experimental spectra at 13.6 MeV/u (thickness 33 /zg/cm2, Rothard et al., 
1998) and at 77 MeV/u (thickness 90 ^tg/cm2, Lanzano et al., 1998) to the EIA calculation (dotted 
lines). In this latter case, the left-hand scale corresponds to units of barn/(keV sr). Right-hand side: 
Forward electron velocity spectrum induced by Kr22+ (64 MeV/u) from a C foil of approx. 50 nm 
(experimental data). Note the projectile Auger electrons.

topic was given by Stolterfoth (1987). Target Auger electrons (typically at low 
energies E < 3 keV) appear in the low energy electron spectra (Figure 2).

The low energy electron spectra from a calculation according to Beuve et al. 
(2001, 2002) for H+ (9 MeV/u) penetrating a thin carbon foil (4 /zg/cm2) in back
ward and forward direction (Figure 2) show as most prominent feature the peak of 
often so-called “secondary electrons” at typically a few eV. This broad distribution 
stems from both primary ionization and cascade multiplication (secondary elec
trons). Also, a shoulder from the decay of volume plasmons (at E < 20 eV for C 
targets) is visible. An interesting feature of theoretical calculations is that different 
contributions to electron ejection can be separated. Therefore, in Figure 2, we 
show the total velocity differential spectra in comparison to the contribution of 
the K-shell 1 s ionization and the contribution of KLL Auger electron emission.
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The overall intensity is slightly higher for forward emission. Experimental data 
may also serve as a benchmark for the development of numerical simulations 
of electronic energy deposition in matter and electron emission. After this rapid 
overview, we now discuss some special topics in more detail. We do not attempt at 
an exhaustive review, but rather would like to highlight the most important basic 
features, recent important new developments and findings, and open questions.

4. Primary Ionization, Fast Electron Transport and Collision Sequences

A “binary encounter” (BE) collision between projectile and target electron leads 
to ejection of electrons with a velocity of vbe — 2vp cos 0 if the interaction with 
the target nucleus is neglected. The momentum p = yv with y = (1 — (v/c)2)"1/2 
is the relevant quantity (instead of vp) for relativistic projeciles. The observed BE 
electron peak shows a broadening due to the initial momentum distribution of 
the bound target electrons known as Compton profile (Figure 3). The BE process 
is theoretically well understood. The relativistic theory is based on the electron 
impact approximation (EIA), where ionization takes place via electron transfer 
to the projectile continuum in a quasi-elastic scattering of the target electron by 
the projectile Coulomb field (Jakubassa-Amundsen, 1997; see also Rothard et al., 
1998a). The corresponding cross section is then folded with the Compton profile 
in the initial state.

Measurements of electron spectra as a function of the target thickness allowed 
observing how electron emission evolves from single collisions (as in atomic 
collisions with low density gas targets) up to multiple collisions (as in the bulk 
of solids, where electron transport phenomena become important) and thus to link 
single collisions to effects in condensed matter. A transport theory, based on the 
“Separation of Energy Loss and Angular Straggling” approximation (Tougaard 
and Sigmund, 1982; Schiwietz et al., 1990), was developed. It was tested for dif
ferent collision systems (13.6 MeV/u and 95 MeV/u Arl8+ GANIL, and 45 MeV/u 
Ni28+, LNS Catania) (Rothard et al., 2001; De Filippo et al., 2004). Singly differ
ential cross sections, which vary with ejection angle 0 as SDCS(0) ~ cos-3 0, 
obtained from measurement and calculation agree within some percent for thin 
foils, and so do doubly differential electron yields (as can be seen in Figure 3, 
left-hand side). The evolution of the shape of the spectra is reasonably well re
produced. Another important result concerns the target material dependence of 
BE electrons. It was found experimentally that they roughly follow a very simple 
scaling law: the BE electron yield is proportional to the number of target electrons 
“seen” by the projectile (Bechthold et al., 1998; Rothard et al., 1998a; De Filippo 
et al., 2004).
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Another interesting result is the observation of unexpectedly high cross sec
tions for electron emission at energies far beyond the BE peak, at large angles 
and even in backward direction. Possibly, this can be explained by the so-called 
“Fermi-shuttle” process, which was introduced to explain the origin of high- 
energy cosmic radiation due to acceleration of charged particles by repeated 
collisions with moving magnetic fields in interstellar space. Evidence for such 
acceleration schemes were found in ion-solid collisions (Lanzano et al., 1999) 
and ion-atom collisions (Sulik et al., 2002). From the basic BE process (ioniza
tion of the target by the projectile, P) and its counterpart in the projectile frame 
(T, ionization of the projectile by the target: electron loss), collision sequences 
(consecutive scattering events on the target nucleus and the projectile nucleus) 
can build up such as e.g. P-T, P-T-P, T-P, etc. as shown schematically in Figure lb. 
It was shown that the Fermi shuttle electron yield increases with the perturbation 
parameter Zp/vp, and also with the more realistic scaling parameter ZpZy/6vp, 
which takes into account re-bouncing of the electrons on target and projectile. 
This finding points towards the important role of the combined projectile-target 
system (Rothard et al., 2005).

The velocity distribution N(v) of the fast Fermi shuttle electrons is exponen
tially decreasing, i.e. N(v) exp(-nv), and exhibits the same evolution of n 
with projectile velocity as in the case of Fermi accelerated target deuterons. The 
Fermi shuttle acceleration should become of particular importance in ion-solid 
collisions compared to ion-atom collisions, because of the high target nucleus 
density. In this case, there should be an enhanced probability of re-scattering of 
electrons all along the projectile trajectory, since the projectile sees the projected 
density of backscattered electrons along the ion track. But this is an open question, 
since a direct comparison of data from thin foils and gas targets is still missing. 
Furthermore, when heavy collision partners (heavy target atoms, heavy ions) are 
involved, the re-scattering probability increases. This may have consequences for 
the microscopic structure of ion tracks (micro-dosimetry) and radiation induced 
energy deposition in both inert and living matter. We note that collision sequences 
of orders higher than P-T-P were observed (Sulik et al., 2003). A further prob
lem to be solved lies in quantification of the absolute contribution of such Fermi 
shuttle processes to electron ejection yields and to radiation effects. Monte Carlo 
simulations are useful in this respect (Sulik et al., 2003).

As far as primary ionization is concerned, an important recent theoretical de
velopment is the application of the binary stopping theory in a straightforward way 
to calculate ejected electron spectra (Weng et al., 2006). In this treatment, the con
tributions of target and projectile ionization are included. From an experimental 
point of view, the application of the “reaction microscope” to electron emission 
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in primary ionization allowed in particular studying the low energy part of the 
spectra down to less than eV energies (Ullrich et al., 2003). In the low electron 
energy limit (soft collisions with low momentum transfer), the influence of the 
target nucleus increases (two center effects). Also, for a realistic description of soft 
electron emission, quantum mechanical treatments are necessary. The emission of 
low energy electrons is governed by dipole transitions. For example, for a simple 
hydrogen target, most low energy electrons are emitted around 0 = 90 deg., i.e. 
cos# = 0. Nevertheless, the Compton profile, the initial momentum distribution 
of the bound electrons, broadens the distribution and leads to emission towards 
all angles. For complex targets (molecules with many electrons), the angular 
dependence is much weaker than for hydrogen, and smeared out over all angles.

5. Low Energy Electrons: Collective Excitations

Low energy electron emission (below 1 keV) strongly depends on surface prop
erties, and bears features of collective excitation (plasmons, wake), of transport 
effects (cascade multiplication, low energy “secondary” electron peak, Figure 2) 
and of effects connected to strong perturbation (“high charge effects”, see be
low, Figure 6). Plasmon excitation and subsequent electron emission following 
plasmon decay is well known (see Figure 2) and well treated theoretically in 
particular for Al. Collective plasmon-like excitations were also abserved for Be, 
C, Mg, Si, Ti, Nb and Au (Hasselkamp et al., 1991). Low energy electron emission 
from metals in backward direction was intensively studied by the Giessen group 
(Hasselkamp et al., 1990).

The collective response of the ensemble of target electrons to a moving charge 
shows up as electron density fluctuation with a Mach cone-like spatial structure 
(Echenique et al., 1979). This so-called “wake” is related to plasmon excitation, 
and may lead to a directed emission of low energy electrons perpendicular to the 
shock front as shown in Figure 1 (top left part). For theoretical treatments see 
Schäfer et al. (1980) and Brice and Sigmund (1980), the first experiment with 
controlled surfaces was performed by Burkhard et al. (1987b). An open problem 
here is the coupling to the surface and the de-excitation from a collective state 
inside the solid to a single electron continuum state outside the solid (Griepenkerl 
et al., 1995). A search for the possible influence of a superconducting phase tran
sition on collective electron emission (Rothard et al., 1992) was performed but 
did not reveal an important dependence of electron emission characteristics on 
the target temperature above and below the transition temperature.

Another phenomenon was searched for: the existence of bound states of elec
trons in the wake of ions inside the solid and the possible trapping of electrons 
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as suggested by Neelavathi et al. (1974). Experimental searches for such “wake
riding” electrons in connection with experimental studies of the convoy electron 
peak remained without success. However, the wake of negatively charged particles 
heavier than electrons may lead to an enhanced probability of single electron trap
ping in wake-bound states (Burgdörfer et al., 1989). Experimental investigations 
by Yamazaki et al. (1990) showed evidence for an additional “wake” related mech
anism for electron emission in forward electron spectra induced by antiprotons 
passing through thin carbon foils. Interestingly, in contrast to the case of positively 
charged particles, there is no convoy electron peak at ve ~ vp with negatively 
charged projectiles, but an “anticusp” caused by the repulsive interaction between 
the antiproton and the electrons. However, the anti-cusp is filled up by scattered 
electrons in the case of solid foils.

6. Electron Yields: Scaling Laws

During the ION06 meeting, it became clear that there is interest in knowing the 
behaviour of electron emission and to find simple scaling laws as a function of 
up, ZP and target thickness d for applications. First of all, since very often thin 
foils are used as electron source for e.g. beam monitors and dosimetry, let us 
have a look at the target thickness dependence of electron emission. Forward 
and backward electron yields are plotted as a function of the target thickness 
in Figure 4 for Cu ions of 9.6 MeV/u, and for Ni ions of 74 MeV/u. These 
experiments are based on current measurements as described by e.g. Clouvas et 
al. (1997) and Beuve et al. (2001). Also, yields for proton impact at 0.5 MeV/u 
and 9 MeV/u, calculated by means of a numerical simulation based on the Monte 
Carlo method, are shown (Beuve et al., 2001). Forward yields evolve over a 
large target thickness range and finally reach a plateau y^(oo). This is related to 
cascade multiplication by high energy 5-electrons which are mainly emitted in the 
forward direction. Backward yields rapidly reach a saturation value yB(oo) except 
at 74 MeV/u, where a second plateau is observed. In the case of forward electron 
yields, one must be careful and take into account that the ions loose energy in the 
foil. Their energy upon exit EP — AEP may considerably differ from the initial 
energy EP upon entrance. The energy loss AEP increases with target thickness. 
At high projectile energies, forward electron yields are “in equilibrium” (Figure 4) 
for foils thin enough to ensure that the energy loss is small compared to the initial 
energy AEP <£ EP. However, such effects may become important at energies 
below the stopping power maximum (Clouvas et al., 1997; Beuve et al., 2001).

Electron transport can be studied by an analysis of measured electron yields as 
a function of foil thickness within the framework of an empirical theory (Stem-
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FOIL THICKNESS d (pg/cm2)

Figure 4. Forward (full symbols) and backward (open symbols) electron yields (yp, yp) as a 
function of carbon target thickness d. The lines drawn through the experimental data are fits of 
Equation (1) to yp and with Equation (2) to yp. A thickness of d = 1 /zg/cm2 corresponds to 
about 61 Å for a carbon foil density of p = 1.65 g/cm3. Projectiles: Cu28+ (9.6 MeV/u, circles, 
experiment, Jung et al., 1996), Ni28+ (74 MeV/u, squares, experiment, Jung et al., 1996), H+ 
(0.5 MeV/u, triangles, numerical simulation, Beuve et al., 2002), H3" (9.2 MeV/u, upside-down 
triangles, numerical simulation, Beuve et al., 2002).

glass, 1957; Jung et al., 1996). The following equations are deduced for the target 
thickness (d) dependent forward (yp) and backward (yp) low energy electron 
yields:

n(6/) = Af djt1 _ Ä e“rfAs _ ßs e~d/^' (1)

/B(J) = Ab^- (1 - - f2e-rf/^). (2)

Here, Ap and AB are constants and dE/d-r is the electronic energy loss per unit 
path length. The curves shown in Figure 4 are fits with Equation (1) to the forward 
yields and with Equation (2) to the backward yields. The evolution of both theo
retical and experimental data with target thickness is remarkably well reproduced
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by these simple formulae. By means of this fitting procedure, one can deduce the 
mean diffusion length for slow electrons Às and the mean transport (attenuation) 
length for high energy electrons (in forward direction: in backward direction 
for backscattered fast electrons: k's). The meaning of these quantities is shown 
schematically in Figure 1 (central part). One also can deduce the “partition factor” 
ß8, which measures the fraction of projectile energy lost in close collisions with 
subsequent high energy 8 electron emission. The fraction dissipated in soft colli
sions, leading to direct production of low energy electrons or to plasmon excitation 
with subsequent plasmon decay, is given by ßs = (1 — ßs). Under the assumption 
that Às it can be shown that

F) = 1-F2,

F2 = —ßsh'8(h8 + h's + ß&hs) l(Àg — À^) *,

see Jung et al. (1996).
The low energy electron diffusion length Às does not depend on the ion species 

or projectile energy and is of the order of 30 Å for carbon, whereas k8 increases 
strongly with increasing projectile velocity. This explains the “velocity effect” 
where different damage in solids occurs at the same electronic energy loss dE/cLr, 
but at different ion velocities. The energy having been taken away from the track 
core by fast electrons increases with ion velocity for faster ions. This leads to a 
reduced density of energy deposition close to the ion track. Such a velocity effect 
was also observed in ion induced electron emission by Neugebauer et al. (1999). 
Due to the high projectile velocity, it is possible to clearly distinguish À$, h's and 
k8 at 74 MeV/u, but not around 10 MeV/u, where both exponential functions 
of Equation (2) merge and the backward yield increase can be described by one 
single exponential function.

The partition factor ß8 does not depend significantly on the ion energy, but 
rather increases strongly with Zp from 0.35 with protons up to 0.75 with Ni/Cu. 
This finding is related to so-called “saturation effects” (see below, discussion 
of high charge effects, Figure 6), since for heavy ions, the proportion of low 
energy electron emission in primary ionization (from soft collisions with large 
impact parameter) decreases with Zp compared to high energy electron emission 
(from violent collisions at small impact parameters). This leads to reduced elec
tron emission in backward direction and enhanced emission in forward direction. 
Indeed, the ratio of forward to backward yields R = yf/Yb for “thick” targets 
strongly increases with projectile atomic number from approx. R = 1.2 for 
protons up to R = 5 for the heaviest ions.

Coming back to relevant scaling, the electronic energy loss per unit path length 
dE/dx immediately comes into mind as a first choice of an appropriate scaling
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parameter. Such a proportionality is indeed suggested in several theoretical ap
proaches (Sternglass, 1957; Sigmund and Tougaard, 1981). To test this hypothesis, 
we can compare electron yields to d/f/d.v by defining a ratio

A/(Zp, i>p) = Yi 
dE/dx (3)

The index i stands for B, F or T if backward (from the beam entrance side), 
forward (the beam exit side in the case of thin foils), or total electron yields 
are concerned (j/p = yP + yß). In practice, rather d£/d(px) measured in 
keV/(/zg/cm2) than d£/dx is used and tabulated. The parameter A is often called 
“material parameter” in the literature and it is assumed that it depends on the 
target material only. This is wrong, as we will see in the following, since it also 
depends on the projectile parameters i’p and ZP. It should be kept in mind that, if 
the condition A£P << £P is not fulfilled, A£P may lead to a different d£/dx at 
the beam exit side. This should be taken into account when calculating Ap with 
Equation (3) (Beuve et al., 2001).

The dependence of the ratios Equation (3) for protons, carbon ions, nickel 
(copper) ions and uranium ions is shown in Figure 5. The foils are thick enough 
to assure that the plateaus /f(oo) and ]/ß(oo) are reached. In all cases, an increase 
of A, is observed. It is more pronounced the heavier the ion, and stronger for 
forward than for backward yields. Note that A values are different above and 
below the electronic stopping power maximum (see above, velocity effect, Neuge
bauer et al., 1999). Finally, we mention that a simple empirical law for the charge 
dependence of backward emission was proposed by Beuve et al. (2000):

Ab(<7p) = Aß(<?p =
d£/ck(<7p = 1 ) \ 

dE/dx(qP) J (4)

If low energy electron energy distributions (singly or doubly differential yields) 
are needed, the above scaling of the integrated forward and backward emission 
yields (Jung et al., 1996; Rothard et al., 1998b; Beuve et al., 2000, 2001) can 
be combined with doubly differential low energy electron spectra for fast proton 
impact as measured by Drexler and Dubois (1996).

7. Strong Perturbation: High Charge Effects

Several specific effects connected to the high projectile charge of swift heavy ions 
in electron emission were observed. Examples are the saturation of low energy 
electron yields, appearance of hypersatellite lines due to multiple ionization of 
inner shells and a broadening of Auger lines (see e.g. Rothard, 2004; Schiwietz
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Figure 5. The ratios of forward electron yields (full symbols) and backward yields (open symbols) 
to the (electronic) energy loss per unit path length (Equation 3) as a function of the projectile energy 
divided by ion mass, Ep/Mp, for protons (triangles), carbon (circles), nickel/copper (squares) and 
uranium ions (upside-down triangles). The A-values were divided by the indicated factors. The lines 
are fits of a power law A = C(Ep/A/p)" to the data (similar plots shown in Rothard et al., 1998, 
here revisited and enriched with new data where available). The target thickness was chosen so that 
electron yields have reached the (projectile velocity dependent) asymptotic equilibrium value (see 
Figure 4, typically 500 /zg/cm2 at 10 MeV/u). The charge state of the incoming ions is close to the 
mean final charge.

et al., 2004, and references therein). Important results on high charge effects were 
obtained from measurements and theoretical calculations of low energy electron 
spectra. In ionization theory, the ratio q/v? of charge and projectile velocity mea
sures the strength of perturbation induced by the projectile (see e.g. Stolterfoth et 
al., 1997; Beuve et al., 2002). We can vary this parameter in a straightforward way 
by performing experiments with projectiles of different charge or atomic number 
while keeping the projectile velocity constant. In order to avoid effects connected 
to charge exchange or screening, it is important to do the experiments aimed at 
exploring the influence of the perturbation parameter with ions of charge states 
close to the mean equilibrium charge. The role of projectile electrons (active and 
passive screening) was e.g. discussed by Clouvas et al. (1997).

In Figure 6, the ratios of backward electron energy spectra obtained with 
Mo39+ and spectra obtained with C6+ (at constant projectile velocity of 
9.2 MeV/u, about 19 atomic velocity units) are shown. Here, the perturbation
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Electron energy (eV)

Figure 6. The ratios of backward electron energy spectra obtained with Mo39+ and spectra ob
tained with C6+ (at constant projectile velocity of 9.2 MeV/u, about 19 atomic velocity units) on 
carbon. The differential emission yields are divided by qp. Top: numerical simulation (Beuve et al., 
2002) including the carbon KLL Auger emission (“on”) and without carbon KLL Auger (“off”). 
The numerical simulation is based on the Monte Carlo method, therefore, statistical fluctuations 
naturally arise and can be seen in the spectra. Bottom: experiment (Caron et al., 2001).

strength (given in atomic units) was varied from q/vp = 0.065 (weak perturba
tion) to q/vp = 2 (strong perturbation). The differential emission yields were 
divided by qp, since in first-order theory one would expect such a qp scaling. If 
no high charge effects were present, the ratio should be constant and equal to one. 
This is not observed: the shape of these ratios varies with energy, and thus electron 
spectra depend on qP. At large electron energy, a q% scaling law is observed: the 
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ratios, divided by q?, are approximately equal to unity within the experimental un
certainty. In contrast, at lower energy (below the Is ionization threshold) a strong 
deviation from a simple q? scaling occurs. This high charge effect (reduction of 
low energy electron yields with respect to a q? scaling) saturates with increasing 
q?\ the ratios of low energy electron yields divided by q? decrease with q? and 
approach a constant saturation value.

The experimental results thus show a “reduction effect” with respect to a qj, 
scaling for low energy electron emission under strong perturbation by heavy 
projectiles. Such an effect is mainly connected to low energy electron emission, 
below the K-shell ionization threshold (carbon KLL Auger electron emission, 
see Figures 2 and 6). In Figure 6, both calculation (top) and experimental data 
(bottom) are shown. The numerical simulations allow studying the influence of 
the contribution of carbon KLL Auger electron emission (“Auger on/off”). An 
important result is that the experimentally observed variation of the ratios can only 
be qualitatively reproduced by theory if Auger emission is taken into account.

In the present case of high projectile velocities, the saturation cannot be 
explained in terms of screening of the projectile’s charge by polarized target elec
trons for distant collisions as suggested by Koyama et al. (1986). Reduction effects 
could rather arise from either (1) specific high charge effects in primary ioniza
tion, or (2) collective effects on electron transport in the vicinity of the projectile 
(Borovsky and Suszcynski, 1991 ; Benka et al., 1995). The ion creates a positively 
charged zone in its wake, leading to an attractive track potential which results 
in an attractive force on the electrons moving away from the ion track. Recent 
theoretical investigations rather point towards “saturation effects” of ionization 
cross sections with increasing ion charge (Beuve et al., 2002). This model going 
beyond first order theory by using a distorted wave approach (CDW-EIS) for the 
primary ionization allows reproducing qualitatively (but not yet quantitatively) 
the electron yield reductions (Figure 6). The model takes into account two-center 
effects (the electron moves in the combined fields of projectile and target nuclei) 
and can be further amended by taking into account multi-electron effects (Gervais 
et al., 2003). In particular, modification of the binding energies occurs. This is 
caused by multiple ionization, a specific feature observed with heavy ions. It can 
directly be observed in electron spectra, where complete K-shell ionization leads 
to the appearance of Auger hypersatellite lines.

8. Auger Electrons: Electronic Temperatures

It was observed that ion induced Auger electron lines become broader with in
creasing projectile charge. Schiwietz et al. (1999) suggested that this broadening 
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of Auger lines could be due to increasing “electronic temperatures” of valence 
electrons. The width of the Auger lines is connected to the energy width of the 
occupied density of states at the time of the Auger decay. It is possible to de
duce the mean “electronic temperature” of the target for the corresponding Auger 
decay time (typically about 10 fs for carbon) from the primary Auger spectra, 
taking into account instrumental resolution and slowing down of Auger elec
trons during their transport to the surface by means of a numerical simulation. 
The “background” consisting of ionization electrons (continuous decrease) and 
possibly hypersatellite lines is subtracted. The total electron energy distribution 
n(g, T) = D(e)f(£, T) of the valence electrons is obtained from the convolution 
of the temperature-dependent Fermi distribution f(e, T) and the calculated band 
structure (density of states) D(e). Finally, one can adjust the temperature T of 
the Fermi-Dirac distribution f(e, T) so that the total width (not the FWHM) of 
the calculated electron energy distribution n(e) best fits the measured width of the 
primary Auger spectrum. This procedure, applied by Caron et al. (2001, 2006), 
differs from the one used by Schiwietz et al. (1999, 2000), the latter one being 
based on a comparison to electron induced spectra and fitting of calculated spectra 
(with temperature T as only free parameter) to the slope of the high-energy side 
of measured spectra.

The energy width of the primary Auger AE spectra increases as a function 
of the projectile charge: at 9.2 MeV/u, for example, AE = 42 eV with C6+ and 
AE = 50 eV with Ni27+. In this case, the best fit of the width is obtained at 
two different temperatures of T — 11600 K and T = 24000 K, for C and Ni 
impact, respectively. The measured temperature values can now be compared to 
the predictions of “thermal spike” numerical simulations. The calculations repro
duce the evolution of the temperature with projectile charge, but, depending on the 
model, may underestimate the temperatures by up to a factor of three. We refer 
the reader to Schiwietz et al. (2000) and Caron et al. (2006) for detailed discus
sions of the corresponding thermal spike models and comparison to experiment. 
The spectroscopy of ion-induced Auger electrons is an experimental method to 
obtain quantitative information about the onset of the thermal spike. Information 
about the “track temperature” at later times and its evolution may be accessible 
via the measurement of the velocity of sputtered and desorbed particles from the 
surface. We finally note that his method was mainly applied to carbon targets (see 
Schiwietz et al., 1999, 2000, 2004; Rothard, 2004; Caron et al., 2001,2006). Also, 
heavy ion induced Auger electron spectra from other target materials such as Al, 
Si, Be etc. were analyzed (see Staufenbiel et al., 2005, for a recent summary), 
but the complexity of the spectra for materials heavier than Be or C renders the 
interpretation more difficult.
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9. Insulators: Charging Effects

Most of the results discussed in the previous chapters were obtained for metallic 
(conductive) targets or with thin carbon foils. Carbon foils are available in a wide 
target thickness range and are more or less easy to handle, even as free standing 
target with sufficient surface area. Metals are also relatively easy to handle and 
preparation of clean surfaces in ultrahigh vacuum is possible. Therefore, target
specific characteristic features of low energy electron emission (such as plasmon 
decay and Auger electrons) were intensively studied with metal targets. The ZT- 
dependence of electron yields is relatively weak. Also, data about fast electron 
ejection (convoy- and binary encounter electrons) were obtained with thin metal
lic foils (e.g. De Filippo et al., 2004). Main dependencies on ZT stem from the 
Compton profile which is much larger for high-ZT targets and which shows up 
in the width of the binary encounter electron peak, and from the Zy-dependence 
of electron capture and loss, which partly determine the convoy electron yield. 
Also, electron transport and cascade multiplication depend on ZT. Besides the ZT- 
dependence, other target properties such as conductivity or crystalline structure 
may have a more important influence on electron ejection.

With insulators, a build-up of charge on the target surface occurs, which makes 
experiments difficult. Therefore, only few experiments were performed with high 
velocity ions, for example with aluminum oxide AI2O3 under standard vacuum 
conditions (Borovsky and Suszinsky, 1991). Charging has been studied widely for 
electron beam impact (see e.g. Cazaux, 2006, and references therein), since it is of 
importance for electron microscopy. Charging phenomena should be even more 
important for heavy ion beams, because electron yields are much higher for high- 
ZP ions than in the case of electron or proton impact. As a main result, electron 
yields from insulators are higher than those obtained with metals of comparable 
atomic number. This was often interpreted in terms of a reduced work function 
and enhanced electron escape depth.

A few studies of electron energy spectra induced by swift (MeV/u) ions were 
performed. With fast protons beams, a reduction of low energy electron yields 
with insulators was observed by Burkhard et al. (1987a) as a function of the 
ion current density. These experiments were performed with amorphous hydro
gen loaded (>20 at%) a-C:H targets, which are good insulators in contrast to 
ordinary conducting carbon foils (with a hydrogen content of typically < 1 at%). 
Furthermore, a shift to lower energies of the convoy electron peak with increasing 
flux density was observed (Burkhard et al., 1987a). An energy shift of Carbon 
KLL Auger electrons towards lower energies with respect to Auger emission 
from carbon foils was observed with polypropylene foils. This was attributed to 
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the influence of the heavy ion nuclear track potential (Schiwietz et al., 1992). 
Note that in this latter case, we are dealing with a microscopic effect related to a 
single track, and not with a macroscopic charging effect. Measurements of particle 
emission with the ion flux density as parameter may be a means to distinguish 
between macroscopic and microscopic (track) charging. A shift of the convoy 
electron peak energy and a “focusing effect” of the charged ion track leading 
to “nuclear track guiding” of convoy electrons with polymer foils was reported 
by Xiao et al. (1997). In a quite recent experiment (2005) at G ANIL, shifts of 
the convoy and the binary encounter electron peak with Kr ions at 64 MeV/u 
traversing mylar foils were observed.

10. Channeling and Emission Statistics

An interesting possibility to probe electron emission in relation to energy loss and 
charge exchange is ion channeling in crystals (see Cohen and Dauvergne, 2004, 
and references therein). By comparing electron emission under random impact 
and channeling conditions, one can study the dependence of electron production 
on the electron density encountered by the projectile. For well channeled ions, 
collisions with inner shell target electrons are strongly reduced. Therefore, the 
energy loss of channeled ions is only about half of that in random direction. These 
effects lead e.g. to a reduction of convoy electron yields (Breinig et al., 1982) and 
binary encounter electron ejection (Kudo, 2001 ). Directional effects do not only 
occur as far as the projectile interaction is concerned, but also have an influence 
on electron transport and escape from the surface (Brusilovsky, 1985).

Recently, new interest in electron emission under channeling conditions has 
arisen. The distribution P(n) (electron emission statistics, which allows to de
duce electron yields) was measured in coincidence with the energy loss dE/ck 
and emerging charge states of Pb ions (29 MeV/u) after interaction of the beam 
with a thin Si crystal. This powerful technique allows observing correlations of 
forward and backward electron emission and the correlation of electron emis
sion to a particular ion trajectory and corresponding energy loss and charge. A 
strong reduction of energy loss and electron emission for hyper-channeled ions 
(which interact mainly with target valence electrons) is observed. Furthermore, 
enhanced electron emission due to projectiles entering the crystal very close to 
atomic strings (leading to enhanced energy loss compared to random impact) 
occurs (Barrué et al., 2004).

The measurement of the multiplicity distribution P(n) was also applied for 
amorphous targets without directional effects (Kozochina et al., 1993). Here, the 
electron emission for fixed in- and outgoing ionic charge states (Vidovic et al.,
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1997) , the relation of electron emission and energy loss (Benka et al., 1995) and 
the correlation of forward and backward emission (Smidts et al., 1999) can be 
probed. Yamazaki et al. (1993) also measured P(n) and reported a correlation of 
forward and backward electron emission in collisions of Ar (1.8 MeV/u) with foils 
as thick as 500 Å, possibly due to plasmon decay taking place all over the target 
thickness.

11. Other Intriguing Topics: An Open End

Let us now have a look at a choice of topics marking interesting approaches or 
bearing unsolved questions which therefore could be of interest as directions of 
future research. Further new horizons appear with experimental techniques al
lowing a one-ion by one-ion measurement of ejected electrons and multi particle 
coincidences. Examples are the reaction microscope (Ullrich et al., 2003), which 
was applied for studying differential multi-electron ejection from heavy ion-solid 
collisions (Rothard et al., 2007), and the multi-detector ARGOS (Lanzano et al.,
1998) , which allows the coincident ejection of two or more electrons (Lanzano et 
al., 2003). In a recent experiment, hints for an inelastic binary encounter process 
with simultaneous target and projectile ionization were found. This particular ion
ization process with a specific kinematic signature is related to so-called (e, 2e) 
experiments allowing a stringent test of ionization theories.

Few studies exist on temperature dependence of electron emission (see e.g. 
Hasselkamp et al., 1991; Benka and Steinbatz, 2003). A problem here, in partic
ular at low temperatures, is surface contamination and the relation to structural 
phase transitions at the surface (Benka and Steinbatz, 2004; Rothard et al., 1992). 
Experiments at low temperature with thin layers of frozen gases or biomolecules 
could be useful for radiobiology (DuBois and Drexler, 1994). Also, electron emis
sion from insulators with microscopic and macroscopic charging phenomena will 
be of further interest in the future. The measurement of “electronic temperatures” 
via target Auger electrons from the conduction band might be a tool as probe 
for the femtosecond dynamics of energy deposition (Schiwietz et al., 2004). For 
a complete picture of energy deposition in condensed matter, however, we need 
to go beyond electron spectroscopy. Possibly, measurements of the velocity dis
tribution of neutral and charged particles (secondary ions) from solid surfaces 
will allow to study the evolution of the “ionic temperature” of the track core at a 
somewhat later stage (picoseconds) depending on the electron-phonon interaction 
time.

Electron emission is a relatively stringent test of transport theory and modeling 
of specific target properties as needed in track structure calculations. However, 
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for strong perturbation, improved ionization theory is needed (Gervais et al., 
2003). As also discussed during ION06, there is still a need for doubly differential 
electron emission cross sections in particular for applications in radiobiology or 
radiation chemistry. The microscopic dose distribution is crucial for understand
ing specific effects connected to light ions and heavy ions (e.g. for hadron-therapy, 
irradiation of polymers, radiolysis, aerospace applications) as compared to photon 
or high energy electron irradiation. One reason is that damage of biological tissue 
as well as material modification in condensed matter can be induced not only 
by the primary ionization of the target atoms or molecules itself, but also by 
secondary ionization caused by the fast «^-electrons. Even low energy electrons 
may be of crucial importance if such effects as electron attachment play a signif
icant role in condensed matter. Probably, multiple ionization and possibly, inner 
shell Auger electron ejection may play an important role for damage induced by 
heavy ion beams. These topics are at the present time under vivid discussion. It 
is important to first study “simple” targets (atoms, small molecules) such as rare 
gases and then go to more complex targets (biomolecules, clusters, droplets) and 
finally, surfaces, thin films (or foils) and bulk condensed matter.

Due to the worldwide availability of single stage and tandem Van-de-Graff 
accelerators, electron ejection was widely studied in the corresponding relatively 
low projectile energy range of keV/u to I MeV/u. Studies at 1-400 MeV/u en
ergies are more scarce because they need large accelerator facilities. However, 
ultra-relativistic projectiles with energies as high as 6.4 TeV were used by Vane et 
al. (1993), who studied high energy “knock-on” electrons (£ = 0.6-12 MeV) 
from collisions of S ions (200 GeV/u) with target electrons in polypropylene 
targets. New accelerator facilities such as GSI-FAIR will help to close the 
gap between such ultra-relativistic projectile and “conventional” energies up to 
400 MeV/u as studied up to now.
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