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Abstract

Quite a number of experiments have been per-
formed on electron emission from solids induced by
slow (projectile velocity vp < 1 atomic unit) or medium
velocity heavy ions (projectile energy Ep < 1 MeV/u).
Only a few experiments have been made with fast heavy
ions (projectile atomic number Zp > 8, Ep > 2
MeV/u) concerning either electron emission yields v, or
double differential electron energy spectra d’n(6)/dEdQ
as a function of the observation angle ©. We present
the results obtained so far on electron emission induced
by fast (Ep > 2 MeV/u) heavy ions (Zp = 6). Topics
discussed include experimental results for electron
yields, -energy and -angular distributions and channel-
ling phenomena as well as the theoretical approaches.
We also present new results from recent studies on the
evolution of electron yields and doubly differential
electron spectra with target thickness for Ar (13.6
MeV/u) obtained at GANIL (the french heavy ion accel-
erator "Grand Accélérateur National d’lons Lourds").

Key Words: Electron emission, swift heavy ion, solids,
yield, spectra and angular distributions, stopping power,
ionization and excitation, plasmons and wake, channel-
ling, Auger-, convoy- and delta electrons, electron
transport in condensed matter, surface phenomena.
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Table of Symbols

particle fluence (particles/cm?2)
thickness (foils, surface layer)

binary encounter

minimum impact parameter
normalized ratio of electron yields

and dE/dx (cf. eq. 29)

convoy electron

cascade multiplication (of SE)

charge equilibrium thickness

energy loss per unit path length

charge of a proton

electron energy

mean energy transferred in an
ionization event

binding energy of an electron

kinetic energy of BE electrons

cut-off energy in MC simulations
kinetic energy of electrons with ve=v,,
Fermi energy

final energy of electrons from multiple
collision sequences (Fermi acceleration)
band gap

kinetic energy of loss electrons
projectile kinetic energy

electron emission

internal flux of electrons (as a function
of energy and direction)

internal flux of electrons with energy Eq
in directon ©g

depth dependent charge state distribution
fraction of neutrals (g=0)

fast electron transport function (eq. 14)
energy dissipation function (eq. 15)
mean ionization potential

Faraday cup current

electron flux from projectile ionization
electron flux from target ionization

n'h generation of the double differential
electron energy and angular distribution
stopping number

electron mass

M(E,®.E(,®¢) scattering probability (cf. eq. 9)

MC
ML
N(E)
NR)
N(®)

n
n(x,y,z)
Ne

Ng

ng

2
Pn

Monte Carlo (simulation)

monolayer

angle-integrated energy distribution
radial electron distribution
energy-integrated angular distribution
electron emission cross section

spatial distribution of electrons
density of a free electron gas

number of slow electrons from PI
number of slow electrons liberated in
secondary ionization by fast electrons
surface transmission probability
probability that n electrons are emitted
(or exited projectile state population
probability, quantum number n)

p

Py r(x)
PI

PP

q

<q>
q*(x)
Ceff
qfc,r

qzBL
R

R g(d)

S(E)

pressure
slow electron attenuation function
primary ionization

polypropylene

charge of incoming ions

mean charge

depth dependent effective ion charge
effective charge

final ion charge under channeling (c) or
random impact (r) conditions

Jeff used in stopping power tabulations
ratio of electron spectra

(or radial distance from the ion track)
target thickness dependent ratio of elec-
tron yields (F=forward, B=backward)
low energy electron stopping power
electronic stopping power

secondary electron

magnitude of the surface potential bar-
rier (or target/Faraday cup/grid potential)
repeller potential (Faraday cup)

K shell ionization energy

atomic unit of velocity

electron velocity

projectile velocity

electronic shock wave group velocity
velocity of BE electrons

atomic unit of velocity

convoy electron yield :
depth ‘
projectile atomic number |
target atomic number

plasmon frequency

fraction of energy loss leading to fast
d-electron liberation

fraction of energy loss leading to li-
beration of PI of slow electrons in PI
target tilt angle

electron yield (mean numer of emitted
electrons per projectile)

total electron yield (foils, both surfaces)
backward yield of slow electrons
forward yield of slow electrons

slow electron yield (= Yg+7g)

yield of fast electrons (= Y1-Ysg)
dielectric function’

workfunction

track potential

ion impact angle with respect to
crystallographic axe or plane

critical angle for channeling

ratio of electron yields (backward, B,
forward, F, total, T) and dE/dx

de Broglie wave length

charge equilibration length
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As transport length of fast d-electrons (in
forward direction)

s transport length of fast &-electrons (in
backward direction)

AL transport length of fast &-electrons
(perpendicular to the ion track)

As diffusion length of slow electrons

AMC transport lengths of fast electrons from
MC simulations (indices as above)

AL mean electron loss length

Q solid angle

p mass density

c Cross section

OHSM.C cross sections for ionization in hard (H)

or soft collisions (S), quasi molecular
(M), or capture tQ the continuum (C)

® observation and emission angle (or sur-
face coverage with adsorbates in ML)
Oem mean shock electron emission angle

I. Introduction

a. Context

Electron liberation and emission plays an important
role whenever ionizing radiation interacts with matter,
because swift charged particles deposit energy mainly by
electronic processes such as excitation and ionization of
the target atoms. Positively charged projectiles may cap-
ture target electrons (to the ground- or an excited state).
If the projectiles carry electrons, electron loss or projec-
tile excitation may take place. Most of the projectile
energy loss per unit path lengths dE/dx leads to ioni-
zation and thus to electron emission (EE). The term
"swift" refers to particles with velocities comparable to
or exceeding the velocity of the target electrons, vp> Z7
vp (with the velocity measured in atomic units vo = VBopr
=1 a.u., and the target atomic number Z).

Electron emission from solid surfaces under ion im-
pact has been discovered around 1900 (Villard 1899,
Thomson 1904, Rutherford 1905, Fiichtbauer 1906a,b).
As pointed out by Hofer (1990), the first systematic
studies were performed by Fiichtbauer (1906a, 1906b,
1907). In his quite remarkable papers, Fiichtbauer
described most of the basic features concerning electron
yields as well as energy- and angular distributions. The
review by Sigmund and Tougaard (1981) and its
"follow-up" (Sigmund, 1993) can serve as an excellent
introduction to all of the basic aspects (and problems) of
EE. Much important information on EE can be found in
four recent books edited by Schou, Kruit and Newbury
(1990), Hohler and Niekisch (1991a,b) and Baragiola
(1993a).

In the following, we will only consider the process
of so-called kinetic electron emission due to transfer of
kinetic projectile energy. The so-called potential
electron emission is dominant at low velocities and
particularly important for slow, highly charged

projectiles as thoroughly discussed in the recent review
by Varga and Winter (1991). Kinetic electron emission
has recently been discussed by Hasselkamp
(1988,1991). He also gives an overview of applied
aspects of EE in his 1991 paper. Information on kinetic
electron emission from thin foils (Rothard, Groeneveld
and Kemmler, 1991) can be found in the same volume.
Theoretical aspects are thoroughly treated by Résler and
Brauer (1991) and Devooght et al. (1991) in Hohler and
Niekisch (1991b) and by Résler (1993). Other recent
comprehensive reviews have been given by Hofer
(1990), Brusilovsky (1990) and Baragiola (1993b). EE
from thin carbon foils bombarded with high velocity
(MeV/u) ions has been treated by Schiwietz (1993).

In order to understand EE induced by heavy ions
(including other composite, structured projectiles like
molecules and clusters), it is necessary to understand EE
in simpler collision systems. A review on electron
emission in ion-atom (and also ion-foil) collisions has
been given by Toburen (1990), information on &-electron
emission in ion-atom collisions can be found in the
papers by Kelbsch et al. (1992) and Shinpaugh et al.
(1993). EE from solids induced by single particles such
as electrons and protons has been reviewed by Schou
(1988). Most of these reviews refer to experimental and
theoretical studies which have been performed on EE
induced by slow (vp < 1 a.u.) or medium velocity ions (<
1 MeV/u). Studies in the energy range Ep = 2-10 MeV/u
are sparse (Schiwietz 1993), and studies in the high
energy region (10-100 MeV/u) and for relativistic
projectiles (Ep >100 MeV/u) (Vane et al., 1993) can still
be considered as "pioneering work".

It is particularly astonishing that no systematic data
exist in the high energy range 10-100 MeV/u or above,
even for ion-atom collisions (gaseous targets). Heavy
ion beams in this particular energy range will be used in
the very near future for cancer therapy (Kraft and
Gademann, 1993), but also in other "high-tech" domains.
As examples, we mention nuclear power production
(plasma-wall interactions, stability of irradiated materials
in reactors and nuclear waste containers, high energy
density deposition for inertial confinement fusion), semi-
conductor- and nanotechnology (material modification
by radiation, nuclear track formation, high energy
implantation, surface treatment, influence of radiation on
electronic devices, in particular in spacecraft, ...). An
overview concerning basic aspects and applications of
heavy ions can be found in the proceedings of the 1992
conference on swift heavy ions in matter (SHIM-92)
edited by Angert, Armbruster and Jousset (1993). The
role of electrons in track formation has been discussed
by Groeneveld (1988, 1991), Johknson (1993) and
Tombrello (1993).

Biological damage of tissue (as well as material
modification in solids), can be induced by the primary
ionization of the biological target molecules (or the
target atoms or molecules in the solid) by the heavy ion
itself, but also secondary ionization caused by the so-
called 3-electrons emitted in the primary ionization
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event. This explains the need of data about ionization
cross sections and electron transport in condensed
matter, which can be investigated by studying electron
emission induced by a fast heavy projectile. Studies
should cover "simple" targets such as rare gases and
must then be extended to more complex targets
(molecules, clusters). In parallel, as applications concern
condensed matter, solid (or, if possible, liquid) targets
should be used in order to account for transport- or
"collective" effects.

In particular, the target thickness dependence of
electron emission from thin foils makes it possible to
study the evolution from primary ionization (with very
thin foils assuring single collision conditions) to multiple
collisions including electron transport and the evolution
of the secondary electron cascade (Rothard, Groeneveld,
Kemmler, 1991, Schiwietz, 1993). Experiments with thin
foils allow to relate electron emission and final projectile
charge states via coincidence techniques.

No systematic studies on EE have been published
for heavy ions (of projectile nuclear charges Zp > 8) at
energies above 10 MeV/u (Rothard 1994), and a
compilation of results on EE by swift heavy ions
covering projectile energies above 1-2 MeV/u is still
missing up to now, although a choice of experimental
results on energy distributions from thin carbon foils and
in particular, a review of theoretical aspects have been
given by Schiwietz (1993). Therefore, in this paper, we
will focus on the results obtained so far on electron
emission by fast (> 2 MeV/u) heavy (Zp > 6) ions.

Topics discussed include experimental studies of
electron yields, -energy and -angular distributions and
channelling phenomena as well as the theoretical ap-
proaches. For the reasons quoted above, we will in par-
ticular consider EE from thin solid foil targets and pre-
equilibrium phenomena. We also present new results
from studies on the evolution of electron yields and
double differential electron spectra d2n(®)/dEdQ with
target thickness for Ard*(13.6 MeV/u) obtained at
GANIL by Rothard et al. (1994, 1995). In order to point
out what results or mechanisms are specific for swift
heavy ions, we also refer to results obtained with protons
or "light ions", gaseous targets, or at lower projectile
velocities where it appears necessary and useful.

b. Basic Quantities and Observations

Concerning experimental studies on EE by swift
heavy ions, one can distinguish between two different
types of experiments: Studies of electron emission yields
¥, and measurements of double differential electron
energy spectra d2n(®)/dEdQ , or in other words, the
mean number of electrons ejected per energy interval dE
and solid angle dQ, as a function of the observation
angle ®. By integrating over electron energy, one
obtains angular distributions

N@©) = | dE dn(@)/(dEdQ) = dn/dQ (1)
0

and by integrating over the observation angle, one
obtains the energy distribution

47T
NE) = | dQ dn(@)/(dEdQ) = d/dE  (2)
0

Electron yields are related to the double differential
spectra by

oo 47T
Y = OJ dE OI dQ d°n(©)/(dEAQ) 3

In order to get familiarized with some basic features
of the phenomenon of EE, let us start with a look at figs.
1 and 2. Fig. 1 shows total electron yields from carbon
foils, defined as the mean number of electrons ejected
per incoming projectile, as a function of the elec- tronic
stopping power Se = -(dE/dx). The yield includes
electron emission from the foil in forward as well as in
backward direction. A rough proportionality of electron
yields and stopping power (eq. 4) within a factor of 2 in
a wide range of projectile velocities v, (15 keV/u <
EglMp <46 MeV/u) and -atomic numbers Zp (1 < Zp<
92) over four decades of electron yield- and stopping
power values can be stated. The mean value of the pro-
portionality factor is AT = (0.31+0.14) A/eV. Most of

the theoretical approaches consider the yield Y to be
proportional to the electronic stopping power Se (or to
the amount of energy deposited near the surface)

Voot S @

We will come back to this point in chaps. II and IIL In
particular, deviations from this simple rule can tell us a
lot about ion-solid interactions.

An example for an electron spectrum, given in the
top curve as a function of the projectile velocity vp, the
upper horizontal scale, is shown in fig. 2. It has been
recorded in the direction of a 1.2 MeV proton beam
(©=0 deg., comp. fig. 3 for the geometry) traversing a
carbon foil by Rothard et al. (1990b). The dominating
structure is the low energy "true" secondary electron
(SE) peak with an intensity maximum at (2.1+0.3) eV.
This peak contains about 85% of all emitted electrons.
Consequently, electron yield measurements mainly pro-
vide us with information about these low energy elec-
trons (E << 100 eV), whereas electron spectra also yield
information on high energy (often denoted as &-) elec-
trons (say, E > 100 eV). However, the low energy part
of spectra contains important information about the SE
cas- cade multiplication, projectile charge effects and
collective excitation mechanisms (plasmons, IV.c).

At ve=0.64 vp=4.4 vy (E = 265 eV), we find the
carbon KLL Auger electron distribution. A further
prominent peak appears at an electron velocity equal tc
the projectile velocity, ve = vp.
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Fig. 1: Total electron yields Y7 from carbon foils (the
mean number of electrons ejected per incoming projec-
tile, including electron emission from the foil in forward
as well as in backward direction) as a function of the
electronic stopping power S, = -(dE/dx). A proportion-
ality of electron yields and stopping power, YT = AT Se,
within a factor of 2 in a wide range of projectile
velocities vy, (15 keV/u < Ey/M;, < 46 MeV/u) and atomic
numbers Zp (1 < Zp <92) over four decades of electron
yield and stopping power values is observed (from Rot-
hard, Schou, Koschar and Groeneveld, 1992). The mean
value of the proportionality factor is At = (0.31£0.14)
A/eV assuming a carbon foil density of p=1.65 g/cm3.

It belongs to the convoy electrons (Breinig et al., 1982)
which can be used to study electron transport in solids.

As a consequence of elementary collision dynamics,
the high energy binary encounter electron distribution
from close collisions with maximum momentum transfer
between the (heavy) projectile and a (light) target
electron can be seen at twice the projectile velocity, ve =
2vp. In the case of "structured" or composite projectiles
which carry electrons (or, if target electron capture
occurs) broad structures due to projectile ionization can
be observed around v, = v, in the forward direction.
Also, peaks from collisionaf)loss of projectile electrons
can be observed in backward direction. These electrons
appearing at ve = -vp in the laboratory frame, are pro-
duced in a similar way as the binary-encounter electrons
from the target in forward direction at v = -vr, the tar-
get velocity in the projectile frame.

At the bottom of fig. 2, we show the low-energy part
of the spectrum Ed?n/dEdQ as a function of electron
energy E. At an energy of E <20 eV, a structure can be
observed that is attributed to the decay of a collective

ELECTRON VELOCITY [Vp]

0 1 2
T T T 1106
— _[H*01.2MeV,Vp=6.9V,)
/TRUE SECONDARY e —=C(1500 &) 8=0°
: - 105 :
= CARBON KLL CONVOY e- 34
2 AUGER e- g
= b
E = 106 .:_:
3 BINARY 2
b ENCOUNTER e- %
= z
2 ot ——PLASMON \ 5
woqk
1 1 /L

0 20 L0 60
ELECTRON ENERGY [eV]

Fig. 2: Typical ion induced electron velocity spectrum,
given in the top curve as a function of the elctron
velocity (right-hand scale). It has been recorded in the
direction of a 1.2 MeV proton beam (8=0 deg., comp.
fig. 3 for the geometry) traversing a carbon foil. The
bottom curve shows the low-energy part of the spectrum
as a function of electron energy (left-hand scale), from
Rothard et al. (1990c).

excitation of the solid's electron plasma, the plasmon
(Hasselkamp, 1988, 1991). In this process, the energy
hop of a plasmon (for carbon: hw, = 25 eV) is trans-
ferred to a single electron. When escaping from the sur-
face, the energy of these electrons is reduced by the
effective surface potential given by the workfunction ®
(for carbon: @ = 5 eV). Eventually, they are observed at
an energy of E< hw,-@, i.e. at E < 20 eV in the case of
carbon (Burkhard, Rothard and Groeneveld, 1988a).
Collective excitation may also manifest itself as "shock
electron emission” observable in angular distributions
(Burkhard et al., 1987b) or as unexpected correlation of
electron emission probabilities from forward and
backward surfaces of thin foils (Yamazaki et al., 1993).

c. Experimental Methods

The geometry of a typical electron spectroscopy
experiment is shown in fig. 3a. The ion beam traverses a
target (either gaseous or solid) and is stopped in a Fara-
day cup for beam current measurement. If the target is a
massive solid target (fig. 3c) the beam wil! be stopped in
the target and accurate beam current measurement can be
performed by biasing the target with a sufficiently high
potential which inhibits the SE to leave the target. With
gases or thin foils, it is possible to separate the final
charge states g of the projectiles with electric or magne-
tic fields (fig. 3b). The charge state distribution can thus
be measured with e.g. a position sensitive detector.
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Fig. 3: a.) The geometry of a typical electron spectro-
scopy experiment: An ion beam traverses a gaseous or
solid target under a certain angle (tilt angle &, perpen-
dicular impact for & = 0 deg.) and is stopped in a
Faraday cup. The electron spectra can e.g. be measured
under a certain observation angle © with b.) a magnetic
spectrometer or c.) with electrostatic analyzers
(Schneider et al. 1989, Kudo et al. 1991a). With gases or
thin foils, it is possible to separate the final charge states
qgr of the projectiles with electric or magnetic fields, and
electron emission can be studied in coincidence with
final projectile charge states (Kemmler et al., 1988).

With such a set up, electron emission can be studied
in coincidence with final projectile charge states
(Kemmler et al., 1988). Often, a perpendicular impact of
the ions (tilt angle & = 0 deg.) is chosen. In many cases,
and in particular in channelling experiments, it is
interesting to tilt the target (8#0 deg.). The extreme case
of & — 90 deg. is called "grazing incidence". In this
report, we do not deal with electron emission under such
conditions and refer the reader to papers by Winter et
al.(1993) and Hasegawa et al. (1988).

/Target Repeller
Ion i Faraday Cup

Beam " N

N
Uiy |
=
IHQH
—]—- -
RS
=
nH&—!
—
1k
I"
)
If

Fig. 4: Experimental setup for forward- and backward
low energy electron yield determination by direct
measurements of the current of low energy electrons, Ig
and Ir, with two Faraday cups or electrodes on the
beam entrance- (B) and exit (F) side of thin foils as
described by e.g. Kroneberger et al. (1988) or Rothard et
al. (1990a). The cups are held at a positive potential +Uy
(typically some tens or hundreds of volts), the target
holder and grids in front of the cups are biased by a
negative potential -Upin order to assure complete
collection of all low energy electrons.

The electron spectra can e.g. be measured with a
magnetic spectrometer (fig. 3b) or with electrostatic
analyzers (fig. 3c) at a certain observation angle ©.
Different types of electrostatic analyzers are in use such
as spherical sector-, cylindrical mirror-, toroidal-, or
parallel plate spectrometers, the later ones often in a two
stage (tandem) arrangement (fig. 3c) (Schneider et al.,
1989, Kudo et al., 1991a). It is also possible to measure
the electron energy by time-of-flight techniques at low
energies (E = 0.1-300 eV). Electron counting is done
with secondary electron multipliers (SEM) such as
channeltrons. In order to measure a certain range of
electron energies and/or angles simultaneously,
microchannel plates (MCPs) are widely used.

Total yields Y can easily be obtained by measuring
the ion induced target current It and the ion beam
current Irc with a Faraday cup equipped with a repeller
(Urgp being in the order of several hundreds of Volts).
The electron yields are given by the ratio of the two
currents taking into account the mean final charge gs and
the incoming charge state q of the ions according to
Schader et al. (1978). This method is similar to the
"quotient method without collector" as described by
Hasselkamp (1991). If electron fluxes are directly
measured with Faraday cups or electrodes, the method is
called "quotient method with collector". Both of this
methods and the possible experimental errors associated
with them have been discussed by Hasselkamp (1991).
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An example for a typical set-up is shown in fig. 4:

The forward- and backward electron yields (Yg and Vp)
are obtained by directly measuring the current of low
energy electrons, Ig and Iz, with two Faraday cups or
electrodes on the beam entrance- (B) and exit (F) side of
the thin foils as described by e.g. Kroneberger et al.
(1988) or Rothard et al. (1990a). The cups are held at a
positive potential Uy (typically some tens or hundreds of
volts). The target holder and, in our example shown in
fig. 4, also grids in front of the cups, are biased by a
negative potential in order to assure complete collection
of all low energy electrons. However, electrons with
energies exceeding about 100 eV in our case, which are
emitted in extreme forward (0-15 deg.) or backward
(165-180 deg.) direction can escape from the cups. Thus,

Ys="Tr-Ysg ©)
with

Yse="Tg+ Ve (©6)

gives a qualitative information about high-energy (3-)

electrons (E > 100 eV), whereas Ys is a measure of low
energy electron emission (often wrongly denoted as
"secondary" electrons, SE) . Error bars for low energy
electron yields are in the order of + 6-8 %.

Furthermore, the statistics of EE has been inves-
tigated (Varga and Winter,1991, Kozochina, Leonas and
Fine, 1993), but again, studies with swift and/or heavy
ions are sparse (Clerc et al., 1973, Yamazaki et al. 1993,
Azuma et al., 1993). In these experiments, one measures
the probability P, of emission of n=1,2,3,... electrons
following the impact of a single particle. The electron
yields are then given by

= I nP 7
n=1
with
2 Py =1
o (8)

A problem associated with this method is that the
probability distribution for P, must be know for the
calculation of Py and Y (Hasselkamp, 1991, Hofer,
1990). On the other hand, if the mean yields are
determined from measurements of the total number of
projectiles and emitted electrons simultaneously, the
probability that no electron is emitted can be calculated
from egs. (7-8) (Kozochina, Leonas and Fine,1993). This
is import for the application of EE in single particle
counting with channeltrons and converter plates (Schiitze
and Bernhard, 1956, Hofer, 1990, Hasselkamp, 1991,
Albert et al., 1992).

d. The Solid Surface

Most high energy experiments have been performed
under standard vacuum conditions with poor surface
control. This is to some extend justified if one is only
interested in high energy electron emission where
surface effects can be neglected. However, if one
envisages to study low energy electron spectra,
measurements must be performed in ultrahigh vacuum

(UHV, p < 10"7Pa) with controlled surface conditions. In
this context, it is important to note that not only studies
on clean, flat surfaces are of interest, but also (if not, in
particular) studies on "technical”, contaminated or rough
surfaces. But even in this case, one must be able to
characterize contamination and surface structure.

Since there are no studies yet with swift heavy ions,
in the following, we present results obtained with MeV
light ions. It is in particular interesting that even with
MeV protons where nuclear stopping and sputtering are
negligible, surface erosion due to electronic processes
occurs (see below). Similar effects can be observed with
swift heavy ions, too (LeBeyec, Della Negra and
Thomas, 1989). The fact that heavy ions deposit
enormous amounts of energy in electronic excitations in
a small volume during a very short time period,
however, makes it probable that interesting new effects
will be observed with heavy ions thus opening a new
field of future investigations.

The strong dependence of EE on surface conta-
mination is demonstrated in fig. 5. Double differential
electron spectra (not corrected for the transmission of the
spectrometer) as a function of the electron velocity ve

from HY (1.2 MeV) penetration through a copper foil (d
= 1500 A) are shown in fig. 5b. The dash-dotted lines
belong to spectra from untreated foils, and the solid lines
to spectra from sputter-cleaned foil surfaces. The lower
part of fig. 5b shows the ratio R = n(untreated sur-

face)/n(sputter-cleaned surface) of the spectra. Here, in-
tensity enhancements after cleaning can be observed as
dips, intensity reductions as peaks. The distinct
structures which can be observed in the spectra are
labelled A-F. The thin foils produced by standard
evaporation techniques are contaminated with about 2-3
monolayers (ML) of adsorbed hydrocarbons and water,
which can be removed by sputter-cleaning with slow
(keV/u) noble gas ions. The residual coverage ® with
carbon and oxygen was estimated to be lower than ®(C)
< 0.2 ML and ©(0) < 0.1 ML (Burkhard et al., 1988b,
Rothard et al., 1991).

The fast binary encounter electrons have a mean
velocity of about 13.9 vg and in fig. Sb, we see the low
energy tail (F) and not the peak itself. These high energy
electrons mainly originate from a depth of several
hundred A and thus are only weakly affected by changes
of the near surface layers (R = 1). Since the surface is
cleaned from carbon adsorbates, much less carbon Auger
electrons at E = 265 eV (D) can be observed, whereas
the copper MVV Auger electrons at E = 63 eV (C)
appear from the clean copper surface.
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Fig. 5: The effect of surface cleaning on electron emis-
sion. a.) Electron yields Y from Ni foils induced by
H,* (1 MeV/u) as a function of the projectile fluence D.
Left-hand side: a strong decrease of the electron yields
as a consequence of Hp* bombardment is observed.
Right-hand side: After sputter-cleaning with Krt (20
keV/u), the yields remain constant, which can be taken
as an indication for a clean surface (from Burkhard et
al., 1988b). b.) Top: double differential electron spectra
(not corrected for the transmission of the spectrometer)
as a function of the electron velocity v, from H*t (1.2
MeV) penetration through a Cu foil (d = 1500 A). The
dash-dotted lines belong to spectra from untreated foils,
and the dashed lines to spectra from sputter-cleaned foil
surfaces. Bottom: ratio R = n(untreated surface)/n(sputter-
cleaned surface) of the spectra. Intensity enhancements
after cleaning can be observed as dips, intensity
reductions as peaks. The distinct structures which can be
observed in the spectra labeled (A-F) are discussed in
the text (from Rothard et al., 1991).

Furthermore, the height of the low energy SE distri-
bution (A) decreases, its full width at half maximum
(FWHM) increases, and the energy of the SE maximum
(peak A) is shifted to higher energies. Both yield and
FWHM of the convoy electron peak (E) are significantly
enhanced. This shows that a large fraction of CE are
formed at the last layers of the solid. The dip labelled (B)
in the ratio spectrum of fig. 5b may result from
collective excitations (plasmons) of the metal. Electrons
from the decay of plasmons can only be observed from
sufficiently clean surfaces.

The effect of surface cleaning on the low energy
cascade electrons (A) can also be seen by just measuring
the electron yields: The left side of fig. Sa shows

electron yields induced by Hp*(1 MeV/u) as a function
of the projectile fluence D. We clearly see the strong
decrease of the electron yields as a consequence of even
light MeV ion bombardment, where electronic sputtering
pro-cesses dominate and sputtering due to nuclear
stopping can be neglected. After sputter-cleaning with
(slow) heavy ions, the yields remain constant, which can
be taken as an indication for a clean surface (right-hand
side of fig. 5a). In the present case, these observations
have been explained by the following arguments
(Rothard, Groeneveld, Kemmler, 1991):

(1) A layer of adsorbates on a clean metal surface
can lead to a reduction of the electron workfunction and
thus an enhanced surface transmission probability.

(2) Layers of adsorbates or oxides lead to larger
electron escape depths and thus to a higher yield. We
come back to this in V.a. Electron diffusion lengths,
which are related to the concept of the escape depth, are
treated in more detail in chap. III.

(3) The change of the composition (i.e. the target
material Z1) of the near-surface layers affects the
stopping power and thus the production of electrons.

(4) It can be shown that a rough, uncleaned surface
is associated with an enhanced electron escape pro-
bability compared to a smooth, planar surface
(Borovsky, McComas and Barraclough, 1988). The
sputtering process applied here has been shown to clean
and flatten the surfaces by preferential sputtering
(Rothard et al., 1989). In general, this is not the case
(Hauffe, 1991).

Also, the arguments (1-4) mentioned above may not
apply generally, in particular, adsorbates may also
increase the workfunction. This is also the case if
samples are exposed to atmosphere which results in
oxidation and generally increases the workfunction.
Different mechanisms have been discussed in a recent
review by Baragiola (1993b). More information on the
influence of surface contamination on electron emission
can also be found in the reviews by Hofer (1990) and
Hasselkamp (1991).

The influence of controlled deposition of adsorbates
on electron spectra from thin foils has been studied by
Sanchez, de Ferrariis and Suarez (1989) and Schosnig et
al. (1992) with different techniques: In the first
experiment, an ion source was used to deposit Na on the
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surface of an Al foil, in the second, gases such as CO,
and Xe, were condensed on the cold surfaces of sputter-
cleaned targets. Recently, the dependence of forward-
and backward electron yields on adsorption and
desorption of different gases (N, Oz, H;O) has been
studied by Arrale et al. (1994).

Finally, let us note that, as a first approach, it is
possible to study (target thickness dependent) electron
emission with carbon foils in standard vacuum. It has
been observed that electron yields obtained with carbon
foils produced by the same manufacturer are repro-
ducible within about 5% (Rothard et al., 1993a,b). In
fact, the surface contamination during charged particle
bombardment is determined by an equilibrium between
induced desorption and adsorption from the residual gas.
It is plausible that for particles which deposit large
amounts of energy, this equilibrium is strongly shifted
towards a "clean" surface. Also, concerning all effects
which depend on Zr, carbon targets represent a favorable
choice, because Zt of most of the residual gas particles
is close to that of carbon. Furthermore, even very thin
carbon foils are easy to produce. These facts, together
with the possibility to study the evolution from primary
ionization to cascade multiplication involving electron
transport by varying the target thickness, explains why
most of the studies on EE by swift heavy ions have been
performed with thin carbon foils (Schneider, Schiwietz
and DeWitt 1993, Rothard 1994, Rothard et al., 1995).

I1. Theoretical Approaches

a. The Four-Step-Model:
Preparation-Production-Transport-Transmission

The conventional theoretical approaches divide the
processes leading to electron emission into the following
consecutive stages :

(1.) the production of the electron at a certain point x
inside the solid by (a.) a single ion-target interaction
(primary ion ization, PI) and (b.) secondary ionization
events (by recoil atoms, high energy electrons and
possibly photons)

(2.) the transport of the liberated electron to the
surface of the solid at x = 0 or x = d in the case of thin
foils with thickness d. From another point of view it is
also possible to include secondary ionization (secondary,
tertiary, ..., ionization) by fast electrons in this step as
part of the transport of the electrons through the solid
(cascade multiplication). The final step is

(3.) the transmission through the surface.

(4.) In the case of heavy ions, also a fourth step,
which in reality arises before or in connection with the
first step, the preparation (Kemmler, 1990) of the elec-
tronic projectile state for the moment of electron pro-
duction has to be considered.

The preparation step is related to the evolution of the
ionic charge state due to electron capture and loss into
the ground state or excited states and collisional
projectile excitation (fig. 6). This becomes particularly
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Fig. 6: The effective ion charge q(x) inside a thin solid
foil of thickness d as a function of the penetration depth
x according to experimental results by Zaikov et al
(1986). The ions have an initial charge state of q = qj,
and their mean final charge after leaving the foil is ¢ =
<q>. Xeq denotes the charge equilibration depth: at x =
Aeg, the ionic charge is in equilibrium, the effective
charge is Qeff = q*(x>leq) = qgzpL corresponding to the
values used in stopping power tables (Ziegler, Biersack
and Littmark, 1985). According to Rothard, Schou and
Groeneveld (1992), electron yields are a function of the
effective ion charges q*(x) very close to the surface
within a depth comparable to the low energy electron

escape depths Ag, Y ~ [q*F,B(X=7»s)]2-

important in order to understand the dependence of EE
on the incoming charge state, or if we are dealing with
foils too thin to allow charge state equilibration (charge-
state pre-equilibrium (Rothard, Groeneveld and Kemm-
ler, 1991, Rothard, Schou and Groeneveld,1992).

All basic features of the theoretical description of
EE are comprehensively treated in the review by
Sigmund and Tougaard (1981) which thus is an excellent
starting point. Further information on theoretical
approaches and the great progress that has been made
during the last decade can be found in Sternglass
(1957), Schou (1980, 1988), Devooght, Dubus and
Dehaes (1987a,b), Koschar et al (1989), Rosler and
Brauer (1991), Devooght et al. (1991) and Résler (1993).
Information on primary ionization in ion-atom collisions
can be found in the reviews by Toburen (1990) and
Schiwietz (1993). Recent theoretical and experimental
studies on electron transport in and transmission through
solids have been performed by Lencinas et al. (1990).

However, a general description of secondary elec-
tron spectra and yields based on the above-mentioned
multi-step concept is complicated, because the measured
spectra in energy and angle are always composed of
contributions from PI (electrons carrying information
about the preparation and direct production stage), and
also from secondary or higher order electrons reflecting
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the transport (characterized by slowing down and
cascade processes). In principle, three different kinds of
approaches have been used in order to describe EE:

(1.) The "simplest" are semi-empirical models simi-
lar to the one described in sect. II.c. The weakness of this
kind of models is the use of averaged, "mean" quantities.
For example, such models deal with "mean" energies,
"mean" diffusion lengths or escape depths (averaged
over all particle energies), "mean" escape probabilities,
etc., as critically discussed by Hasselkamp (1991).
However, their advantage lies in the fact that they are
"easy to apply" and allow a first approach to an
qualitative understanding of experimental observations.
This holds also for the final results of the transport
theory as formulated by Schou (1980, 1988). In fact,
most of the publications on ion induced electron yields
contain either an interpretation of the results in the
framework of the semiempirical theory (similar to the
approach described below in Il.c, compare also the
discussion in Hasselkamp, 1991) or in the framework of
the transport theory as described by Schou (1980, 1988)
and Sigmund and Tougaard (1981). A comparison of the
results of both of these approaches with each other (and
experimental results) has been done by Schou (1988) and
Hasselkamp (1991).

(2.) "Microscopic" or "analytical theories" have
reached a high degree of sophistication. This becomes
clear from the papers by Résler and Brauer (1991),
Devooght et al. (1991) and Résler (1993). The transport
theory (Schou 1980) and the age-diffusion model
(Devooght, Dubus and Dehaes, 1987a,b) also belong to
this group.

Such models have to consider electron creation by a
multitude of processes such as excitation of core and
quasi free electrons, plasmon excitation and decay,
Auger processes, ... both by the primary and the secon-
dary particles. The corresponding excitation functions as
well as elastic and inelastic electron scattering mean free
paths can in some cases (nearly free metal targets) even
be calculated from first principles (Rosler, 1993). The
transport problem is treated in the framework of
transport theory (Schou, 1980) solving the Boltzmann
equation. However, these models are quite complex and
have mainly been applied to the "model case" of proton
impact on aluminium. In the following section, as an
example, we describe a model which was applied to
swift heavy ion collisions with thin foils by Schiwietz et
al. (1990) (sect. IL.b).

(3.) A third alternative are Monte Carlo methods
(sect. I1.d), which nowadays are widely used to simulate
electron transport in solids: see Cailler and Ganachaud
(1990), Kotera, Kishida and Suga (1990), Luo and Joy
(1990) (all in the same volume by Schou, Kruit and
Newbury, 1990), Ganachaud and Cailler (1979a,b),
Dubus et al. (1993).

b. The SELAS Approximation
and the Theory of Schiwietz

The most sophisticated theoretical description of EE
from solids in fast heavy ion collisions has been worked
out by Schiwietz et al. (1988,1990) and Schiwietz (1990,
1993). In particular, the review by Schiwietz (1993) and
the paper by Schiwietz et al. (1990) contain a
comprehensive description of the treatment of primary
target- and projectile ionization and electron transport in
thin foils. Therefore, in the following, we will only give
a brief overview and refer the reader to the above-
mentioned papers for details. As an example for results
obtained with this theory, fig. 7 displays calculated elec-
tron spectra for the collisions system U%* (8 MeV/u) —
C (d = 44 pg/cm?) at three different emission angles ©.

Schiwietz et al. (1990) calculated double differential
electron yields within the framework of classical trans-
port theory. Let F(Eg,®g) be the flux of electrons moving
in direction ®q with energy Eg inside the solid from
direct (PI) target ionization. In this model, it is assumed
that angular scattering and energy loss of the electrons
are independent (see below). The angular scattering of
electrons is accounted for by the scattering probability
M(E,®.E(,0p), i.e. the probability for an electron of ini-
tial energy Eq and direction ®g to be scattered in a direc-
tion ® with energy E. The energy loss of the electrons is
described as a continuus slowing down described by an
energy-dependent stopping power S(E), and energy
straggling has been neglected. If electrons from primary
ionization of a surface layer of thickness d are separately
accounted for, because no energy straggling or angular
scattering occurs for these electrons, the external
electron flux for direct (PI) target ionization can be
calculated from:

IpT = d FEQ) + |co§(g) | x

x [ dEo | d@y sin(®o) F(Eo,80) ME.O.E0.€0)  (9)

An example of the resulting PI electron emission is
shown in the top of fig. 7. The surface transmission is
accounted for by simply subtracting the corresponding
energy of the surface potential barrier from the kinetic
energy of electrons.

The electron flux F(Eq,®q) of electrons moving in
direction ®( with energy Eg is taken as the product of
scaled semiempirical atomic ionization cross sections
and target density. In the second term of eq. (9), we are
dealing with electrons from deep inside the solid which
can only escape if their initial energy Eg is high enough
(E >> 100eV). Thus, the multiple collisions during trans-
port to the surface destroy the interdependence between
angular scattering and energy loss. Therefore, Schiwietz
et al. (1990) applied the Separation of Energy Loss and
Angular Scattering (SELAS) approximation. The energy
loss is described by S(E) in eq. (9).
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Fig. 7: Calculated double differential electron spectra for
the collisions system U%* (8 MeV/u) —» C (d = 44
ug/cm?) at three different observation angles © (from
Schneider, Schiwietz and deWitt, 1993). The calculations
have been made in the framework of classical transport
theory and the SELAS approximation according to
Schiwietz et al. (1988, 1990) and Schiwietz (1990, 1993)
(see text). Top: direct primary target ionization. Middle:
primary projectile ionization. Bottom: higher order target
ionization (secondary, tertiary, ... electrons from cascade
multiplication).

The angular scattering is included in the scattering pro-
bability M(E,®,E(,0¢). Analytic expressions for S(E),
F(E(,®¢) and M(E,B,E(,®¢) have been given by Schi-
wietz et al. (1990). Projectile ionization is treated in a
similar manner as target P1, i.e. its intensity Ip’ is given
by an expression similar to the second term in eq. (9),
except that the ionization cross sections were trans-
formed from the laboratory to the projectile frame of
reference. An example is shown in the middle of fig. 7.
The treatment of cascade multiplication consists in
iterating the transport equation for the double differential
electron intensities In(E,Q) from the 15t up to the n'h ge-
neration Ip. The flux of cascade electrons is assumed to
be isotropic inside the solid. The intensity of the first ge-
neration of electrons I = Ip; +Ipif is then the sum of the
contributions of target PI, shown in the upper part in fig.

7 as given by eq. (9), and of primary projectile ionization
(middle part of fig. 7). The 2"d generation I, contains the
electrons produced by the 15t generation electrons, and
so on, up to the n'? generation. Thus, the 2" to the nth
generation represent the cascade multi-plication (CM)
contribution as shown in the lower part of fig. 7. The
final total spectra of emitted electrons are calculated by
summing up over the contributions of all generations :

d%n ;
GEda B® = In(E2) (10)

n=0

For the calculation of PI, Schiwietz et al. (1990)
used scaled atomic ionization cross sections in the form
of analytical expressions including semiempirical
corrections for e.g. screening by projectile electrons and
plasmon screening of the projectile charge. According to
Schiwietz (1993), the singly differential ionization cross
section can be written as a sum of 4 contributions :

do d& doy dCc dOym
@&E= & T E+t E& * & @

do e :

—EM represents electron emission from quasi molecular
ionization. Important contributions can only be excepted
if the projectile velocity is of the order or smaller com-

do,
pared to the orbital electron velocity. _d_Eg comes from
the Electron Capture to the Continuum (ECC) contri-

o do
bution (Breinig et al 1982). % and —dfs denote ioniza-

tion occurring in hard (and soft) collisions with small
(and large) impact parameters leading to large (and
small) momentum transfer from the projectile to the
electron. This concept is also used in the semiempirical
model (compare also fig. 8).

Both the contributions from soft- and hard collisions
may be calculated within the semiclassical approxima-
tion (SCA) and the quantum mechanical plane wave
Born approximation (PWBA), whereas the binary en-
counter approximation (BEA) includes only hard colli-
sions. However, these theoretical models (BEA, SCA
and PWBA), which have been applied successfully to
describe the emission of fast (8-) electrons in collisions
involving light projectiles (H, He), fail in the prediction
of heavy ion induced &-electron emission characteristics
(Kelbch et al., 1992, Shinpaugh et al., 1993) as discussed
in IV.b. The perturbation parameter q/v, (where q de-
notes the projectile charge) is the key parameter for the
description of the corresponding scaling laws. Further in-
formation on ionization and electron emission in fast ion
collisions can e.g. be found in publications by Stolterfoth
et al. (1987), Fainstein, Ponce and Rivarola (1988),
Schneider et al. (1989, 1992), Toburen (1990) and Gera-
simov (1993). Theoretical treatments of binary encounter
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electron emission has been briefly reviewed by Bhalla,
Shingal and Grabbe (1993). An introduction to pheno-
mena arising with heavy relativistic projectiles (such as
electron-positron pair creation, super heavy quasi mole-
cules, etc.) can e.g. be found in Becker et al. (1987).

As discussed above, the Schiwietz model allows to
calculate and compare the contributions of primary tar-
get and primary projectile ionization and the contribution
from electron cascades. From fig. 7, it can be seen that
target ionization dominates in the whole energy range (=
20 eV-10 keV) with two exceptions :

(1) Around v, = vp projectile ionization to the con-
tinuum (ELC) can be observed. Together with electrons
from capture of target electrons to projectile continuum
states (ECC), which have been neglected in the calcu-
lations, these electrons form the convoy electron peak
(Breinig et al 1982). It is interesting to note that convoy
electron emission can be treated by models which are
quite similar to the model described in this section, i.e.
by using (scaled) atomic cross sections and assuming
independence of elastic and inelastic scattering during
transport (Koschar et al., 1987, Kemmler et al., 1988,
Lencinas et al., 1990, Rothard, Groeneveld and Kemmler
1991). A further remarkable feature of the model is that
the population probability P, of the projectile states with
a principal quantum number n can be kept as a free para-
meter, and its value can be determined from a fit of the
theoretical expression to the experimental data as dis-
cussed in Schiwietz (1990). This procedure allows the
determination of the fraction of excited projectile states
inside the solid by means of electron spectroscopy.

(2.) At low electron energies, E < 100 eV, electron
emission from cascade multiplication is (at least) of the
same order of magnitude as direct target ionization.

¢. The Semiempirical Model

In the following, we describe an extension of the
semiempirical theory of EE as introduced by Sternglass
(1957). 1t is based on the work by Koschar et al. (1989),
Borovsky and Suszcynski (1991a,1991b) and Rothard,
Schou and Groeneveld (1992). This model will serve for
the interpretation of results on electron yields in chap.
II1. Fig. 8 illustrates the basics idea of the semiempirical
model. Sternglass (1957) and Koschar et al. (1989)
started from the assumption that electron yields are
(roughly) proportional to the electronic energy loss per
unit path length dE/dx. The projectile kinetic energy is
lost in two different types of collision processes, i.e.
close collisions with small projectile-target electron
impact parameter, and soft collisions with large impact
parameter. This concept is discussed in the classic paper
by Bohr (1948).

Koschar et al. (1989) introduced the so-called "par-
tition factor" Bg describing the fraction of the projectile
energy loss dE/dx leading to §-electron emission from
violent binary collisions with a small impact parameter.
The fraction dissipated in soft collisions with large
impact parameters leading to direct production of low
energy electrons is given by Bs= (1-Bg).
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Fig. 8: Ionization of a solid by ions: basic concepts
concerning the semiempirical model of electron emission
involving electron transport lengths of high energy (E >
100 eV) d—electrons parallel, Ag, and perpendicular, A |,
to the ion trajectory, and also diffusion lengths Ag of
slow "secondary"” electrons (E < 100 eV) (from Rothard
etal., 1994, see also Rothard et al., 1995).

This concept is related to the so-called equipartition
rule as discussed by Bohr (1948). In the literature on
electron emission, one often finds the statement that the
energy loss is equally divided among these two types of
collision processes, i.e. E = Bs = 0.5 for fast projectiles
of velocities vp > Zp2/3 vy. This goes back to the
classical paper of Sternglass (1957). In fact, it should be
pointed out that the term "equipartition" denotes a sum
rule for an integration of 1/e(w,k) over the momentum k
for fixed phase velocity w/k. This integral appears in the
calculation of the stopping number L in the well-known
expression for the energy loss dE/dx

dE 4rm Zp264
ey =W ney12 (11)

for a swift heavy particle in an electron gas of density n.
described by means of a dielectric function g(w,k).
"Equipartition" means that this integral receives exactly
equal contributions from close collisions and plasmon
resonances. Since in the calculation of L a further inte-
gration over velocity w/k appears, this does not mean
that (dE/dx)c1ose = (AE/dX)gistant, but rather that close col-
lisions and plasmon resonance give rise to equal incre-
mental contributions to stopping when the velocity is in-
creased, (dL/dv)gistant = (dAL/dV)ciose- A thorough dis-
cussion has been given by Lindhard and Winther (1964).
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Assuming from now on that dE/dx varies only
slowly with penetration depth and target thickness, the
number of slow electrons from primary ionization by
soft collisions (s) in a layer dx at depth x is given by

(1-Bs) dE

dns() = 2

dx (12)

where <E> denotes the mean energy dissipated in one PI
event being in the order of some 10 to a few 100 eV.
The high energy 8-electrons will also create low energy
electrons due to secondary ionization processes during
their migration through the solid. The number of these
secondary electrons (SE) liberated by 8-electrons (8) in a
layer dx at x is

5 f(x,\g) dx

dns (x) = <E> dx

(13)

Here, we have introduced a dissipation/attenuation
function including a characteristic transport length Ag for
the &-electrons:

£(xA) = 1- exp(zy) (14)

At this point, it is important to note that the meaning
of eq. (14) is far from being as simple as the diffusion
functions for slow electrons introduced below in eqgs.
(16,17). Indeed, one has to consider the effect of §-
electron creation in all layers dz at z on secondary
electron creation in a layer dx at the depth x of the solid.
This means that f(x,A3) is of the form

d

f(x\g) = OI g(x-z) dz (15)

where g(x-z) "cannot be readily obtained". However, as
shown by Sternglass (1957) in an appendix to his paper,
the simple form eq. (14) can be used for low atomic
number materials under the assumption that g(x-z) is the
solution of the diffusion equation for a plane source. The
effect of layers dz at z > x on SE creation at x has been
neglected, too.

Coming back to the three-step concept, we note that
up to now, we treated the production of low energy SE
by assuming that their number is proportional to the
electronic energy loss per unit path length. The transport
of high energy electrons is described by eq. 14, but we
have also to consider the transport of SE from their point
of creation to the surface. This can be done by
introducing attenuation functions

Py(x) =Pexp<%> (16)

13

-(d-x an
S
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for the beam entrance (B for "backward") and the beam
exit side (F for "forward"). Ag is the characteristic
transport length for low energy SE, and P denotes the
surface transmission probability. P depends on the
internal energy- and angular distribution of SE and on
the height of the surface potential barrier Up and is in the
order of 0.5 as shown by Sternglass (1957). It should be
noted that the surface transmission is usually treated by
assuming a flat surface with a potential step Up=D+Eg
given by the sum of workfunction and Fermi energy by
considering the laws of energy- and momentum con-
servation (see e.g. Rosler and Brauer, 1991). Quantum
mechanical effects or a more complex surface structure
have so far been neglected.

By summing up egs. (12,13) multiplied by eqgs.
(16,17) and integrating over the target thickness d, we
obtain the forward (F) and backward (B) yields of low
energy SE:

d
Yep(d) = Of [dns(0) + dng(x)] Prg(x)  18)

By assuming that A5>> Ag (and the results shown in IIT.2
confirm this), the integration results in simple equations
for the target thickness dependence of forward and

backward electron yields, Yg and ¥

T(d) = Yp(=0) [1 - exp(-d/Ag)] (19)

Te(d) = Ye(oo) [1 - Bs exp(-d/hs) - Bsexp(-d/Ag)] (20)

The "equilibrium yields" for foils thicker than the
range of high energy electrons (d >> Ag >> As) and
sufficiently thick to assure charge equilibration of the
ions (without changing the projectile energy sub-
stantially) can be written as

Yp(0) = A Bs Cp dE/dx @1
Yr(e) = A C dE/dx 2)

with
A =P Ag/<E> (23)

The dimensionless factors C(Zp,Vp) have been intro-
duced to quantify deviations from eq. (4) observed with
heavy ions. With protons, by definition, we have
CrB(Zp) = 1. Furthermore, over a wide range of
energies, electron yields from proton impact have been
found to be proportional to the electronic energy loss
dE/dx. The energies cover a range from a few keV up to
10 MeV for carbon foils (Clouvas et al., 1989, Rothard
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et al. 1993a,b) and up to 28 MeV for massive targets
(Koyama et al.,, 1981, Borovsky, McComas and
Baraclough, 1988). Thus we have Cg g(protons,vp) = 1
also as a function of proton energy. In contrast, strong
electron yield reductions, Cg g(Zp>1,vp) < 1, have been
observed with heavy ions at low and medium velocities
(< 1 MeV/u) by Shi et al. (1985), Rothard et al. (1990c)
and Clouvas et al. (1991, 1993). Surprisingly, similar
findings have also been reported for energies as high as
5-6 MeV/u by Koyama et al. (1982a,b) and Borovsky
and Suszynski (1991a). This can even be seen from fig.
1, since the mean value (averaged over a large range of

Zp and vp) of Y/(dE/dx) = 5.1 pg/cm? is lower than the
value obtained by Clouvas et al. (1989) and Rothard

et al. (1993a, 1993b) with protons alone, Y1/(dE/dx) =
11.95 pg/cm?.

The results have been interpreted in terms of a pre-
equilibrium near surface stopping power in correlation
to a penetration-depth dependent effective ion charge g*
on one hand, and in terms of electron trapping in the
wake of the ions due to an attractive track potential ¢Tr
on the other hand. According to Rothard, Schou and
Groeneveld (1992), electron yields are a function of the
effective ion charges q*(x) very close to the surface
within a depth comparable to the low energy electron
escape depths Ag.

dE *
Y ~ &C=As) ~ [q Ep(x=)s)]? (24)

This idea is illustrated in fig. 6, which shows sche-
matically the dependence of the effective ion charge q(x)
inside a thin solid foil of thickness d as a function of the
penetration depth x according to experimental results by
Zaikov et al. (1986). Aeq denotes the charge equilibration
depth. At x = Xeq, the ionic charge is in equilibrium, the
effective charge is Qeff = q*(x>)\€q) = qzBL corres-
ponding to the values used in stopping power tables (as,
for example, Ziegler, Biersack and Littmark, 1985). It is
clear that this near-surface value of the effective charge
leads to a modification of the pre-equilibrium energy
loss compared to the equilibrium (tabulated) ZBL-value

dE dE
dx ®=As) = Cgp g (ZBL) (25)

and thus in the case sketched in fig. 6 to reduced
electron yields. Recent calculations of the dependence of
the energy loss on the charge state of ions inside the
solid performed by Arnau et al. (1990) and
measurements of the target-thickness dependence of the
energy loss of ions with different charge states by
Ogawa et al. (1992) (shown in fig. 14) strongly support
this approach. This correction (Cg g) should be most
important at medium velocities around and below the
stopping power maximum where charge exchange is
important.
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Fig. 9: The concept of the ions wake. a.) A swift ion in
solids creates a dynamic response which consists of two
contributions, a collective electron density fluctuation
(dynamic creation and decay of plasmons) with a typical
wavelength of Ay, = 10 A, and a single particle wake
(high energy 8- and low energy electrons). Ionization
leads b.) to an expanding electron wave, and also, due to
the high density of ionization, a positively charged track
in the wake of the ion. ¢.) As a result, the track potential
O7r causes an attractive force which retains a certain
number of the electrons from moving away from the ion
track (from Borovsky and Barraclough, 1989, and
Borovsky and Suszcynsky, 1990b).

Borovsky and Suszynsky (1991b) proposed a theo-
retical model based on the concept of electron trapping
in the wake of the ions. The concept of the ions wake
(Bohr, 1948, Echenique, Ritchie and Brandt, 1979,
Echenique, Flores and Ritchie, 1990) is further discussed
in IV.c. The wake consists of two contributions, a
collective electron density fluctuation (dynamic creation
and decay of plasmons), and a single particle wake of
ejected electrons (fig. 9). The idea of the existence of
bound states of electrons in the wake of ions inside the
solid and the possible trapping of electrons has been
brought up in the pioneering work by Neelavathi, Ritchie
and Brandt (1974). This lead to an experimental search
for such "wake-riding" electrons (see, e.g., Strong and
Lucas, 1977, and Laubert et al., 1978) in connection with
experimental studies of the convoy electron peak. In
recent years, this subject has regained interest, because
the wake of negatively charged particles heavier than
electrons may lead to an enhanced probability of single
electron trapping in wake-bound states (Rivacoba and
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Echenique, 1987, Burgdorfer, Wang, Miiller, 1989, see
below, IV.c).

Consider a completely stripped ion of high enough
velocity to assure charge state conservation over a pene-
tration distance much larger than typical low energy
electron diffusion lengths, i.e., let the mean free path for
electron capture be large compared to the escape depth
of SE. Such an ion creates, due to the high density of
ionization, a positively charged track in its wake, as
illustrated by fig. 9. As a result, the track potential ¢r
causes an attractive force which retains a certain number
of the electrons liberated and moving away from the ion
track (fig. 9b). Consequently, electron yields will be
reduced. This idea is somewhat different from the above-
mentioned idea of single-electron trapping in wake-
bound states. The main predictions of the model are :
(1.) For given velocity v, = const., the yield reduction
increases with Zp or q because of the increasing
ionization density. (2.) The effect decreases with vp and
disappears in the high velocity limit E > 100 MeV/u
(compare also Akkerman et al., 1993a, for more details
and applications of the model)

If we combine the models proposed by Borovsky
and Suszcynsky (1991a,1991b) and Rothard, Schou and
Groeneveld (1992) the backward "reduction factor"
becomes

(q*(x))z (I+6¢TR)_1 i EBE_I

Co@evp) =(gzp, I -Egg™?

(26)

with the maximum momentum transfer in a binary
encounter collision corresponding to an electron energy
of Egg = 2 m vp2. The C-factors become projectile and
velocity dependent via the track potential ¢-rr and the
effective charges q*‘ The track potential g can be
calculated from electron yield data by means of egs.
(21,26), if the effective charge and the mean ionization
potential I are known.

d. Monte Carlo Simulations

Monte Carlo codes have been used to describe
electron emission from foils under heavy ion impact in
the velocity range around 100 keV/u by Kozochkina,
Leonas and Fine (1993) and around 1 MeV/u by Azuma
et al. (1993) and Yamazaki et al. (1993). These codes
treat the transport of individual electrons doing random
collisions with atoms and electrons in the solid. Primary
ionization can e.g. be calculated in Born approximation
(as done by Gervais and Bouffard, 1994). Also, electron
transport has been studied in connection with exposure
of siiicon based devices to cosmic rays by McGarrah,
Williamson and Keeton (1992) and in relation to ion
track formation. Examples and further references can
e.g. be found in Krdmer and Kraft (1993) and Gervais
and Bouffard (1994).

Sparrow, Olson, and Schneider (1992) have applied
the nCTMC (n-body Classical Trajectory Monte Carlo
Method) as described in Olson, Ullrich and Schmidt-
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Bocking (1989) to calculate the multiple ionization of
single atoms. Double differential electron spectra from

3.5 MeV/u U3t jon impact on C foils have been
obtained by transporting these electrons numerically
until they exit the foil. An example of their results is
shown in fig. 19 and will be discussed in chap. IV. It is
interesting to note that this method has also been applied
to (PI) 8-electron emission in ion-atom collisions (see
e.g. Shinpaugh et al., 1993).

In the following, as an example of the simulation of
electron emission by swift heavy ions, we show results
from a Monte Carlo treatment of electron transport in
solids based on the work of Gervais and Bouffard
(1994). The projectiles are treated as point charges of
constant kinetic energy with a straight trajectory and an
effective charge q*(Zp,vp). Electron capture and loss as
well as projectile excitation are not taken into account
explicitly. The target material carbon is treated as homo-
genous and isotropic and is characterized by its atomic
number and mass (ZT= 6, A = 12), density (p = 1.65
g/cm3), Fermi energy Er= 17 eV and corresponding
plasmon excitation frequency (hwp = 21.2 eV), and

finally the 1s ionization energy Uls = 284 eV. The
density of electronic states is divided in two parts:
atomic core levels and free electron gas of valence
electrons. The band structure is not taken into account
explicitly.

Primary ionization of core levels is calculated in first
Born approximation using hydrogenic wave functions as
given by Khandelwahl and Merzbacher (1966,1969).
Valence electrons are treated in the framework of the
dielectric theory (Lindhard, 1954). In particular, plasmon
excitation and subsequent creation of secondary
electrons due to plasmon decay in electron-hole pairs is
taken into account. The lifetime of the plasmons was
deduced from optical measurements by Taft and Philipp
(1965) neglecting the wave number (k) dependence. The
angle of ejection of a liberated electron is deduced from
classical laws of momentum and energy conservation.

The electrons and all secondaries from cascade
multiplication released by primary ionization are
transported through the solid on classical trajectories.
Considering the de Broglie wave length A = 12/vE of
electrons (with E in eV and A in A), this is a good
assumption for high energy electrons (E > 100 eV).
Secondary ionization processes by these primary (but
also secondary, tertiary...) electrons are treated in a
similar way as primary ionization by the ions. Approxi-
mately 5*10* ejected electrons from primary ionization
events were passed through the carbon target in order to
obtain geod statistics. The primary, seccndary, tertiary,

.. electrons have been followed until they reached a
kinetic energy of less than a cut-off value of E., =2 eV
chosen arbitrarily. It can be expected that such low
energy electrons do not further ionize and remain
confined within a small volume with respect to the
diffusion lengths of high-energy electrons. The energy
levels are counted with respect to the Fermi level Eg.
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Fig. 10: Radial electron density distributions dN/dR
[1/A3] (projectiles and energies as indicated) from
numerical simulations (Gervais and Bouffard 1994) as a
function of the distance R from the ion track. Two
different cases are shown: electron creation by electrons
of all energies E > 2 eV (upper curves) and electron
creation by primary high energy 8-electrons E > 100 eV
only (lower curves) (from Rothard et al. 1994, 1995).

If we are interested in internal distributions only,
surface effects can be neglected. From this simulations,
the density of electrons d3n(x,y,z)/(dxdydz) of a kinetic
energy of less than a cut-off value of E., at (x,y,z) can
be obtained. The calculation is described in detail in
Gervais and Bouffard (1994). As an example, fig. 10
shows radial distributions dN(R)/dR of the density per
volume of all electrons which fall below E.o=2 eV as a
function of the radial distance R from the ion trajectory
(from Rothard et al., 1994, 1995). Two cases have been
investigated: (1.) electron liberation by all primary,
secondary, tertiary, ... electrons of all energies E > E., =
2 eV (upper curves) and (2.) electron liberation by
primary high energy &-electrons E > 100 eV only (lower
curves). Above a certain distance Ry from the ion track,
both curves fall together. For R < R, much more low
energy electrons are created if electron creation by all
electrons is taken into account. This means that for R >
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Ry low energy electrons are mainly created by high
energy electrons, whereas electrons with energies below
100 eV deposit their energy within a radius of about Ry
~ 60 A in the case of Ar. The calculations have been
performed for different projectiles (C at 1 MeV/u, S at
3.9 MeV/u, and Ar at 13.6 MeV/u).

From fig. 10, it can be seen that more electrons are
created at small radial distances with S than with Ar and
C. This is in agreement with the experimental results:

total yields for S are Y1 = 120, for Ar we find Y1 = 70,

and Y1 = 45 for C ions. With the fastest projectile, Ar, the
electron distribution extends over much larger distances,
because Ar induces electrons of much higher energy and
range than the other two projectiles: the maximum
velocity of 8-electrons depends linearly on the projectile
velocity. In the present case, vp(Ar):vp(S):vp(C) = 4:2:1.
Further results are discussed in sect. ITLb.

II1. Electron Yields

In order to shed light on the influence of ion charge
pre-equilibrium and electron transport on electron emis-
sion from solids, in the following, we will discuss results
of measurements of the target thickness dependence of
electron yields obtained with swift heavy ions and thin
carbon foils (II1.a). The results will be interpreted in the
framework of the semiempirical model (II.c) and
compared to numerical simulations (fig. 10, 1I.d) in I1L.b.
The relation of electron yields and stopping power
(remember fig.1) is subject of sect. IIl.c.

a. Target Thickness Dependence:
Primary IonizationVersus Cascade Multiplication
The dependence of total (T), forward (F) and back-
ward electron yields (B) on target thickness obtained at
GANIL in Caen by Rothard et al. (1994, 1995) are

shown in fig. 11 for incident Ar!6* ions. For com-
parison, Y- data obtained with Ni26+ (15.2 MeV/u) at
UNILAC in Darmstadt by Latz (1984) have been inclu-

ded (open squares, labeled Ni). Note that both of the pro-
jectiles carry 2 electrons. Also shown are the low energy

electron yields Ysg = Y+ Vg (eq. 6) and least square fits
of egs. (19,20) to the experimental data. Furthermore, the
high energy 8-electron yields Ys= Y1 - Ysg (eq. 5) are in-
cluded. Fig. 13 shows total electron yields Yt measured
by Koschar et al. (1989) with §9¥(3.9 MeV/u) of
different incoming charge states q = 10-16. Also shown
are fits of the sum of egs. (19,20) to Yr. The fraction

belonging to high energy electrons Y5 = Yr - Ysg is inclu-
ded in the experimental values, in contrast , egs.(19,20)
only refer to low energy electrons, and the direct yield of
d—electrons is not included. We shown in fig.12 (bottom)

the ratios R g(d) = Yg.5(q) / Y p(q=18) of forward (and
backward) yields obtained with incoming charge state q
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Fig. 11: Total (T), forward (F) and backward electron
yields (B) as a function of target thickness (carbon foils)
obtained with fast (vp= 23 a.u., E = 13.6 MeV/u) heavy
(Ar!®+) ions at GANIL in Caen by Rothard et al. (1994,
1995). Also included are Y§ = Y1-Ysg (labeled &) and Ysg
=Yg+Yp (labeled SE), as well as Yy data obtained with

Ni26*+ (15.2 MeV/u) by Latz (1984) (open squares,
labeled Ni). Also shown are the results of least square
fits of egs. (19) and (20) to the experimental values and

to the low energy electron yields, Ysg=Yg+7F.

=16 (and q = 17) to yields obtained with q = 18. The
mean charge <q> = 17.85 of Ar at 13.6 MeV/u is nearly
equal to Zp = 18. In fig. 12 (top), we also included the
forward- and backward electron yields obtained with
Ar18+_ The following discussion elucidates an important
result of these studies: due to the high velocity of the
heavy Ar ions used, by comparing bare and electron-
carrying projectiles, it became for the first time possible
to distinguish secondary electron production by high
energy d-—electrons (cascade multiplication) from
electron production by PI. Since electron production is
roughly proportional to dE/dx and thus to the square of
the effective charge q*(x), the dependence of the
effective charge (due to electron capture and loss) on the
penetration depth x also determines the electron
production by PI.

From fig.11, we learn that Y are always higher than

backward yields YB, for all target thicknesses and all
charge states. The forward yields always increase within
the target thickness range studied (4-360 pg/cm?2). From
the total yield data shown in fig. 11 for Arl6+ (5-700
pg/cm?) and also the Ni26+ data (2-500 pg/cm?, at
comparable velocity) we can presume that a saturation
of Y is reached at about 400-500 pg/cm?2. In fig. 12, we
can distinguish four regions (labeled I, II, III, and IV) of
the yield evolution with increasing target thickness:
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Fig. 12: Bottom: Ratios of forward (and backward) elec-
tron yields obtained with incoming charge state q = 16
and q = 17 to yields obtained with g=18, i.e. Rgg(d) =
Yep(q) /Yp,(18). Also shown are the backward- and
forward yields obtained with Ar!8*(top) (from Rothard
et al., 1994,1995). Experimental errors are estimated to
be £(6-8)% for yields and about +12% for the ratios R.

(I) Below =10-15 pg/cm?, a plateau of R can be

seen, whereas the yields Vg always increase: we are close
to single collision conditions and the targets are so thin
that cascade multiplication (CM) just begins to start. The
fastest (keV) 8-electrons leave the foils without being
able to dissipate their energy. However, electrons of
about some hundred eV will contribute to CM. Charge
evolution does not yet play a role.

(IT) Between =15 and 150 pg/cm?2, both Yg and Rg
evolve strongly: both charge changing and cascade
multiplication account for this.

(IIT) Between 150 pg/cm? and 400 pg/cm? , Ry are
constant, but the yields still evolve: this region is
dominated by the evolution of the low energy electron
cascade, whereas the mean charge state is near the
equilibrium value and changes only very slowly.
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(IV) Yg and R have reached constant values at d >
400-500 pg/cm?: both charge equilibrium and full
development of the secondary electron cascade induced
by high energy d-electrons are reached. We note that
RE(e0) should not depend on the initial charge state. The
deviation from unity, Rg(ec,q=17) = 1.04 and
Rp(e°,q=16) = 0.92 is compatible with the experimental
error bar. However, for analysis within the semi-
empirical model, it is rather the shape of the yield curve
than its absolute value which is important.

From figs.11 and 12, we see that backward yields
increase with d, but rapidly reach a saturation value

Yp(e). At d < 15-20 pg/cm? (I), one observes an evolu-
tion of both yYg and Rg with d until constant values are
reached. This behaviour depends on the evolution of
q*(x), the evolution of the secondary electron cascade
multiplication, and also on the transition from nearly
single collision conditions (d < 2 pg/cm?) to multiple
collisions. For d > 20 ug/cmz, (regions II-IV), the ratios

Rp are constant and equal to Rg(ee) = Yg(e0,q)/ Yg(co,18).
The dependence of the yield of high energy 6—elec-

trons Yson d is similar to that of Yp. A strong increase
with d is observed, a saturation may be reached beyond
=~ 400 pg/cm? (IV). These -electrons represent a
fraction of = 15-20% of the total electron yields, and can
thus not be neglected if electron yields are to be analyzed
within the semiempirical model eqs.(19,20). Thus,
forward and backward low energy electron yields have
to be measured seperately (compare the set-up shown in
fig. 4). No dependence on the charge state q has been
observed, because these electrons result from close
collisions where screening by the projectile electrons
does not play an important role.

b. Electron Transport: Diffusion Lengths in Solids

From the fits of eqs.(19,20) to the experimental
yield data, we can obtain the characteristic transport
lengths for low energy electrons (Ag) and high energy 8-
electrons ()\5) as shown in IL.c. The results of the
analysis of the Ar and S data (figs.11-13) are summa-
rized in the last column of tab.1. In order to obtain a first
approach for a "characteristic transport length" A | in the
direction perpendicular to the ion trajectory, the most
reasonable procedure seems to utilize the first moment of
the calculated distribution dN(R)/dR (fig.10)

| (AN®R)/dR)R dR

A MC= 27

| (dNR)/dR) dR

The integrations are to be performed from 0 to oe.
Longitudinal transport lengths in forward- or backward
direction, AgMC and A'sMC (see below, eq. 18), can be
obtained in complete analogy to the procedure descibed
above from the first moments of longitudinal

18

Tab. 1: Electron transport lengths from analysis of the
experimental data (Ag, A;) and from numerical simu-
lations (A;MC radial, AsMC longitudinal forward, A gMC
longitudinal backward (see text, and compare fig. 1).

Also, the partition factor B is included. From Koschar et
al. (1989) and Rothard et al. (1990c, 1994,1995).

Zp 10Ne 6C 165 18Ar
Ep/Mp [MeV/u] 0.1 1.0 3.9 13.6
Bs 0.4240.03 0.54+0.05 0.59+0.05 0.5540.02
As [A] — 1743 1442 18015
As [A) (200 300+£26 1200450 9800+680
AsMC [A] — 70 450 2600
X'aMC[A] — 3 15 56
A MC[A] — 80 570 4000

distributions which can also be obtained from the MC
code of Gervais and Bouffard (1994). In order to study
the velocity-dependence of all the quantities charac-
terizing electron transport in solids from heavy ion
induced electron emission yields, we compiled tab.1,
which shows Ag, As, A MC (radial), A\sM€ (longitudinal,

forward), A'sMC (longitudinal, backward) for the indica-
ted ions and carbon targets.

We can also extract the partition factor Bg from
eqs.(19,20), which we also included in tab.1. The reader
should keep in mind the discussion on the term "equi-
partition" of II.c in this respect. In good agreement with
a value of Bs = 0.5910.05 for S(3.9 MeV/u) and Bg =
0.54+0.05 for C(1MeV/u), we get fg= 0.55+0.02 from
our measurements with Ard* (13.6 MeV/u, q = 16-18).
This means that although they represent only about 15%
of the total electron yield, slightly more than 50% of the
projectile kinetic energy lost.

The values of the characteristic transport lengths are
found to be much larger in the case of Ar (13.6 MeV/u).
The semiempirical model yields Ag= (180+20) A = 3
pg/em? (compared to Ag =15 A for S and C, and. A=
(9000+680)A ~ 150 pg/em? (compared to Ag= 300 A for
C at IMeV/u and Ag= 1200 A for S at 3.9MeV/u). From
the MC simulations, we get AgMC values being about 3
times smaller, but, more important, which show the same
dependence on the projectile velocity. At this point, it
must be noted that although both quantities, Agand
AsMC: give us qualitatively an idea of the range and
diffusion length of §-electrons, they can not be compared
directly in a quantitative manner. Remember that at x =
As, about 67% of &—electrons have deposited their
energy in low energy SE cascades.




Swift Heavy Ion Induced Electron Emission from Solids

$9%(3.9 MeV/u) — C-foil

120

o
>

&
=}

TOTAL SECONDARY ELECTRON YIELD y,.

10 100
TARGET THICKNESS [ug/cm? ]

Fig. 13: Total electron yields Yt measured by Koschar

et al. (1989) with $97(3.9 MeV/u) of different incoming
charge states q = 10-16 and carbon foils as a function of
the target thickness. Also shown are fits of the sum of

eqgs. (19,20) to Y.

The large value of Ag= 180 A found with Ar (13.6
MeV /u) is surprising, since the isotropic diffusion of low
energy electrons should mainly depend on the target
material and not on the projectile velocity. This is indeed
what is found for C and S at lower projectile velocity.
Probably, this large Ag value could be explained if
diffusion of &—electrons in backward direction was taken
into account. Following again Sternglass (1957), this can
be done by using a more realistic d—electron energy
dissipation/diffusion function than eq. (13):

1 X l's
7\.'5 [ 1—exp( AS) 7 _E] (28)
(1450

fx,\ 5.\ =

A derivation of this formula is given in the appendix
of the paper by Sternglass (1957). When replacing eq.
(14) by eq. (28), the integration of eq.(18), which is still
feasible (Beck and Langkau, 1975) results in more com-
plicate expressions for the electron yields as egs. (19,20).

X'S has a similar meaning as Ag, but for energy dissi-
pation in backward direction (opposite to Ag). Possibly,

the relatively slow increase of YB(Ar) (figs. 11,12) is due
to the fact that the slope of the non equilibrium backward

yields are defined by 7&'5 and not by As. A similar obser-
vation has been made by Koschar et al. (1989) for Vg
obtained with C (1 MeV/u). At high projectile velocity

leading to high &-electron energies, it is possible that a
considerable fraction of these electrons undergo a few
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Fig. 14: Energy loss of C97(10 MeV/u) as a function of
carbon foil thickness as measured by Ogawa et al.,
1992). As a striking similarity with the data on electron
yields shown in fig. 13, a clear dependence on the
incoming charge state (q = 4-6) of the ions is observed.

large-angle scattering events and finally propagate in
backward direction with enough energy left to create

secondaries. The results of the MC simulations for A 'gMC
strongly support this idea: a much larger value is found
for Ar than for C or S.

In contrast to that, the result for Ag and A MCis easy
to understand: the maximum momentum transfer is in-
creased. Hence, the mean electron energy and, conse-
quently, the range of the fast electrons increase with pro-
jectile velocity vp(Ar):vp(S):vp(C) = 4:2:1. The values
for the radial momenta A ;MC give an estimate for the
radial range of ion induced damage in materials, the so-
called ultra-track. We see from tab. 1 that the fast Ar
ions of 13.6 MeV/u can induce damage over radial dis-
tances as large as 400 nm, compared to less than 10 nm
at 1MeV/u. It would be interesting to study the vp-depen-
dence of all the quantities summarized in tab.1 for one
heavy ion, i.e. at fixed Zp in a large velocity range (say,
0.1 to 100 MeV/u).

¢. Relation between Electron Yields
and StoppingPower

In contrast to the equilibrium forward- and the high
energy electron yields, the total yields (fig.13) clearly
increase with the charge state of the incoming ions. This
is mainly due to the charge-state dependence of back-
ward electron yields, as becomes clear from figs. (11-
12). The incoming charge state (q) dependence is due to
the fact that for fast projectiles, the initial charge state is
conserved over distances Xeq much larger than the
characteristic low energy electron transport lengths Ag.
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Tab. 2: The factors C(Zp,vp) as defined by eq. (29) and the quotients A*(Zp,vp) as defined by eq. (30) for total, forward,
and backward electron yields (indicated by the indices T, F, B) as well as the track potential QR as calculated from
backward electron yields from eq. (26). Data from Rothard et al., 1993a (H), Rothard et al., 1990c (Ne, 0.1 MeV/u),
Koschar et al., 1989 (S), Schiwietz et al., 1990 (Ne, 5 MeV/u), Schneider, Schiwietz and DeWitt , 1993 (U), Rothard et

al. 1994, 1995 (Ar) and Latz, 1984 (Ni).

Zp 1H 10Ne 6C 165 10Ne 92U 18Ar 28Ni
q 1 1 16 10 38 68 18 26
Ep/Mp[MeV/u] 0.02-9.5 0.1 1.0 39 5 35 85 13.6 152
AT [pg/(keVem?2)]  11.95 5.1 8.3 8.8 5.6 133 126 9.1 5.5
AF [ug/(keVem?2)]  6.55 3.28 4.52 o 4.0 90 10.1 5.15 o
AB [ug/(keVem2)] 545 1.82 3.14 = 1.2 43 25 2.44 --
Cr 1 0.43 0.69 0.73 par Ml 1-25 0.76 0.46
CF 0.5 0.69 £ 0.67 (1)-37*; i 42 8~Z§ -
CB 1 0.33 0.58 = 0.22 ' : : )
OTR [V] - - 51 - 258 20 87 91 -

In the present case, about 50% of incoming Ar!7+
ions have changed their charge state to q = 18 after =
120 pg/cm? (to be compared to Ag = 3 pg/cm?). As an
important result, even projectile shell effects have been
observed by Koschar et al. (1989). These findings can be
explained by the charge state dependence of the pre-
equilibrium energy loss leading to a modified, near-
surface pre-equilibrium stopping power as discussed in
I.c. According to eq.(24), the backward yields scale
approximately as Y ~ q(d=Ag)2. This idea is illustrated
schematically in fig. 6. In accordance, we find Rg(co) =
0.92 (0.84) versus [<q>(q)/<q>(18)]2= 0.91 (0.81) for q
=17 (16). Charge equilibrium is reached at about de, =
450 pg/cm?- This concept is strongly supported by the
results shown in fig. 14, which shows the energy loss of
C%" (10 MeV/u) as a function of carbon foil thickness
(Ogawa et al., 1992). As a striking similarity with the
data on electron yields shown in fig. 13, a clear
dependence on the incoming charge state (q = 4-6) of the
ions is observed.

However, even if the pre-equilibrium evolution of
charge states and stopping power are taken into account,
discrepancies between experimental results and
conventional theories remain: Strong deviations from a
simple scaling of electron yields with the electronic
stopping power (Y ~ dE/dx) have been observed even
with fast, bare ions (Zp = 1-8) at high velocities (5
MeV/u), where the above-mentioned pre-equilibrium
effects are negligible (Koyama et al., 1982a,b, Borovsky
and Barraclough, 1989, Borovsky and Susczynski,
1991a). The reduction/suppression effect can be
quantified by introducing the ratios

20

dE dE
C@p.ve) = [y @)/ Y () 1 [ g, HY) [ ¢ )]

= A*(Zp,vp)/ A*(H*,vp) (29)
as it has been done in eqs. (21,22,26). The factors C(Zp)
have the same physical meaning as the quotients

A*(Zp,vp) = Y/(dE/dx) (30)
but are simply scaled and measured in units of A*(H*).
Following Sigmund (1993), we note that stopping power
tables should be used with care if electron yields are to
be compared to the stopping power by calculation the
factors eqgs.(29,30). A discussion on the target- and pro-
jectile dependence of the parameters A¥, €q.(30), can be
found in Hasselkamp et al. (1990). Recently, electron
yields from Al, Cu, Ag and Au have been measured
simultaneously with the projectile energy loss of H* and
HeZ* by Benka, Steinbauer and Bauer (1994). For H*,
the expected proportionality was found within 2%.
Strong deviations were observed with He2*.

In sect Il.c, we introduced the model proposed by
Borovsky and Suszcynski (1991b): their prediction for
the magnitude of the reduction effect is contained in eq.
(26). In order to compare the available experimental
results to these predictions, we compiled tab.2. We
included the factors C(Zp,vp) and A*(Zp.vP) as defined
by egs. (29-30) for total, forward, and backward electron
yields (indicated, as usual, by the indices T, F, B). No
strong increase of the reduction effect with Zp for the
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different ions at comparable velocities (Ne, S and U
around 3.5 MeV/u) can be observed. At about 15 MeV/u,
however, the effect is stronger for Ni than for Ar. For Zp
= 20, the model predicts much stronger reduction effects
in an order of magnitude of C = 0.1, in contrast to the
experimental findings. The reduction effect is always
stronger in backward than in forward direction. Further-
more, it seems that with increasing projectile velocity
and increasing projectile charge or atomic number, the
reduction effect disappears in forward direction: even an
enhancement Cg>1 is observed in one case. Probably,
this is due to the increasing contribution of §-electron
induced secondary cascade multiplication in combina-
tion with increasing mean electron energy: compare the
discussion given by Schiwietz (1993) and Schneider,
Schiwietz and deWitt (1993) on this subject. The calcu-

lation of the track potential ¢ with egs. (21,26) from

backward yields for 13.6 MeV/u Ar in C results in g
values one order of magnitude lower than those given by
Borovsky and Suszcynski (1991b) for Au. This may be
an indication that this model should not be applied to
metals. Because of the lack of systematic studies on the
vp-dependence of the "yield reduction effect" for fixed
Zp in a larger velocity range (say, 0.1 to 100 MeV/u), no
clear conclusions on the validity of the model can be
drawn. It is even possible that a saturation of C(Zp) may
be found as a function of Zp for given vp, as it has been
observed at lower velocities by Clouvas et al. (1991,
1993) and Rothard, Schou and Groeneveld (1992).

Further light on these findings can be shed by
studying low energy electron spectra (fig. 21, IV.c). Itis
interesting to note that quite similar observations such as
strong suppression of low energy electron emission
(compared to the case of protons, and always taking into
account the different energy loss of different projectiles)
have also been made with molecular and cluster ions,
even at MeV/u energies (see, e.g., Kroneberger et al.,
1988, Rothard et al. 1990a, Suszcynski and Borovsky,
1991, Rothard et al., 1993a,b). It is a challenging
question whether all of these results may be understood
in an universal picture involving the same physical
processes such as e.g., screening effects, long range
plasmon excitation or wake effects (see IV .c).

IV. Energy Distributions

a. Electron Spectra
as a Function of the Emission Angle

The measurement of electron yields permits the indi-
rect determination of the characteristic diffusion lengths
of high energy electrons. For more detailed information,
further investigations by means of spectroscopy are
necessary. Besides investigations on electron emission
related to channelling phenomena (chap.V), to our
knowledge, the only systematic measurements of energy
and angular distributions have been performed at
VICKSI in Berlin with Ne ions by Schiwietz et al.
(1990) and at the Super HILAC in Berkeley with U ions

(3.5 and 8.5 MeV/u) by Sparrow, Olson and Schneider
(1992) and Schneider, Schiwietz and DeWitt (1993) with
thin carbon foils (5-100 pg/cm?). Examples of their work
are shown in figs. 15, 16 and 19. Results from recent
studies at GANIL (Caen/France) with Ar ions (13.6
MeV/u) by Rothard et al. (1994,1995) are shown in fig.
17. Betz et al. (1988) and Schramm and Betz (1992)
studied electron spectra from heavy ion penetration of
thin carbon foils at somewhat lower energies.

The angle-integrated forward (F) and backward (B)
energy distributions dn(E)/dE = N(E) from 3.5 MeV/u
U3%+ (and 8 MeV/u U%8+) penetration through 20 and 44
pg/cm? carbon foils are shown in fig. 15. The corres-
ponding double differential spectra d2n/dEdQ taken at

different observation angles ® for 8 MeV/u U+ are
displayed in fig. 16. We can identify similar structures as
in the proton induced spectrum of fig. 2: Low energy
electron emission (10 eV < E < 100 eV) is dominating,
although the maximum of the "true SE" peak cannot be
seen, because its intensity maximum for carbon targets
is lower than the minimum energy investigated (E = 10
eV). With MeV protons, it has been found at (2.1+0.3)
eV (fig. 2). The target KLL Auger electron distribution
at E = 260 eV is clearly visible in all of the spectra
shown. The convoy electrons (CE) can be seen as a
prominent peak in the ® = 0 deg. spectra. The
measurements with 8 MeV/u U ions do not cover all of
the high energy binary encounter electron (BEE) distri-
bution at twice the projectile velocity at extreme forward
angles around © = 0 deg. The target thickness depen-
dence of BEE emission has been studied at © = 40 deg.

with 3.5 MeV/u U38+ (fig. 19). We note that in all of
these spectra, the plasmon decay peak at = 15-20 eV
cannot be seen, probably because of the low energy and
because electrons from the decay of plasmons are more
pronounced from clean surfaces (Hasselkamp 1991,
Burkhard, Rothard and Groeneveld 1988). Also, no
prominent loss electron peak in backward direction, as it
has e.g. been observed with MeV He* (or Hp* molecule)
impact as broad structure around v, = -vp in double
differential spectra (see below, IV.d), can be seen.

Also included in the figures are the results of a
calculation using the model described in IL.b, which have
also been shown in fig. 7. The calculations shown in the
double differential spectra (fig. 16) correspond to the
sum of the contributions by the primary target and
projectile ionization and cascade multiplication. For
sufficiently high electron energies (> 4 keV), the
calculations agree well with the experimental data in
forward direction. Emission of slower electrons,
however, is underestimated by up to a factor of 5, and
the reason for this is not fully understood. In backward
direction, the angle-integrated spectra (fig. 15) are well
reproduced, whereas deviations appear in the double
differential spectra, in particular at high energies. High
energy electrons in backward direction result from a few
large-angle scattering events for which the SELAS
approximation is not valid.
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Fig. 15: Angle-integrated forward (F) and backward (B)
energy distributions dn(E)/dE=N(E) from 3.5 MeV/u
U38+ penetration through a C foil of d =20 pg/cm? and
8 MeV/u US8+ penetration through a 44 pg/cm? C foil as
measured by Schneider, Schiwietz and DeWitt (1993).
Also included are the angle-integrated calculations
(dashed lines) of fig.7.

4

Fig. 17 shows spectra obtained recently at GANIL
(Caen) by Rothard et al. (1994, 1995). We measured the
evolution of double differential electron spectra (E = 1-
40 keV, © = 0-180 deg., d = 4.4-350 pg/cm?) with
carbon target thickness for Arl’7* and Ar!®* at 13.6
MeV/u as complement to the electron yield measure-
ments for the same collision system shown in figs.
(11,12). As an example, we show in fig. 17 the angular
dependence of 8-electron spectra for Arl7+ penetrating
C(4.4ug/cm?2) at observation angles ® = 0—80 deg. The
measured intensity is shown as a function of the electron
velocity ve. These spectra would, integrated over all
angles, correspond to a fraction of about 15% of all

emitted electrons (compare g in fig. 11). The spectra,
taken with a magnetic spectrometer (Latz, 1984) show
three main structures. At the low energy side, electrons
from target ionization can be observed. At 0 deg., one
can see the cusp-shaped CE-peak at vp and a BEE peak
at 2vp. The CEpeak vanishes slowly with increasing
angle and can be seen up to 6 = 20 deg..

With increasing angle ©, the maximum of the BE
peak shifts to lower energies. The angular dependence of
the maximum should follow the law

VBE = 2 Vp COS (@) (30)
These theoretical values are indicated by arrows and
shown as solid line in the inset of fig. 17. Surprisingly,
we observe slight deviations from this law at large
angles 6 > 40 deg. as it has been observed in ion-atom
collisions at lower energies, too (fig. 21). We will come
back to this in sect. IV.b.
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Fig. 16: Double differential spectra d2n/dEdQ) taken at
different observation angles © for 8 MeV/u U8+ (same
collisions system as in figs. 7 and 15, from Schneider,
Schiwietz and DeWitt, 1993). The results of the
calculations (thin solid lines) correspond to the sum of
the contributions by the primary target- and projectile
ionization and cascade multiplication of fig. 7.

From simple geometrical arguments, assuming an
almost isotropic internal distribution of the low energy
electron flux, it can be expected that the low energy "true
SE" from cascade processes should follow a N(®) ~
cos(®) law (Sigmund and Tougaard, 1981, Schou 1988).
For thick samples in backward direction, this has been
confirmed experimentally (Mischler et al., 1984).
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Fig. 17: Double differential electron spectra obtained
with Arl7+ (13.6 MeV/u) at different observation angles
0 deg. < ® < 80 deg. from a thin carbon foil (d = 4.4
pg/cm?) as a function of the electron velocity ve. The
spectra were obtained at GANIL (Caen) by Rothard et al.
(1994, 1995). The expected mean velocity vgg = 2 vp
cos(®) of binary encounter (BE) electrons is indicated
by arrows and shown as solid line in the inset in
comparison to the experimental values obtained from the
position of the BE peaks.

In forward direction, however, there may be deviations
because of the anisotropic internal production (PI) of SE
due to contributions from fast &-electrons. Furthermore,
it has recently been shown by Suarez et al. (1993) that
even soft electron (low energy, E = 0-30 eV) emission in
ion-atom collisions is non-isotropic and that those
electrons are preferentially emitted in forward direction.
High charge effects on Auger electron emission with
swift heavy ions have been discussed by Saemann-
Ischenko and Schmidt (19832) and Koyama et al. (1986,
1988a, 1988b). Useful information can also be found in
the review by Brusilovsky (1990). The yield of carbon
Auger electrons is about 1% of the total yield of Y1 =
2470 electrons per ion for uranium at 8 MeV/u and 4%
of Y1 = 22 for neon at = 8.5 MeV/u. An enhancement of
Auger electron yields in forward direction from fast Ne
ion impact compared to Auger electron yields in back-

23

Ni * (15.6 MeV/u) — C-foil

1100 pg/em?

290 ug/cm2

ELECTRON COUNTS [linear scale]
T

20 30
ELECTRON VELOCITY V. [a.u]

Fig. 18: Electron spectra taken unter ® = 0 deg with
Ni28* jons (15.6 MeV/u) traversing carbon foils of
different thickness obtained at GSI/Darmstadt by
Kemmler et al. (1988), taken from Kemmler (1988). The
intensity scale is the same for all spectra, but is not given
in absolute units.

ward direction from thin foils has been attributed to
additional ionisation by fast electrons (Schiwietz et al.,
1988). The angular distribution of these Auger electrons
roughly exhibits a N(®) ~ cos(®) dependence.

b. Target Thickness Dependence:
Convoy- and Binary encounter electrons

Until today, low energy electron spectra (E < 50 eV)
have not been studied as a function of the target
thickness. One reason for this are the general difficulties
connected with low energy electron spectroscopy (instru-
mental efficiency, compensation of residual magnetic
fields, preparation of clean surfaces). However, double
differential electron velocity distributions at higher elec-
tron energies have been investigated in particular concer-
ning convoy electron emission, but also for binary en-
counter electron emission (Betz et al., 1988). During ion
penetration through solids, charge exchange and excita-
tion processes form a dynamic charge cloud around the
projectile. Some of the electrons are not lost into free
states, and some are not captured into bound states, but
are transferred into high Rydberg or projectile centred
continuum states where they accompany the projectile
ion with the same speed and direction. These electrons in
a particular final state in the low energy projectile con-
tinuum, the so-called convoy electrons (CE), arise from
either capture of a target electron into a continuum state
of the projectile (ECC) or the loss of a projectile electron
into the continuum (ELC) (Breinig et al., 1982).
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Koschar et al. (1987) made a difference between
direct and indirect (I) ELC and ECC if these processes
take place with the projectile ion in its incident charge
state ("direct") or if a charge exchange event has
occurred before. For example, if the electron is first
captured and then lost in a two step process, this is called
IELC. Field-ionized Rydberg electrons (ionization
occurs in the spectrometer) can also contribute to the CE
peak. The relative importance of these production
processes depends on the evolution of the electronic
configuration of the projectile ion on its way through the
solid. In chap. II, this step was called preparation, and it
is characterized by the mean free paths (MFPs) for
charge exchange and excitation, compare fig. 6, where
Aeq gives a rough estimate at which penetration distance
the ion has reached its dynamic charge equilibrium.
High-velocity experiments at GANIL/Caen by Gibbons
et al. (1991) have shown that CE are very sensi-tive to
pre-equilibrium so that in particular their angular
(multipole) distribution shows an astonishingly rapid
evolution in target thickness dependence measuremernts,
compared to the MFPs of the elementary processes .

The transport of CE can be treated in the same way
as for a free electron which suffers energy loss and
angular deflection, but a more sophisticated treatment
must take the influence of the accompanying projectile
ion charge into account. Surface transmission effects can
be neglected for high energy CE of interest here.
Because of the complexity of the problem, Monte Carlo
simulations have been used by Burgddrfer and Gibbons
(1990). Further information can be found in the recent
reviews bei Burgdorfer (1991a, 1991b). As an example,
we show in fig. 18 electron spectra taken at ® = 0 deg
with Ni28+ jons (15.6 MeV/u) traversing carbon foils of
different thickness obtained at GSI in Darmstadt by
Kemmler et al. (1988). Note the strong dependence of
both CE yields and intensity of the ionization electron
background on target thickness, and also that the shape
of this background changes. With increasing target thick-
ness, high energy electron emission at v, > vp strongly
increases. It should be mentioned that background
subtraction is an important problem in CE emission
studies. CE represent only a small fraction of all
electrons emitted, in our example (Ni at 15.6 MeV/u),
the equilibrium CE yield is Ycg = 0.002 compared to a

total yield of Y= 120 (Kemmler et al., 1988).

It is useful to connect the measured convoy electron
yields (and velocity or angular distributions) to the
corresponding outgoing projectile ion charge states by
coincidence measurements. A comparison of the target-
thickness dependent convoy electron yield Ycg in
coincidence with a specific charge state q and the charge
state distribution F(q,x) itself can yield important infor-
mation about the possible contributions of electron loss
and/or capture. In our example of Ni28* ions exiting
from carbon foils at 15.6 MeV/u, the coincidentally
measured convoy electrons originate both from ECC and
ELC with nearly the same probability (Kemmler et al.

24
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Fig. 19: Double differential spectra d2n/dEdQ at differ-
ent observation angles ® for 3.5 MeV/u U38+ calculated
by Sparrow, Olson and Schneider (1992) (solid lines). In
particular, the evolution of the binary encounter electron
(2vp) peak structure with target thickness from single
collision conditions to multiple collisions including wide
angle scattering of electrons can be observed. Also
included are experimental data for intermediate target
thickness (20 and 44 pg/cm?, dashed lines).

1988, Kemmler, 1988, 1990). ECC comes from Ni27+
states formed in the solid by capture of target electrons.
The contribution of both processes strongly depends on
the target thickness and the projectile velocity.

Sparrow, Olson and Schneider (1992) performed a
numerical simulation of electron transport in solids,
where the primary ionization of target atoms was deter-
mined by the nCTMC method (II.d). An interesting re-
sult of these simulations is shown in fig. 19. The evolu-
tion of the binary encounter electron (2vp) peak struc-
ture with target thickness from single collision condi-
tions to multiple collisions including wide angle scat-
tering of electrons can be observed. It is also interesting
to compare ion-atom to ion-solid collisions (fig. 20).

In ion-atom collisions, quite unexpected obser-
vations in view of the theoretical models like SCA,
PWBA, BEA (see I1.b) have been made (Kelbsch et al.,
1992, Shinpaugh et al., 1993). In particular, the position,
shape and intensity of the BEE peak showed a surprising
behaviour. The BEE peak was splitting up into a high
energy and a low energy component for a certain range
of observation angles, instead of being a broad distri-
bution. Furthermore, the peak energies were not varying
with the observation angle as predicted by the expected
Egg ~ cos2(®) law given by eq. (30), but the intensity of
the two components appeared to shift from the high
energy- to the low energy part. Also, the double
differential cross section for binary encounter electron
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Fig. 20: Comparison of electron spectra from proton (1
MeV) impact on a hydrocarbon gas target (CHy4) and on
a thin carbon foil (from Toburen, 1990) at three obser-
vation angles (as indicated, ® = 15, 50 and 125 deg.).

emission in forward direction (0 deg) was observed to
be much larger for partly ionized projectiles (q < Zp)
than for bare projectiles (q = Zp).

As an example for this behaviour, we show double
differential electron spectra d2c/dEdQ for different
emission angles © in fig. 21a. The collision systems are
Xe2l+(1.4 MeV/u) — Ar (left) and Xe21+(3.6 MeV/u)
— He (right). We note that the unexpected behaviour of
the BEE peak does not strongly depend on the target, but
rather on the projectile charge state and velocity. Fig.
21b shows the experimental value for the energy Egg of
the maximum of the BEE peak as a function of the
emission angle for different velocities in comparison to
the "free electron” Egg ~ cos%(®) law of eq.(30) as indi-
cated by the solid lines. These results can be explained
by the elastic scattering of quasifree target electrons in
the screened projectile potential which causes strong
diffraction structures (often called Ramsauer-Townsend-
effect) in the angular distribution. However, in the high
energy limit, these interference features disappear, no
diffraction patterns in the BEE peak were observed at
high energies (Ep = 6 MeV/u, fig. 21b).

Coming back to the ion-solid case, in fig. 19 (U38+,
©® =40 deg.), an interesting double peak structure can be
observed for intermediate target thickness (20 and 44
ug/cm?) both in the experimental data and the nCTMC
calculations. For the thinnest foils, 1 and 10 pg/cm?, a
well pronounced single BEE peak at the "good" position
Egg(40 deg.) = 4.5 keV corresponding to 2vp cos(40
deg.) can be seen. With increasing target thickness, a
second structure at higher energies develops. It is due to
BEE ejected near 0 deg. with Egg (0 deg.) = 7.5 keV
which have suffered large angle scattering with small
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Fig. 21: a.) Electron spectra d’c/dEdQ for different
emission angles ® obtained with gaseous targets. The
collision systems are Xe2!*(1.4 MeV/u) — Ar (left) and
Xe21+(3.6 MeV/u) — He (right). b.) Experimental value
for the energy Egg of the maximum of the binary
encounter electron peak as a function of the emission
angle for different velocities in comparison to the "free
electron” Egg ~ cos?(®) law of eq. (30) as indicated by
the solid lines (Shinpaugh et al., 1993).

60

energy loss. This is a clear hint that additional liberation
of SE in backward direction may occur, if &—electrons
are scattered towards backward direction due to a few
large angle scattering events, as discussed in IILb in
connection with the finding of much too large slow
electron diffusion lengths Ag at 13.6 MeV/u. The double
peak structure is smeared out with further increasing
target thickness. The target thickness evolution shown in
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fig. 19 is an example for the major advantage of thin foil
experiments: the evolution from single collisions (PI
only) to multiple collisions (including electron transport)
is accessible.

In this context, it is elucidating to compare fig. 19 to
fig. 20, which shows electron spectra from proton (1
MeV) impact on a hydrocarbon gas target (CH4) and on
a thin carbon foil (Toburen, 1990). With the gas target, a
similar BEE peak angular dependence as shown in figs.
17 and 19 with fast heavy ions and very thin (1-10
pg/cm? carbon foils is observed. With the foil target,
however, the electron distribution extends to much
higher energies at large angle (© = 50 and 125 deg.),
because of wide-angle scattering of BEE created near 0
deg. This is remarkably similar to what is observed for
thick targets in fig. 19. The cross sections for solid tar-
gets (estimated to be accurate within a factor of 2) seem
to be lower at low electron energies. This can be under-
stood if the attenuation and absorption of low energy
electrons due to transport and surface transmission are
taken into account. Note the different shape of the Auger
lines: with solids, due to the contribution of deeper
layers, one observes a long low energy tail (see also
Burkhard et al., 1987a).

Finally, we mention that, recently, high energy
"knock-on" electrons (E = 0.6-12 MeV) from direct col-
lisions of 6.4 TeV sulphur ions (200 GeV/u) with target
electrons in polypropylene targets have been studied by
Vane et al. (1993) at CERN in Geneva. The experi-
mental energy- and angular distributions agree with cal-
culations of two body Coulomb scattering using relati-
vistic Born approximation, except at E < 1 MeV, were
electron emission is more forward-peaked than expected.

c. Dynamic Screening of the Projectile Charge

Differences between the solid- and gas target
collisions arise also from dynamic screening effects
(Echenique, Flores and Ritchie, 1990). One has to
consider

(1.) the screening of the projectile charge by
projectile electrons. As becomes clear from the above
discussion concerning CE, this is a dynamic process
including charge exchange and excitation of the
projectiles leading to excited state population inside the
solid (Burgdorfer 1991b, Betz et al., 1988). Also,

(2.) the target electrons and in particular, the gas of
quasi free electrons in metals contribute to the dynamic
screening of the projectile. This later phenomenon is
often called the "wake" of a charged particle (Bohr 1948,
Echenique, Brandt and Ritchie 1979). It includes
plasmon excitation.

It should be pointed out that such screening effects
of types (1.) and (2.) are closely related to the "effective
charge" concept for heavy ion energy loss, and that in
principle all of the above-mentioned processes together
form the charge and excitation state of the ion in matter
and determine the "dynamic response" of the target
medium to the perturbation by the moving ion.
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Fig. 22: Ratio of electron spectra induced by N6+, Ne8+
and Ar!2* ions (Ep = 1.1 MeV/u) to the spectrum
obtained with o-particles of the same velocity. The
charge states of the ions are close to the equilibrium
charge in the Al target. Taken from the work of Koyama
et al. (1986, 1988a, 1988b).

Such screening effects have been invoked in order to
explain the suppression of low energy electron emission
both in heavy ion- solid and ion-atom collisions (as
shown in figs. 22 and 23). In these figures, electron
spectra obtained by Koyama et al. (1988) and Toburen
(1990) from heavy ion and light ion impact are com-
pared. Fig.22 shows the ratio of electron spectra induced
by N6+ Ne®* and Ar!2* ions (Ep = 1.1 MeV/u) to the
spectrum obtained with a-particles of the same velocity.
The charge states of the ions are close to the equilibrium
charge in the Al target used by Koyama et al. (1986,
1988a, 1988b). Similar plots have been given for carbon
foil targets by Pferdekdmper and Clerc (1975, 1977), and
similar results were also obtained by Folkmann et al.
(1975). One observes three regions: (1.) at high energies,
E>80 eV, the intensities scale as the squares of the bare
ionic charges, N(E) ~ Zp?. (2) Between 20 and 60 eV,
the intensities scale as the corresponding electronic
stopping powers, N(E) ~ qzgL.. (3) Below 20 eV, a pro-
nounced decrease (suppression) of low energy electrons
is observed. It was explained by dynamic screening of
the projectile charge by target electrons in soft (distant)
collisions (Koyama et al., 1988a).

It is worth noting that similar observations have
been made with molecular- and cluster ions (see, e.g.,
Hasselkamp, 1991, Rothard et al., 1993a,b, and also
Rothard, 1994). They have been explained in terms of
screening of the projectile charge by projectile electrons
and collective (interference) effects on the projectile
energy loss.
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Fig. 23: Angle-integrated electron spectra do(E)/dE for
H*, He* and C* collisions with Ar (10 eV < E. < 1000
eV) tiken at the same ion velocity for the three ions (vp=
3.5 vy, Ep= 300 keV/u). The cross sections have been
divid:d by the square of the projectile nuclear charge,
Zzp (rom Toburen, 1990).

Quite similar results are observed in ion-atom
collisions, and in this case they cannot be attributed to
solid-state dynamic screening. As an example, in fig.23,
we show angle-integrated electron spectra dG(E)/dE for
H*, He* and C* colliding with Ar (10 eV < E <1000 eV)
taker at the same ion velocity for the three ions (vp = 3.5
v, Ep= 300 keV/u). The cross sections have been
diviced by the square of the projectile nuclear charge,
Zp?. At high energies (E > 200 eV), for electrons
resuling from collisions with small impact parameter,
the primary spectrum is quite similar, and the absolute
magnitude scales, as the energy loss of bare high-
velocity ions would, with Zp2. At low electron energies
and thus larger impact parameters, the Zp? scaled spectra
differ significantly and the cross sections depend on the
projectile,

do(H*)/dE do(He*)/dE
1~ 4

do(C*)/dE
36

€19)

In other words, the ratios of He* and C* spectra and
proton spectra decrease with decreasing electron energy.
Thus, they show the same behaviour as the ratios shown
in fig. 22 obtained with solid Al

In the ion-atom collision case, however, the depres-
sion of low energy electron emission has been explained
by a screening of the projectile charge by the projectile
electrons (Toburen 1990). This, and the screening of the
projectile charge by target electrons in metals mentioned
above (Koyama et al., 1988a, 1988b) are probably the
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most important mechanisms responsible for the effect.
Note that concerning the screening by projectile
electrons even projectile shell effects have been
observed in electron emission by Koschar et al. (1989).

A variety of different mechanisms has been dis-
cussed in order to explain low energy electron reduction
effects, but it is still unclear in which magnitude each of
them contributes. We mention the quite related concepts
of changes of the surface barrier height caused by a
charging up near the ion track (Koyama et al., 1982a,b),
electron trapping in the wake of the ions due to an
attractive track potential (Borovsky and Susczynski,
1991b) and interaction of the ion's wake with the surface
potential (Frischkorn and Groeneveld, 1983). Also, the
depression of the ionization probability due to a high
density of electron-hole pairs which then no longer
remain uncorrelated has been invoked by Koyama et al.
(1982a), as well as energy deposition by non-ionizing
excitation of target atoms (Rothard, Schou and
Groeneveld, 1992).

The collective response of the nearly free electron
gas manifests also directly in electron emission:

(1.) As can be seen from fig.2, the energy of a
plasmon can be transferred to a single electron. If the
plasmon energy exceeds the workfunction ¢, such elec-
trons can be observed at an energy of E < wp-¢ in the
electron spectra. The maximum energy which can be
transferred to an electron inside the solid is hwp, and
since there is a band of energies extending from this
value to hwp-EB (with the valence band width Eg), the
plasmon peak may even extend to zero kinetic energy in
vacuum. The decay of plasmons from ion impact on Al,
Mg, Si, Ti, Ni and Au (Hippler 1988, Hasselkamp 1988,
1991) and on C, Al and Cu foils (Burkhard, Rothard and
Groeneveld, 1988) has been observed.

(2.) Peaks appearing at certain observation angles in
electron angular distributions N(®) have been attributed
to the directed emission of shock electrons perpendicular
to the cone of the ion induced wake in the electron
plasma of the solid. This phenomenon has been
predicted by Schifer et al. (1978, 1980) and Brice and
Sigmund (1980). Experimental studies have been
performed by Frischkorn et al. (1980, 1981), Burkhard et
al. (1987b) and Rothard et al. (1989,1990b). Fig. 24a
shows low energy spectra at different observation angles
obtained by Frischkorn et al. (1981) with C (20 MeV)
traversing carbon foil targets which were tilted with
respect to the beam axis (& = 45 deg.). The continuous
"true secondary electron" background has been subtrac-
ted. At about 2-3 eV a peak appears at angles around a
mean emission angle O.,.

In fig. 24b, this experimentally observed mean
emission angle is plotted as a function of the projectile
velocity vp. The theoretical prediction (solid curve) that
the mean emission angle of shock electrons should
follow the Mach-relation

Oem = arccos (vg/ vp) 32)
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Fig. 24: a.) Low energy electron spectra after subtraction
of the continuous "true secondary electron" background
at different observation angles (® = 70-120 deg.) ob-
tained with C (20 MeV) traversing C foil targets which
were tilted with respect to the beam axis (8 = 45 deg.,
from Frischkorn et al., 1991). At about E = 2-3 eV a
peak appears at angles around a mean emission angle
Om. These additional electrons have been attributed to
the directed emission of shock electrons perpendicular to
the cone of the ion induced wake in the electron plasma
of the solid b.) Experimentally observed mean emission
angle O, as a function of the projectile velocity vp. The
theoretical prediction (solid curve, Mach-relation eq. 32)
takes the refraction of low energy electrons at the solid
surface into account (Rothard et al., 1989, 1990b).

reproduces the observed angular dependence if the
refraction of low energy electrons at the solid surface is
taken into account (Rothard et al., 1989, 1990b). vg
denotes the shock wave group velocity, mostly
depending on the plasma frequency and thus the density
of the free electron gas of the solid.
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(3.) Both theoretical studies (Burgdorfer, Wang,
Miiller 1989) and experimental investigations (Yama-
zaki et al. 1990) show evidence for an additional "wake"
related mechanism for electron emission: forward elec-
tron spectra (© = 0 deg.) induced by the penetration of
antiprotons through thin carbon foils show structures
which can be attributed to the emission of wake riding
electrons. Such electrons originate from bound states in
the wake potential of the antiproton and can be observed
as bumps at electron velocities slightly below the projec-
tile velocity (Yamazaki, 1991). In contrast to the case of
positively charged particles, there is no convoy electron
peak at v, = vp, and the "anticusp" caused by the repul-
sive interaction between the negatively charged antipro-
ton and the electrons is filled up by scattered electrons.

(4.) Unexpected correlation of forward- and back-
ward electron emission in collisions of Ar (1.8 MeV/u)
with foils of = 2-10 ug/cm? thickness, i.e. over distances
of about 500 A, has been observed by measuring the
electron emission statistics (Yamazaki et al., 1993). With
the help of a Monte Carlo simulation, this has been
explained by cascade ionization including in particular
plasmon decay taking place all over the target thickness.

Although all of the above-mentioned experiments
have been performed at velocities below = 2 MeV/u (=
10 v), it can be expected that wake effects should also
play a role for = 10 MeV/u heavy ions. Indeed, experi-
mental evidence for wake-effects on the population of
excited capture states has been found with heavy ions of
energies as high as 33 MeV/u by Rozet et al. (1987).

d. Projectile Excitation and Ionization

The dependence of the electron emission cross
section on electron energy and emission angle, and also
the evolution with target thickness have been calculated
within different theoretical approaches, as mentioned
above: The analytical model of Schiwietz et al. (1990)
allows from a comparison of calculated projectile
ionisation and experimental spectra to determine the
population of excited projectile states (n > 2) and the
ground state (n = 1) inside the solid. Details can be found
in the publication by Schiwietz (1990). The Rydberg
state population P, can be treated as a free parameter
thus allowing a fit of the theoretical curves to the
experimental data. With Ne ions at 5 MeV/u or less,
about 30% of all bound projectile electrons were found
to be in excited states, whereas at the highest energies
investigated (8.5 MeV/u), this number dropped to a few
percent (Schiwietz, 1990). The density of Rydberg state
population with the 8 MeV/u U ions was found to be P,
~ 50/n3 by Schneider, Schiwietz and DeWitt (1993).
Projectile ionisation, as can be seen from fig.7, is in
particular important around vp at 0 deg. (the CE peak).

With heavy ions (or molecular ions) bringing
electrons with them in the collision, enhanced electron
emission in backward direction can be observed from
collisional loss of projectile electrons. These electrons,
observed at v, = -vp in the laboratory frame, correspond
to binary encounter electrons from the target in forward
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direction observed at ve = -vp in the projectile frame,
with v =-vp being the target velocity in the projectile
frame vp = 0. In other words, imagine the target
approaching the electron-carrying projectile and under-
going a binary collision with a projectile electron. Ex-
perimentally, the electron loss distribution with a maxi-
mum at an electron energy Ep can be deduced by sub-
tracting the ionization electron background approxi-
mated from bare ion impact. Experimental studies by
Koyama et al. (1987), Rothard et al. (1990b) and
Tobisch et al. (1994) have shown that both E; and the
FWHM of the loss electron distribution show a signifi-
cant target material (Z1) dependence. Ep is always
smaller than the energy expected for a totally elastic
reflection, Eeq = me vp?/2.

The target material dependence of Ej can be
explained within a simple model introduced by Koyama
et al. (1987). The projectile electrons are lost within a
certain mean depth Ay inside the solid. They suffer
energy loss (dE/dx) during their transport to the surface.
If as a first approach the energy loss per unit path length
is considered to be constant, the maximum Ej of the loss
electron distribution can be calculated by

EL = Eeq- A (dE/dx) 33)

in good agreement with experiments (Koyama et al.
1987, Rothard et al. 1990b, Rothard, Groeneveld and
Kemmler, 1991, Tobisch et al., 1994). Finally, we
mention that interference structures due to the Ram-
sauer-Townsend effect in electron-atom scattering simi-
lar to the ones observed for BE electrons (fig. 21) have
also been observed for backward loss electron emission
by Kuzel et al. (1993), see also Egelhoff (1993).

V. Non-Conducting and non-Random Targets

Hasselkamp (1991) points out that "investigations of
non-metal targets under controlled experimental condi-
tions are rare". A reason for this is that, in particular
with good insulators, charging up of the target (Cazaux,
1993, Burkhard et al. 1987¢) and secondary ion emission
(LeBeyec, Della-Negra and Thomas, 1989) render
experiments difficult. The only high energy experiments
have been performed by Borovsky, McComas and
Barraclough (1988), Borovsky and Barraclough (1989),
and Borovsky and Suszcynsky (1991a) with aluminium
oxide Al,Oj3 (but under standard vacuum conditions).
For further information on electron emission from
insulators and semiconductors, we refer the reader to the
papers by Hasselkamp (1991) and Schou (1993).

Studies on electron creation by fast heavy particles
in semiconductors are in particular interesting in the
context of single event upset phenomena in electronic
devices in spacecraft (see, e.g., McGarrah, Williamson
and Keeton, 1992, Akkerman et al. 1993b). However,
except for the channelling experiments described below,
to the knowledge of the author, there are no systematic

studies with swift heavy ions (see also Hasselkamp,
1991). Therefore, in the following we present selected
important result concerning the direct measurement of
the ion induced track potential and high energy
channelling experiments.

a. Insulators

In the preceding chapters, we have been dealing with
polycrystalline, conducting (metallic) solids. There is
one exception: in sect. I.d., we discussed the influence of
layers of adsorbates (hydrocarbons, H,O, CO,, Nj,
oxides, ...) on electron spectra and yields. Such layers
can be regarded as insulators, and we are dealing with a
two layer system and a metal/insulator interface. From
the arguments (1-4) given in II.d as explanation for low
energy electron yield dependence on surface coverage,
we can learn about the differences in EE from metals and
insulators. As a main result, electron yields from insula-
tors are higher than those obtained with metals of com-
parable atomic number, but the velocity dependence is
similar to the case of metal targets, i.e. electron yields
roughly follow the velocity dependence of the stopping
power. The position of the SE peak is found at very low
energies E = 1 eV. The arguments (1) and (2) given in
I.d, i.e. reduced workfunction and enhanced electron
escape depth (steps 2 and 3 in the three step model of
EE) may explain these findings. However, it should be
noted that they may not apply generally, and that other
mechanisms, as discussed by Baragiola (1993b), may
have to be considered. Production (step 1) is smaller,
because in order to ionize, the binding energy (or the
band gap Ey) has to be overcome, in contrast to metals
with quasi free electrons. Indeed, for alkali halides,
electron yields are roughly related to Eg as

Y ~ 1/Eg (34)

(see Hasselkamp, 1991 and Konig et al., 1975). A more
thorough discussion on EE from insulators has been
given by Schou (1993), see also the papers by Akkerman
et al. (1993b) and Grosjean and Baragiola (1993).

A remarkable result is the observation of an energy
shift of Carbon KLL Auger electrons to low energies
emitted from polypropylene (PP) foils with respect to
Auger emission from carbon foils, which can be
attributed to the influence of the heavy ion nuclear track
potential (Schiwietz et al. 1992, Schiwietz 1993). Fig. 25
shows electron spectra taken at ® = 120 deg. from C
and PP foils bombarded with 5 MeV/u Ne* ions. One
can see the carbon KLL Auger peak, wich appears at E =
250 eV for the C-target, at about E = 230 eV for PP foils
after having been bombarded with a fluence of D = 1013
ions/cm?, and at E = 180 eV with lower fluence of D <
4x1013 jons/cm?2. Great care was taken in the experi-
ments to prevent charging up or heating up of the
samples. They were coated by a thin aluminium layer on
one side of the foil, the spectra were taken from the
other side. It was checked that the spectra did not depend
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Fig. 25: Electron spectra taken at © = 120 deg. from
carbon (C) and polypropylene (PP) foils bombarded with
5 MeV/u Ne%* ions. On can see the carbon KLL Auger
peak, wich appears at E = 250 eV for the C-target, at
about for E = 230 eV for PP foils after having been
bombarded with a fluence of D = 1015 ions/cm?, and at E
=180 eV with low fluence of D < 4x10!3 ions/cm?2. This
energy shift of Cky 1 Auger electrons can be attributed to
the influence of the heavy ion nuclear track potential
(from Schiwietz et al. 1992, Schiwietz 1993).

on the ion beam current. Charging up can clearly be
observed by this method (Burkhard et al., 1987c).
Chemical changes (carbonization) rapidly occurs under
ion bombardment, as can also be seen from fig. 25: with
increasing ion fluence, the Auger peak from PP shifts
towards the energy of the carbon foil peak. Schiwietz et
al. (1992) conclude that this is caused by a transition
from an insulator to a conductor (PP — C). Using a
Monte Carlo procedure, Schiwietz et al. (1992) show
further that the largest contribution (about 50 eV) of the
shift of about 70 eV observed must be due to the ion
induced track potential. They also found that about 85%
of all Auger electrons are created within the ion track.
Takmg into account the range of the track potential of =
20 A, the average electric field strength is estimated to =
5 V/A inside the solid. The remammg shift is attributed
to the fact that recombination is strongly reduced in
insulators, whereas in conductors Auger decay can occur
after recombination leading to different initial states.

As discussed in chaps. II and III, electron yield
measurement could yield an indirect information on the
track potential if analyzed within the model proposed by
Borovsky and Susczynski (1991b). The data shown in
fig. 25 present a direct measure of ion induced track
potential. In this context, it should be noted that
Akkerman et al (1993a) applied the Borovsky and
Suszynski (1991b) model in order to explain deviations

of charge collected in Si based devices from predictions
using a simple Linear Energy Transfer (LET) concept.
As mentioned by these authors, electron yield measure-
ments or Auger spectroscopy with Si targets could be
relevant for the verification of this model. Also, using Si
or amorphous SiO; or similar targets would exclude
uncertainties due to chemical changes of the target.

b. Single Crystals: Channelling

While the dependence of electron production on the
projectile-target electron collision impact parameter is
included .in the semi-empirical theory (by the rough
distinction between soft- and close collisions (see egs.
11-13), channelling studies yield the interesting
possibility to study the dependence of target ionization
on the projectile- target nucleus collision impact
parameter distribution. Under channelling conditions,
when the ion trajectory is confined within a channel (or a
plane) of a crystal lattice, collisions with small impact
parameter are largely suppressed. This means that the
ions encounter mostly outer shell electrons ("nearly free
electron target") when channelled. Thus, by comparing
electron emission under random impact and channelling
conditions, one cannot only study the dependence of
electron production on the electron density encountered
by the projectile, but also distinguish ionization of inner-
and outer shells of the target atoms.

This is demonstrated in fig.26, which shows forward

(O = 0 deg.) electron spectra obtained with Xe37* (27
MeV/u, vp =33 a.u.) incident on a silicon crystal (d = 21
pm) in random orientation and <110> axial alignment
(as indicated) at GANIL/Caen by Andriamonje et al.
(1991) and Quéré et al. (1991). The most striking
difference is the strong reduction of convoy electron
emission for channelled ions: the convoy electron yield
Yk is reduced by a factor of 13! This result is related to
the suppression of convoy electron production either by
capture of target electrons to the continuum (ECC) or
loss of projectile electrons to low-lying projectile
continuum states (ELC). In particu-lar, electron loss is
largely suppressed (incoming charge state: q = 37, most
probable final charge state: qf = 50 for random
incidence and q¢° = 44 under channelling conditions).

The binary encounter electron yield (around 2 vp =
66 a.u.) is reduced by a factor of 3.2, because it is
directly proportional to the electron density encountered
by the projectile which is strongly reduced if the
projectile trajectories remain confined within at crystal
channel. A closer inspection of the high-energy side of
the binary electron peak, E > Egg as given by eq.(30)
(inset of fig.26) shows that the momentum distribution
of these electrons is much smaller when channelled,
because the contribution of Si K-shell electrons to the
Compton-profile is suppressed (Bell and Bockl, 1984).
In random incidence, the broad initial momentum distri-
bution of these strongly bound inner-shell electrons leads
to wings at the high- (and low-) energy side of the binary
peak.
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Fig. 26: Forward (6 = deg.) electron spectra obtained
with Xe37* (27 MeV/u, vp= 33 a.u.) incident on a
silicon crystal (d = 21 um) in random orientation and
<110> axial alignement at GANIL by Andriamonje et al.
(1991) and Quéré et al. (1991). Inset: Enlargement of
the high-energy side of the binary encounter electron
peak, normalized to the same maximum peak height.

Similar results have been obtained by Kudo et al.
(1991a,b), who studied electron emission from thick Si
and GaAs single crystals bombarded with MeV/u ions.
An example of their work is shown in fig. 27, which
shows spectra obtained with 3.5 MeV/u bare O ions
impinging on Si and GaAs single crystals under random-
and <100> channelling conditions. In contrast to the
results shown in fig.27, these spectra have been obtained
in backward direction, the experimental set-up is shown
in fig.3c. Also in this case, a strong reduction of electron
emission beyond Egg is observed. As a further result,
Kudo et al. (1991a,b) obtained the effective ion charges
as a function of the projectile atomic number Zp and
various channelling conditions. Similar studies have also
been performed with MeV light H or He ions by
Schneider, Kudo and Kanter (1985) and Hasegawa et al.
(1991).

The dependence of electron emission on the projec-
tile's minimum distance of approach to the target atoms
bmin(®) can be studied by varying the angle of incidence
¢ from random incidence to channelling conditions (¢ <
@crit). The ion trajectories remain confined in a region
outside the minimum impact parameter bpin(®).
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Fig. 27: Electron spectra obtained by Kudo et al. (1991a,
1991b) with 3.5 MeV/u bare O ions impinging on Si and
GaAs single crystals under random- and <100>
channelling conditions. In contrast to the results shown
in fig. 26, these spectra have been obtained in backward
direction (the experimental set-up is shown in fig. 3c).

The angle ¢ corresponds to the tilt angle & of fig. 3,
but with the crystal orientation taken into account. As an
example, fig. 28 shows the dependence of convoy elec-
tron yields Ycg(@)/Ycg(random) from protons (Ep =
0.17-1.9 MeV) on the angle of incidence ¢ as measured
by Koschar et al. (1992). The angle ¢ is measured in
units of Lindhards critical angle of channelling (for pro-
tons and gold, Q¢ = 0.59 /NEp[MeV]) with respect to
the (111) plane of an Au single crystal (d = 1200A). One
observes a strong dependence of convoy electron yields
on the crystal orientation. The effect is not so strong as
in the case of axial channelling discussed above, because
here we are dealing with planar channelling.

Yce(9)/Ycg(random) decreases with increasing
velocity and follows the velocity dependence of the
emerging neutral charge state fraction Fy(H). This may
be a hint that in this case convoy electrons are produced
by indirect electron loss to the continuum (IELC), i.e.
electron capture from the target with subsequent ELC
(Koschar et al., 1987, 1992).

VI. Conclusion: Open Questions

As the preceding chapters show, important steps to-
wards an understanding of ionization and electron emis-
sion in high velocity heavy ion- (condensed) matter col-
lisions have been made. However, this is a new field and
more questions remain than answers have been given. In
the following, we give an incomplete (and very personal)
list of open questions and possible future investigations.




Hermann Rothard

LN SRR IN LA
g H+->Au  Ep [MeV]
Q ——
Z L 19
&
t 12 -
=
sl V.,
1.0= "
\\/d- 1.2
0.8 I~
1.0 =
T
0.8 -
1.0
1.0
0.8
1-0 = O — Ao
0.2
0.8
1.0 P | '[
0.17
08
IR O (O
-10 0 10

@/Perit [deg)

Fig. 28: Dependence of convoy electron yields (induced
by protons, Ep = 0.17-1.9 MeV) Y(@)/Y(random) on the
angle of incidence @ with respect to the (111) plane of an
Ausingle crystal (d = 1200A) as measured by Koschar et
al. (1992). @ is measured in units of Lindhards critical
angle of channelling @i = 0.59 NEp[MeV].

(1.) Baragiola et al. (1992, 1993) found exponential-
ly decreasing high energy tails in electron spectra in-
duced by low energy (1-6 keV He and Ar) ion bom-
bardment of metals. This low-level tail extended up to
several keV and thus corresponds to electrons which are
much faster than it can be expected from binary col-
lisions only, even if the initial electron momentum
distribution, the Compton profile (Bell and Bockl, 1984),
is taken into account. Sigmund (1993) suggested that
these tails could be due to electrons which are acceler-
ated in multiple collision sequences between projectile
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and target atoms. This Fermi-acceleration scheme has
been discussed in connection with cluster-induced
fusion, too (see e.g. Burgdorfer, Wang, Ritchie, 1991 and
Hautala, Pan, Sigmund, 1991). It should be possible to
detect projectile electrons which have first been scat-
tered by a target atom and subscquently by the projectile
as enhanced electron emission compared to bare ion
impact around and below Epa = 9 (m¢/mp) Ep (corres-
ponding to vga = 3vp). Attempts have been made to de-
tect such fast electrons from multiple collision sequences
between projectile and target atoms with = 0.4-0.8
MeV/u H,* ( n = 1-3), but without success (see Rothard,
1994 and Suarez et al., 1994). However, Suarez et al.
(1994) found theoretical and experimental evidence that
fast target electron emission at vga = -2vpin backward
direction may be caused by multiple collision sequences.

(2.) Surprisingly, even with fast heavy (MeV/u) ions,
backward electron yields are suppressed, quite similar to
what was observed with molecules and clusters. Further
insight into differences and similarities of collective
cffects observed with clusters and heavy ions will be
obtained by measurements with heavicr particles and by
extending studies to higher energy. In particular, the
recent development of high energy becams of heavy ion
clusters ( such as C,* and Au,*) at tandem accelerators
in Orsay and Erlangen opens a promising new field of
investigations.

(3.) A complete understanding of EE in ion-solid
collisions requires experimental data on the primary ioni-
zation (PI) process in order to allow a refinement of theo-
retical description. Thus, measurements of EE in ion-
atom collisions are necessary, which then have to be ex-
tended to complex gas targets (molecules, clusters), and
finally, to solid targets. This allows to investigate differ-
ences between single free atoms and atoms confined in
condensed matter (“collective" effects) concerning PI.
The concept of the collective excitation of solids mani-
festing as a dynamic screening, the wake, may play an
important role also at high projectile velocities beyond
10 MeV/u (Rozet et al., 1987, Borovsky and Susczynski,
1991b). Furthermore, electron transport can be studied as
a function of target foil thickness.

(4.) EE should be studied in coincidence with
emerging projectile charge states as it has largely been
done for convoy electron emission (Breinig et al., 1982,
Kemmler et al., 1988). Furthermore, it appears interes-
ting to measure electron spectra in coincidence with
recoil ions (Wang et al. 1993, Gaither et al. 1993,

Moshammer et al., 1994).
(5.) The experiments have to be extended to higher

energics (say, ten to some hundred McV/u), in particular
in view of the application of heavy ion beams for cancer
treatment (Kraft and Gademann, 1993) and coneerning
track formation and nanotechnologies (Angert, Arm-
bruster and Jousset, 1993). As another practical applica-
tion that has been important up to now and will also be
important in the future, we mention that electron
emission from foils or converter plates in connection
with single particle detectors such as channeltrons and
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microchannel plates (Schiitze and Bernhard, 1956) are
widely used for beam current measurements at heavy ion
accelerators such as SIS/GSI in Darmstadt (Brohm et al.,
1991, Albert et al., 1992) and GANIL in Caen (Bouffard
et al., 1989).

(6.) In connection with single particle counting, it is
interesting to understand the statistics of electron
emission (I.b) in order to know the probability that no
electron is liberated from either a converter plate or the
single particle detector. A Poisson distribution for Py, eq.
(8), has widely been used as reference standard and re-
sults have been discussed in terms of deviations from
Poisson distribution. Sigmund (1993) proposes to
measure EE statistics with a high energy beam (100
MeV/u) and e.g. an Al target. In such a case, electron
yields are very small, in the order of Y= 0.01, and most
of the impinging ions do not produce an electron at all.
Such an experiment could "once and for all bury the
Poisson distribution as a reference standard: You need
not ask why a measured distribution deviates from
Poisson, you need to ask for the reason why a given
distribution coincides with Poisson, if it does." (cited
from Sigmund, 1993).

(7.) It is not until very recently that first attempts
have been made to study electron emission from atomic
collision processes with ultra-relativistic projectiles by
Vane et al. (1993). Also, the formation_ of "quasi
molecules” in fast hecavy ion collisions leading to
extremely strong (supercritical) fields and in particular,
electron-positron pair creation has been discussed in
connection with 8-electron emission. These problems are
treated in the framework of the two-center Dirac
equation (Becker et al., 1987, Kankeleit, 1980). It has
been evoked that pair creation can also occur as resonant
process in heavy ion channelling (Becker et al., 1987)
and that emission of d—electrons can serve as a "clock"
for nuclear contact times (Senger et al., 1987). Atomic
processes such as screening, formation of quasi-
molecules, and 8-electron emission have to be considered
in nuclear physics experiments such as the study of Mott
scattering as a tool for testing long-range color Van-der-
Waals forces (Villari et al. 1993). Also, the interplay
between nuclear interactions and atomic physics has not
yet been investigated in connection with electron
emission, but e.g. for charge exchange reactions
(Gonzales, Giese and Horsdal-Pedersen, 1993). Such an
interplay may also occur due to coherent resonant
cxcitation (Okorokov-effect) in channelling experiments
(Andriamonjc et al., 1994).

(8.) In future cxperiments, well defined solid
surfaces are necessary and thus, elaberated surface
controlling and preparation technology is indispensable.
It seems in particular interesting to me to study electron
emission from insulators, or to study the influence of
controlled deposition of adsorbates on solid surfaces on
electron emission. This has been done recently with
protons by Sanchez, de Ferrariis and Suarez (1989) and
Schosnig et al. (1992). As a first step, measurements of
electron yields (or energy distributions) as a function of
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the residual gas pressure, the ion flux and fluence, and
the time of exposure of a surface to a contaminant gas
and thus as a function of the equilibrium betwecen
adsorption and desorption of gases (N3, Oz, H>0) could
be envisaged (Arrale et al., 1994, see also DuBois and
Drexler, 1994). Since heavy ions deposit large amounts
of energy in electronic excitations in a small volumc
during a very short time period, interesting new effects
are likely to be observed with heavy ions.
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Discussion with Reviewers

R. Baragiola: In many places through the text, the
author mentions dependencies of different physical
quantities with the square of the projectile charge, Zp?.
Such dependencies are only expected when the Born
approximation is valid, that is, when the perturbation is
small. This occurs when Zp/vp is small (Zp/vp << 1 in
atomic units). The neglect of this constraint is a common
error in the literature.

Author: This should be pointed out clearly. In this
context and in connection with the subject of this review,
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it may be interesting to note that for multicharged heavy
ions, velocities high enough so that this limit of small
perturbation is fulfilled can be reached with (tandem)
Van-de-Graaff accelerators for "light" heavy ions (Zp <
10), for medium heavy ions (up to Zp = 50) we have to
go to some tens of MeV/u (this is for example possible
with GANIL), and for heavier ions up to U, this limit can
only be explored with the largest existing accelerators
such as GSI-SIS. As can be seen from figs. 16 and 17, in
some cases, a Zp? scaling may even be observed if the
above condition (Zp/vp << 1 or g/vp << 1) is not
completely fulfilled. Both figures deal with the impact
parameter dependence of ionization: at high electron
energies corresponding to close collisions, a Zp? scaling
of electron emission is observed.

J. Schou: The increase of the yield as a function of
thickness is frequently described by a term with an
exponential function so that the yield increases up to a
saturation value. This simple description goes back to
the early days of secondary electron emission, but has
been used, for example, also by Sternglass (1957).
However, Sigmund (1993) showed that a diffusion-like
behavior is much better described by an complementary
error function erfc(x) than by an exponential. The second
point is that the energy of the delta-electrons may exceed
several keV. In that case a typical electron trajectory
does not resemble a diffusing particle except for the
low-energy end, since the cross section for scattering
decreases strongly with rising energy. The overall
behavior for electrons of several keV has probably very
few features common with the classical diffusion picture,
but is much better described by a straight-line behavior.
Author: It is astonishing how well the target thickness
dependence of the forward electron yields can be
described by eq. (20), where exponential functions for
electron transport have been used (figs. 11-13). I agree
that more realistic approaches to electron transport as
e.g., replacing the exponential by the proposed
complementary error function (in egs. 13-20) or by
taking into account backscattering of fast electrons
(eq.28) should be included in the semiempirical model.
With both C at 1 MeV/u (Koschar et al., 1989) and Ar at
13.6 MeV/u (Rothard et al., 1994, 1995), a very slow
increase of backward yields has been observed. This
may be due to fast electrons which contribute to the
backward cascade multiplication after a few large angle
scattering events. Schneider, Schiwietz and DeWitt
(1993) showed that the motion of fast electrons in
forward direction can be well described by a straight line
behaviour and the SELAS (Separation of Energy Loss
and Angular Scattering) approximation, whereas this is
no longer possible for backscattered fast electrons, where
experimental data on electron emission intensity are
underestimated by a factor of 2-5.

R. Baragiola: The discussion made by Borovsky and
Suszcynski (1991a,b) should not be reproduced
uncritically. I disagree with the physics of fig. 9 in the
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case of metals, where the huge electric fields they .
describe do not exist. The electrons that flow to screen
the excess charge cause a repulsive force on ejected
electrons which compensates the attractive force from
the ions.

Author: One should indeed be cautious in applying the
model of Borovsky and Suszcynski (1991a,b) to the case
of metals. In particular, the experimental results
presented in tab.2 seem to be in contradiction with this
model, as discussed in IIl.c. The application to the case
of semiconductors could be more fruitful as shown by
Akkerman et al. (1993a).

R. Baragiola: The discussion about "semi-empirical" vs.
"transport" or vs. "microscopic or analytical" theories
may be misleading to readers. All theories come down to
some semi-empirical approach, and it is in this form that
they are used to explain observations. For instance, no
theory discusses transport from first principles, taking
into account the surface, but rather use an infinite
medium and then fudge-in the surface. Practically all the
theories treat electron transport with a semi-empirical
exponentially attenuation function, which only holds in
the absence of elastic scattering. None, including the
"microscopic” describe in any detail the diffraction and
k-conservation in transmission through the surface nor
consider quantum effects in the scattering of low energy
electrons in the solid. The main difference between
theories, the so-called semi-empirical, those by Schou
(1980), Sigmund & Tougaard (1981), and Rosler (1993)
is really in the excitation function.

Author: I agree in that surface transmission and electron
transport are not yet being treated with the same
refinement as it is possible for the excitation functions
connected to different electron production mechanisms.
Personally, I feel however that the models which I called
"microscopic” or "analytical" treat the electron excitation
and the scattering mean free paths related to different
excitation modes in a more sophisticated way than the
semi-empirical models based on Sternglass' (1957) work,
where a variety of "mean" quantities and not well
defined parameters (which finally can only be deduced
from experiment) have to be introduced.

M. Rosler: In your Monte Carlo simulations for the
target material carbon the band structure is not taken into
account. However, it is well-known that band structure
effects are responsible for the plasmon damping in real
metals. Can you give a comment about your model of
plasmon creation and subsequent excitation of electrons
by the decay of plasmons. What is the relation to the
model used by Caiiler and Ganachaud (1990) and
Dubus et al. (1993)?

Author: In the present MC code (Gervais and Bouffard,
1994, see also Rothard et al., 1995), the band structure
leading to plasmon damping is not taken into account
explicitly, but implicitly: the plasmon lifetime is
estimated from the plasmon peak width in the curve of
energy loss versus energy obtained by optical reflectivity
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measurements by Taft and Philipp (1965). The half
width is found to be 5eV, the wave-number dependence
of the lifetime being neglected. It is assumed that the
plasmon energy hwyp is transferred as a whole to a single
electron which is excited with isotropic angular
distribution at the point of plasmon decay. This point is
obtained from the plasmon lifetime and the plasmon
group velocity. Detailed information can be found in the
paper by Gervais and Bouffard (1994). Ganachaud and
Cailler (1979a,b) not only consider this one-electron
decay, but also two electron decay (where the plasmon
energy is shared between two electrons) and multipair
creation from bulk plasmons. Furthermore, they
consider one electron decay and multipair creation in the
damping of surface plasmons. In Cailler and Ganachaud
(1990) and Dubus et al. (1993) a review on simulations
of electron emission including different modes of
plasmon damping can be found. In the paper by Dubus
et al. (1993), it is assumed that one electron is created
by bulk plasmon damping. The probability is assumed to
be proportional to the density of states of electrons in the
conduction band (this is the same approach as used by
Ganachaud and Cailler, 1979a,b). A small spatially
limited surface zone where only surface plasmon
damping takes places is also taken into account.

A. Dubus: What do you expect from a comparison
between electron emission in ion-atom collisions and
electron emission from solid targets ?

Author: The answer to this question has recently been
discussed in detail by Baragiola (1993b), and an
interesting comparison of ionization in ion-gas and ion-
solid collisions can be found in Toburen’s (1990) paper.
It is clear that collision and ionization processes will be
different in the gas phase, for ion-surface collisions, and
in the bulk of the solid, "due to differences in the initial
and final electronic states. However, some of these
differences are small and so one can draw general
analogies as a heuristic approach to understand EE in
solids. From there, one can then discuss specific
condensed matter effects and evaluate their importance”
(cited from Baragiola, 1993b). For example, it is often
possible to use scaled atomic cross sections as input for
the calculation of electron spectra from solids (Schiwietz
et al., 1990) and then transport and surface effects are
added. This is also the idea of the experiments on the
target thickness dependence of EE with thin foils: start
with something which to a certain degree resembles
atomic collisions, and then increase transport effects
(figs. 11-13 and 18-19). Specific differences in EE from
gas and solid targets can nicely be seen from fig. 20
(Toburen, 1990), the main effects are: A strong
difference in the energy distribution at low energies due
to surface transmission and transport effects, and a
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strong difference in the angular distribution at large
angles due to large-angle scattering of fast electrons.

J. Schou: The expression indicated by Hasselkamp that
the yields for insulating materials 1s inversely
proportional to the energy gap is intuitively tempting,
but the experimental basis for the statement is rather
weak. Hasselkamp supports his statement on
measurements performed by Konig et al. (1975).
Although these experiments were performed carefully
and in UHV, only four targets of alkali halides, KClI,
KBr, NaCl 'and LiF were studied. The energy gap
increases from KBr up to LiF, but the yield depends
very much on the projectile. For heavy ion incidence the
yield is actually inversely proportional with the energy
gap. However, for He-ions the yield is almost the same
for all three targets and for Ne-ions the dependence is
different. It is also true that one would expect an 1/E
dependence from Eq. (74) in Schou (1980), but this
expression is derived for electron emission from
ionization cascades rather that from primary ionization
only, and for electrons generated close to the surface. In
general one would not expect a simple 1/Eg dependence.
Author: It 1s interesting that the electron energy
distributions measured by Konig et al. (1975) show a
similar dependence for all 1ons (He, Ne, Ar, Kr): their
width increases and their height decreases from KCl to
LiF, i.e. with increasing E_. This means that the relative
importance of low energy electrons decreases. The
interpretation of Konig et al. (1975) 1is that for
approximately constant escape probability of electrons
excited into the conduction band, with increasing E_, the
flatter high energy part of the internal energy
distribution determines the external one. However, in
general, one cannot clearly separate the influence of the
electronic structure of the target from that of the
projectile. Also in the present case, the interplay of both
must be taken into account in the interpretation of the
experimental results.
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