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Synopsis

Fast heavy ions can electronically sputter or cause desorption from many different kinds of insu
lating materials like water ice, condensed gases, alkali halide salts and organics. In this paper a 
summary of experiments on electronic sputtering of biomolecules with MeV energy particle beams 

will be given. Recent results on formation of ‘buckyballs’ when a certain polymer is irradiated 

with fast heavy ions will also be described.

1 Introduction

When an energetic particle hits a surface, atoms or molecules can be sputtered 
from the surface. In the case of slow heavy ions with keV energies a series of 
screened Coulomb collisions occurs, refered to as a collision cascade in the material. 
This can lead to ejection of surface atoms according to the established theory for 
nuclear elastic sputtering by Sigmund (1969). The sputtering yield is proportional 
to the nuclear elastic part of the stopping power of the primary ion. This means 
that above the maximum in the nuclear stopping power function, see figure 1, the 
sputtering yield will decreases with increasing primary ion energy, but it will always 
be present. This sputtering mechanism is effective in all materials.

Also fast heavy ions with MeV energies can cause sputtering. For conductors 
like metals the few data on total sputtering yields and the energy dependence of 
ion yields show that a large fraction of the particle yield is associated with nuclear 
elastic sputtering (see e.g. Wien, 1989). However, the energy spectra of some metal 
ions sputtered by fast heavy ions (Matthäus et al. 1993) as well as the high total 
Au yield sputtered from an Au foil with 1.3 GeV 238U ions (Cheblukov et al. 1992) 
indicate that electronic excitations in the track of the incident particle contribute 
to sputtering even in metals.
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VELOCITY (cm/ns )

Figure 1. The nuclear and electronic stopping powers as a function of the primary ion energy 
(velocity). The values are for 127I ions bombarding a target of C3H5NO. The Bohr velocity, 

= 0.22 cm/ns, separates approximately the velocity regimes where, respectively, nuclear and 
electronic stopping dominate and thus also the two corresponding sputtering processes nuclear 
elastic sputtering and electronic sputtering.

In the case of many insulators, much higher sputtering yields have been mea
sured for fast heavy ions than expected from nuclear elastic sputtering. As will 
be described in this paper, this new sputtering process in insulators is connected 
to the electronic part of the stopping power of the primary ion and is therefore 
called electronic sputtering to distinguish it from the nuclear sputtering process 
mentioned above. Fast heavy ions can sputter many different types of insulators 
(Wien, 1989), including water ice, metal oxides, condensed gases, alkali halide salts 
and biomolecules. Electronic sputtering is also called ‘desorption’ in the litera
ture. Desorption and sputtering are often used interchangeably but ‘desorption’ 
generally applies to ejection of an adsorbed species, usually as an ion.

The Bohr velocity, vr = 0.22 cm/ns, is the velocity of the electron in the 
hydrogen atom in Bohr’s semiclassical atomic model. This velocity is often used 
to distinguish the two velocity regimes where either nuclear elastic stopping power 
or electronic stopping power dominates. Therefore it can also be used to roughly 
separate the corresponding processes, nuclear elastic sputtering from electronic 
sputtering, see figure 1. In this paper slow ions have a velocity v < vr whereas fast 
ions have v > vr.
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The fact that intact biomolecules can be sputtered as ions from a surface due 
to bombardment with fast heavy ions was discovered by Macfarlane and coworkers 
at Texas A&M University (Torgerson et al. 1974). Fission fragments from a 
radioactive source, 252Cf, were used as primary ions. The electronic sputtering 
effect was exploited in an ion source using a new type of mass spectrometer in 
which the masses are determined by the time-of-flight technique. This form of 
mass spectrometry is called plasma desorption mass spectrometry, PDMS, by the 
inventors (Macfarlane & Torgerson, 1976). Both positive and negative ions can be 
analyzed. The remarkable finding is that large, non-volatile and thermally labile 
biomolecules, like peptides and proteins, can be studied with PDMS. The technique 
is now an important mass spectrometric tool for biological research of proteins 
(Sundqvist & Macfarlane, 1985; Roepstorff 1990). The largest observed molecular 
ions so far are from ovalbumin which has a molecular weight of 45 000 u (Jonsson 
et al. 1989). The important applications of electronic sputtering in the biosciences 
have over the years been a strong driving force in the attempts to elucidate the 
underlying physical desorption process.

1.1 Conversion of Energy into Molecular Motion

A central problem in electronic sputtering is to understand how the deposited en
ergy can be converted to molecular motion which then leads to desorption (Johnson, 
1987). How can a fast heavy ion, losing nearly 1 keV/Å in the target material, 
desorb intact proteins which are held together by rather weak bonds? The first sug
gested conversion mechanism was the Coulomb explosion of the positively charged 
infratrack (Haff, 1976). If the conductivity of the material is low enough there 
may be time enough to cause atomic and molecular motion due to the Coulomb 
repulsion before the track is neutralized. However, it has been claimed that even 
in insulators there may not be time enough for the Coulomb force to act due to the 
increased conductivity of the excited track core (Watson & Tombrello, 1985). An
other possibility of the conversion of the deposited energy into atomic and molecular 
motion that has been suggested is excitation of the molecules to repulsive states 
with subsequent separation of the molecule (Johnson & Sundqvist, 1983; Watson & 
Tombrello, 1985). Furthermore, Williams & Sundqvist (1987) have suggested that 
an excitation to vibrational states by the flux of low-energy secondary electrons 
also will lead to larger separation between the molecules. The common idea with 
these mechanisms is that an expansion of the material will take place around the 
ion trajectory leading to molecular motion.
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1.2 Desorption Mechanisms

Over the years many different desorption models have been proposed. To illustrate 
some different approaches to the problem a few models will be briefly described 
below. For more details the reader is referred to the review article in this volume 
by Reimann on desorption models. Common features for the described models 
below are the lack of an ionization mechanism and that a region around the point 
of impact of the primary ion is assumed to have too high energy density to allow 
desorption of intact molecules. From this region only molecular fragment and low- 
mass ions are assumed to be desorbed. However, recent experiments (see section 
10) indicate that fullerenes can be formed in the central part of the ion track when 
a certain polymer is irradiated.

In the ion track model by Hedin et al. (1985) a statistical treatment is performed 
of the flux of secondary electrons that is generated by the primary ion when it is 
slowed down in the material (see section 3). These electrons propagate in the 
material and deposit energy when they are slowed down. The energy deposition at 
a certain point is approximately proportional to the flux of electrons at that point. 
In the model, which is a multihit model based on Poisson statistics, a molecule is 
desorbed if it is hit by a certain minimum number m of electrons. This is equivalent 
to requiring that a certain amount of energy must be deposited in the molecule 
for desorption to occur. The model can reproduce some general observations made 
by Håkansson et al. (1984) when the yield of large biomolecules is measured as a 
function of the electronic stopping power.

In the thermal model by Voit et al. (1989) the thermal flow is calculated to 
annular elements around the point of impact of the primary ion on the target 
surface from a number of sources of thermal energy along the trajectory of the 
primary ion. This energy is transferred from the kinetic energy of the primary ion 
through the electronic stopping power. The desorption probability is proportional 
to exp( — Uo/Es) where Uq is the surface binding energy and Es the energy available 
at the molecular site. The yield is obtained by a summation over all time intervals, 
all sources and all annular elements weighted by the corresponding probability. 
The model is able to reproduce the dependence of measured secondary ion yields 
on the energy and initial charge state of the primary ions for light mass molecules 
like the amino acid valine (117 u).

In the continuum mechanical model or pressure pulse model by Johnson et al. 
(1989) the primary ion creates sources of impulses along its track through the solid. 
The energy from the individual sources spreads diffusively in the solid. In the case 
of a fast heavy ion with a large energy loss in the solid the sources act cooperatively 
and the energy density at any time is obtained by adding the contributions from the 
different sources. The resulting energy density gradient will cause a volume force
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Figure 2. The principle of a time-of-flight, ToF, spectrometer with a single-stage mirror. Fast 
heavy ions from an accelerator (or fission fragments from a 252 Cf source) bombard the target on 
high voltage (HV). When the primary ions pass through a thin carbon foil in the start detector, a 
start signal for the ToF measurement is generated. The desorbed secondary ions are accelerated 
through a grid on earth potential into a field-free region. If the mirror voltage is off, the ions will 
continue into the straight stop detector and generate a stop signal. The time differences between 
the start and stop signals are converted into flight times by a time-to-digital converter, TDC. 
These are stored in a spectrum by a micro computer. With the mirror voltage on, only secondary 
ions will be reflected by the mirror into the second stop detector and no neutral decay products. 
This will improve the signal-to-noise ratio in the spectra. Furthermore, the mirror compensates 
for the initial axial velocity distributions of the ions and an improvement in time resolution and 
thus mass resolution will be obtained.

on the surrounding material, and by integrating this force over time the net impulse 
transferred to a volume element can be obtained. A molecule will be desorbed if 
the z-component of this impulse is larger than a critical impulse determined by 
the cohesive energy of the material. For a molecule on the surface one can show 
that the ejection will be at a certain angle relative to the nuclear track. The 
same directional ejection can also be obtained from a similar shock wave model 
introduced by Bitensky & Parilis (1987). The principal differences between these 
models are the description of the energy transport and the criterion for ejection 
(Fenyö &; Johnson, 1992).

It is always difficult to justify the validity of a certain model based on a fit to 
a particular subset of experimental data. However, as will be shown in this paper, 
some basic electronic sputtering experiments on large biomolecules can only be 
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explained by expansion models like the pressure pulse model (Johnson et al. 1989) 
and the modified shock wave model (Bitensky et al. 1991).

Wien (1989) has reviewed the field of electronic sputtering in general and from 
insulators (Wien, 1992). Sundqvist (1991) has reviewed desorption of organic 
molecules induced by particle impact. This summary paper covers mainly ex
periments of electronic sputtering from organic insulators.

2 Experimental Methods

Electronic sputtering of ions can conveniently be studied with the time-of-fiight 
(ToF) technique. This has been described in detail elsewhere (Macfarlane & Torg
erson, 1976; Le Beyec, 1989; Sundqvist, 1991), and therefore only some basic facts 
will be described here. A schematic drawing of a ToF spectrometer is shown in 
figure 2. The target, which usually is at a potential of 10 - 15 kV, is bombarded 
with fast heavy ions from an accelerator. The desorbed and ionized molecules are 
accelerated through a grid on earth potential into a field-free drift region where 
they finally are stopped in a pair of microchannel plates. There, a shower of sec
ondary electrons is created that generate a stop signal for the ToF measurement. 
The start signal is usually generated from a shower of secondary electrons produced 
when the primary ion is passing a thin carbon foil before hitting the target.

A common spectrometer design (Torgerson et al. 1974) where fission fragments 
from a 252 Cf source are used to bombard the target is the following. In the spon
taneous fission of a 252Cf nuclei two, almost collinear, fragments are created. One 
is then used to desorb the molecules on the target while the other is used to give 
a start signal for the ToF measurement.

In terms of desorption yield there is no difference between fission fragments 
from a 252Cf source and an accelerator beam of 12 T ions with an energy around 
80 MeV. However, in contrast to the fission fragments, the accelerator beam is well 
defined in energy, type of ion, angle of incidence and charge state, a prerequisite in 
many experiments. The time difference between start and stop signals is measured 
with a time-to-digital converter (TDC) and stored in a spectrum where the time 
scale is proportional to the square-root of the mass divided by the charge state 
of the ion. The data are recorded in event-by-event mode, which means that for 
each primary ion giving a start signal the corresponding stop signals are recorded. 
Usually a primary ion desorbs several secondary ions per impact so the TDC must 
be able to handle several stops per start.

Sometimes biomolecular ions are metastable and decay in flight. If this happens 
in the field-free region in the spectrometer it will lead to a broadening of the 
ToF peak. One way to get rid of neutrals and other decay products and thus to 
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improve the signal- to-noise ratio in the spectrum is to reflect the secondary ions 
in an electrostatic mirror. This will also make sure that a certain experiment is 
performed with stable ions. The mirror will compensate for the initial axial velocity 
distribution of the secondary ions and thereby improve the time resolution, and 
hence the mass resolution in a ToF spectrum. This was first demonstarted by 
Mamyrin et al. (1973) with a two-stage, second order compensating, mirror.

Today, mirrors are frequently used by many groups, and several different de
signs and applications exist. Here only a few will be mentioned. Tang et al. 
(1988) have compared the performance of a single-stage and two-stage mirror in 
SIMS-measurements. Della-Negra et al. (1987b) have developed an axial symmetric 
system with an annular microchannel plate stop detector that also is a two-stage 
mirror (Brunelle et al. 1991). A gridless mirror has been developed by Walter 
et al. (1986) for laser multiphoton postionization work. Brinkmalm et al. (1992b) 
have analyzed large biomolecules in a PDMS instrument with a single-stage mirror.

One common technique for preparing a target for a desorption experiment is to 
electrospray the molecules onto a metallic backing (McNeal et al. 1979). In the 
case of peptides and proteins, the technique used today is to adsorb the molecules 
to a polymer backing, usually a film of electrosprayed nitrocellulose (Jonsson et al. 
1986).

3 Basic Ion-Track Concepts

When the nuclear sputtering yield is measured as a function of the primary ion 
energy, it first passes a maximum but is thereafter a continuously decreasing func
tion for increasing primary ion energy. This is because the yield follows the nuclear 
stopping power (Sigmund 1969), see figure 1. However, it was independently found 
at Erlangen (Diick et al. 1980) and Uppsala (Håkansson et al. 1981b) that the 
yield for organics desorbed by fast heavy ions increased with increasing primary 
ion energy. This is also the case for the electronic stopping power function in this 
energy range. We therefore deal with electronic sputtering. Fundamental for the 
understanding of electronic sputtering is the concept of an ion track, and therefore 
some basic concepts are described below.

The energy loss of a fast heavy ion penetrating an insulator with a velocity 
above the Bohr velocity is dominated by electronic excitations and ionizations. 
Very little energy goes into nuclear collisions, which play no significant role in 
desorption from insulators at these incident particle energies. Along the path of 
the ion a cylindrical region with intense ionizations and excitations is produced due 
to direct Coulomb interactions, see figure 3. This region is called the infratrack 
(Brandt & Ritchie, 1974), and its radius scales with the velocity of the primary ion
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P ri mary

Figure 3. When a fast heavy ion passes through an organic target it will lose energy in a cylindrical 
region with intense ionizations and excitations due to direct Coulomb interactions. This region is 
called the infratrack and will become positively charged for a short time. The 6-electrons carry 
the excitation far out into the material and produce new generations of secondary electrons. This 
outer part of the track is called the ultratrack. The energy density of the deposited energy falls 
off like 1/r2 from the track centre. Light ions like H+ and H~ are believed to be desorbed close 
to the track centre and so promptly that they feel the positively charged track core. Fragment 
ions are assumed to be created in the hot central part of the track region and desorbed closer to 
the track centre than molecular ions. Further out neutrals are desorbed. The molecular ions are 
desorbed with a strong directional correlation caused by the radially expanding track. In the case 
of a poly(vinylidene difluoride) target fullerenes are created in the hot central part of the track 
and ejected due to the axially expanding track.

(Sundqvist, 1993) :

Finfratrack ~ 6.7 X (E/M') 2 Å (1)

where E is the kinetic energy of the particle in MeV and M is the mass of the 
particle in u. Due to the direct interaction between the primary ion and target 
electrons, high energy ^-electrons are produced. These carry the excitation far out 
into the material and produce new generations of secondary electrons. This outer 
part of the track is called the ultratrack (Brandt & Ritchie, 1974). Its radius, which 
is determined by the projected range of the ^-electrons, scales as the square of the
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Figure 4. The yield of some different secondary ions from a valine target as a function of the linear 
energy transfer, LET, of the primary ions. (LET is the same as ‘stopping power’)- The target was 
bombarded with MeV energy 16O ions (unfilled symbols to the left) and 32 S ions (filled symbols 
to the right). The same stopping power value can in certain cases be obtained with two different 
primary ion energies but the corresponding desorption yields are not necessarily the same. For 
each set of data points the lower branch corresponds to the high energy side and the upper branch 
to the low energy side of the stopping power function. The lines are guides for the eye, (Diick et 
al. 1980).
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velocity of the primary ion (Sundqvist, 1993) :

rultratrack ~ 830 X E/(pM)k (2)

Here p is the density of the material in g/cm3. For 72 MeV 127I ions, which is 
a typical fast heavy ion used in desorption experiments with biomolecules, these 
radii are approximately 5 and 500 Å respectively. The total energy loss per path 
length for such an ion is about 1 keV/Å and about 75 % (Kraft et al. 1992) of 
the deposited energy is converted into kinetic energy of the secondary electrons. 
The track zones are established within 10-15 s and the energy density falls off like 
1/r2 (Kobetich & Katz, 1968) from the track centre.

4 Scaling of Yields with Electronic Stopping 
Power

In the literature, quite a lot of measurements can be found on how the yield of a 
certain biomolecular ion depends on the electronic stopping power of the primary 
ion. The data demonstrate the coupling of the sputtering process with the elec
tronic rather than the nuclear part of the energy loss function. However, many of 
the yield vs. dE/dX curves exhibit a peculiar double-branch yield which make the 
interpretation of the data complex. This was shown already in the first accelerator 
experiments on electronic sputtering of biomolecules, namely valine desorbed by 
16O and 32S beams by Dück et al. (1980), see figure 4.

The reason for the double branches is that the yield is a function of the deposited 
energy density in the track rather than a function of the total energy loss. When 
the primary particle energy is changed the track dimensions are also changed, as 
described in the previous paragraph. As a consequence the deposited energy per 
volume unit can decrease even if the total deposited energy increases. In a more 
well-defined experiment it is therefore important to keep the velocity of the primary 
ions constant, so the yield is measured as a function of the energy density rather 
than the electronic stopping power (Håkansson et al. 1984).

In the same paper Håkansson et al. also showed that when the yield of biomo
lecules is measured as a function of the electronic stopping power (energy density), 
the dependence on the stopping power will be steepest for low stopping power 
values and large molecules. This result has been confirmed both by Becker et al. 
(1986a) and Brandl et al. (1991). For large stopping power values the dependence 
will be approximately linear. There is also a threshold in energy density below 
which no molecular ions are observed. The larger the molecule the larger is this 
threshold. A 10 MeV 16O beam will for example not desorb any molecular ions
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Figure 5. Absolute yields of intact neutral molecules (right scale) and normalized yields for 
positive and negative molecular ions (left scale) of the amino acid leucine as a function of the 
electronic stopping power of the primary ions. The energies of the different primary ions were 
chosen so the velocity was kept constant which means that the stopping power is proportional 
to the energy density in the ion track. The different scaling of the yields with energy density 
probably reflects different desorption mechanisms for neutrals vs. ions and indicates how far out 
from the track different species originate, (Hedin et al. 1987a).

from an electrosprayed target of insulin but it will produce a rather good spectrum 
of an amino acid (Hedin et al. 1987b).

There still exists only one complete set of data on the scaling of the yield for 
the neutral ejecta as well as the charged-particle ejecta with the electronic stopping 
power (energy density). That is for the amino acid leucine studied by Hedin et al. 
(1987a). The target was bombarded with beams of 20 MeV 32S, 36 MeV 59Ni, 49 
MeV '9Br and 78 MeV 127I ions in charge-state equilibrium and with the same 
velocity for all the primary particles. The method used to measure the neutral 
yield will be described in the next section. The neutral yield was found roughly 
to follow a cubic dependence on the electronic stopping power (energy density). 
Including the primary ion beams 7 MeV 12C and 10 MeV 16O the scalings for 
positive and negative leucine molecules were found to be approximately linear and 
quadratic, respectively, as shown in figure 5. This is in agreement with recent 
results by Brandl et al. (1991) for the amino acid valine. The differences in scaling 
probably reflect different desorption mechanisms for neutrals vs. ions and indicate 
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how far out from the track different species originate (Johnson & Sundqvist 1992). 
Brandl et al. (1991) discuss the different scalings for positive and negative ions in 
terms of different ionization mechanisms.

5 Neutral-Yield Measurements

Because of the difficulties in measuring absolute total sputtering yields for bio- 
molecular solids very few measurements are available. This is at present a problem 
in the comparison between experimental data and theoretical models, because so 
far most models contain no description of the ionization process.

In the two neutral yield measurements described in this paper the sputtered 
molecules were collected on clean pieces of silicon. To obtain the relative amount 
of material on the collector, it was rotated in the chamber to become a target in 
a small ToF spectrometer and analyzed with the PDMS technique. This was done 
in situ for the scaling experiment described above. To obtain the absolute amount 
of material on the collector, it was taken out from the chamber and analyzed with 
state-of-the-art amino acid analyzing technique.

The latter method was used by Salehpour et al. (1986) who irradiated a mul
tilayer target of the amino acid leucine (131 u) with a beam of 90 MeV 12'I ions. 
Under the assumption of a cos 0 distribution for the sputtered molecules the yield 
of intact leucine molecules was found to be 1200 ± 200. The yield of positive ions 
of intact leucine molecules is only 13 % which gives a neutral-to-ion ratio of 104. 
With a molecular weight of 131 u and assuming a volume of 5x5x5 Å3 for leucine 
the neutral yield corresponds to a total mass sputtered of nearly 160 000 u. This 
corresponds to a volume of a half sphere with a radius of 42 Å being removed 
(Sundqvist et al. 1989).

In a similar experiment with the collector method but performed under ultra 
high vacuum conditions, Nees (1988) has measured extremely high neutral yields 
from a testosterone hormone (274 u) and a derivate of it (428 u). The absolute 
yield of intact molecules sputtered by a 30 MeV 16O5+ beam and determined with 
a biochemical method was found to be about 10G for both samples.

At present only these two measurements are available on the total sputtering 
yield, and it is not clear if the large difference in the numbers are an experimental 
fact or due to some artifacts. One can notice that the total yield in the pressure
pulse model (Johnson et al. 1989) is inversely proportional to the cohesive energy 
to the third power which could be very different for these two kinds of targets. 
This is consistent with the fact that refractory solids with large cohesive energies, 
like AI2O3, have very small total yields (Qiu et al. 1983). However, even with the 
lower value of the total sputtering yield for organics one can conclude that the total
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Figure 6. A Langmuir-Blodgett film was built up by 13 layers of stearic acid (C), 2 layers of 
behenic acid (B) and 2 layers of arachidic acid (A). Each layer had a thickness of 25 Å. The figure 
shows negative time-of-flight spectra around the molecular ion region for 4 different heavy ion 
beams. These have the same velocity which means that the corresponding stopping power values 
are proportional to the energy density in the ion track. The systematic change in the relative 
peak heights with energy density indicates crater formation. In the case of 127I ions, secondary 
ions are observed from layers well below the surface indicating a sputtering depth of around 150 
Å, (Sâve et al. 1987a).

M/Z

ejection is dominated by neutral molecules for these kinds of multilayer samples 
and molecules.

6 Electronic Sputtering from Langmuir-Blodgett
Films

With the Langmuir-Blodgett technique it is possible to build targets of uniformly 
oriented organic molecules layer by layer. The films can be made very homogeneous 
and with well-defined thickness. The PDMS technique can be used to characterize 
the films, e.g. to discover incomplete salt formation or replacement of the origi
nal counter-ion by ions from the substrate surface (Schmidt et al. 1990). With 
spontaneous-desorption mass spectrometry (Della-Negra et al. 1985) defects in the 
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films, e.g. pinholes built in during the preparation, can be detected (Schmidt et al. 
1991a).

Sâve et al. (1987b) used such films to study the sample film thickness depen
dence in electronic sputtering and found that the yield saturates around 125 - 150 
Å. By using different Cd-stabilized fatty acids with the only difference being the 
number of CH2 groups in the hydrocarbon chain, one can make films with marked 
layers suitable for measurements of the desorption depth. In such an experiment 
(Sâve et al. 1987a), a target of 13 layers of stearic acid (C) followed by 2 layers of 
behenic acid (B) and on top of that 2 layers of arachidic acid (A) was constructed, 
see figure 6. Each layer had a thickness of 25 Å. Analysis of the target with 78 MeV 
127I ions showed that the most intense molecular-ion peak was from the bottom 
layers, indicating a sputtering depth of around 150 Å. The systematic change of 
the spectra with lower energy density beams excludes the possibility of inhomoge- 
nous films and indicates crater formation. The same conclusion was obtained in 
similar experiments by the Orsay group (Bolbach et al. 1987) and also recently by 
the Erlangen group (Schmidt et al. 1991b).

To get an idea of the radius of the crater one can use the damage cross section 
measurements for 78 MeV 12 ' I ions on arachidic acid (Sundqvist et al. 1989). That 
radius is 80 Å which means that a rather large crater is formed in the case of 12 T 
ions if one assumes that the damage radius is close in size to a removal radius. The 
number of molecules sputtered from this volume is of the same order of magnitude 
as the neutral yield obtained for leucine described above. Both Bolbach et al. (1987) 
and Schmidt et al. (1991b) have developed crater models where the shape of the 
craters for different beams is discussed. Della-Negra et al. (1990) have measured 
the dependence of the yield from Langmuir-Blodgett films on the charge state and 
the angle of incidence of the primary ion. One result from that study is that the 
strong dependence of the charge state for normal angle of incidence vanishes for 
grazing angles in agreement with the assumption of a large interaction depth. The 
general trend in the data can be reproduced with a modified version of the shock 
wave model (Bitensky & Parilis, 1987).

When using the information obtained from Langmuir-Blodgett experiments one 
should keep in mind that the oriented Langmuir-Blodgett films could be a rather 
special case where the film structure promotes sputtering from deep layers and 
formation of ions from layers below the surface.
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7 Energy and Angular Distributions of Secon
dary Ions

7.1 Axial-Velocity Measurements

The axial velocity component of a secondary ion refers to the component in the 
direction of the spectrometer axis. The velocity distribution of this component 
for a certain ion, or corresponding energy distribution, can be obtained from the 
shape of the corresponding mass line if the acceleration voltages and distances for a 
straight time-of-flight spectrometer are known with high accuracy (Fürstenau et al. 
1977). Becker & Wien (1986) have developed one method for such measurements 
based on a double acceleration grid arrangement. Macfarlane et al. (1986) and 
Widdiyasekera et al. (1988) have developed other methods using one grid. For 
large molecular ions like insulin (5733 u) and LHRH (1801 u) the energies were 
found by Widdiyasekera et al. to be 3-4 eV, in qualitative agreement with similar 
measurements by Macfarlane et al. (1986). For the lightest ions H+ and the 
initial energies are typically 10 eV but depend on the sample thickness. These light 
ions are desorbed close to the impact of the primary ion and experience a repulsive 
force due to the positive charge remaining in the infratrack. This charging effect 
has also been observed by Macfarlane & Jacobs (1989) when studying H+ and H.^ 
emission from nitrocellulose films. The ‘axial energy’ distributions were shifted 
towards higher values compared to those where the films were covered with an Au 
layer. Moshammer et al. (1990) have also shown that the positively charged track 
increases the ‘axial energy’ for H+ ions and even reduces it for H~ ions from an 
organic target compared to a contaminated Au film. An influence of the positively 
charged track core on the initial radial velocity distributions for H+ and H~ ions 
has also been found by Fenyô et al. (1993).

7.2 Radial-Velocity Measurements

The radial velocity component of a secondary ion refers to the component perpen
dicular to the spectrometer axis. The corresponding velocity distribution can be 
measured by changing the voltage over a set of deflection plates in the field-free 
region in a straight time-of-flight spectrometer and measuring the corresponding 
secondary ion yield, see insert in figure 7. The first experiment of this type was 
reported by Ens et al. (1989), using fission fragments from a 252 Cf source at nor
mal incidence on an insulin target. This experiment gave the surprising result that 
there is a minimum in the molecular ion yield in the track direction. This is in 
contrast to the light fragment ion CH^ which has a symmetric distribution whith 
its maximum along the normal to the surface, see figure 7.
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Figure 7. The insert in the figure shows how the radial velocity distribution of secondary ions 
can be measured in a straight time-of-flight spectrometer. The beam is deflected over the stop 
detector and the corresponding yield is measured as a function of deflection voltage. The figure 
shows the result of such a measurement for fission fragments (FF) from a 252Cf source at normal 
angle of incidence on an insulin target. The fragment ions CH^ (dots) have a distribution around 
zero deflection voltage corresponding to desorption around the normal to the surface. In contrast 
to the fragments, the molecular ions of insulin (squares) have an emission minimum in the track 
direction and are desorbed in a cone out from the target surface. The distributions are normalized 
to each other, (Ens et al. 1989).

More detailed experiments were performed by Fenyô et al. (1990b) using a small 
time-of-flight spectrometer that could be rotated around the point of impact of an 
accelerator beam aimed from behind at a target of renin substrate (1801 u). Results 
of experiments performed at four different angles are shown in figure 8. The light 
fragment ions like CH^ have all a symmetric radial velocity distribution around 
the normal to the target surface, independent of the angle of incidence, and are 
therefore not shown in the figure. However, the molecular ions of renin substrate 
have a minimum in the yield with one maximum on each side for perpendicular 
incidence. When the spectrometer is tilted one of the maxima disappears. Note 
that for the largest angle (60°) the distribution is closer to ejection along the normal 
to the surface than for 45° angle of incidence.

The interpretation of the data is that large molecular ions like renin substrate 
or insulin are ejected at an angle from the surface correlated with the direction
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Figure 8. The data points are the measured radial velocity distributions of molecular ions from 
a renin substrate sample desorbed by 72 MeV 127I ions at four different angles of incidence. The 
vertical line in each figure denote the centroid of the corresponding distribution for the fragment 
ion CH^~. This ion has the same forward peaked emission pattern independent of the angle 
of incidence unlike the molecular ions. Compare with figure 7. For each angle of incidence is 
also shown the corresponding distribution from classical molecular-dynamics simulations of the 
sputtering event. See text for details, (Sundqvist et al. 1991).

39
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of the incoming primary ion. With the help of the initial axial velocity measure
ments mentioned above one can estimate an angle of ejection for renin substrate. 
The results are 43° and 84° with respect to the direction of the primary ion for 
perpendicular and 45° angle of incidence respectively. These experimental findings 
strongly support the expansion model by Johnson et al. (1989) and the shock wave 
model by Bitensky & Parilis (1987) and seem to rule out thermal models in the 
case of large molecular ion ejection. Both models predict ejection angles of 45° 
and 67.5° for the two cases in qualitative agreement with the experimental find
ings. One should however keep in mind that the measurements are for secondary 
ions and the calculations in the models are for neutral molecules ejected from the 
surface layer.

The lower curves in figure 8 show the results of classical molecular-dynamics 
simulations of the sputtering event. The simulations are described elsewhere (Fenyö 
et al. 1990c; Fenyö & Johnson, 1992) but in brief the basic idea is the following: 
At time zero a certain number of molecules around the track of the primary ion 
starts to expand due to e.g. a Coulomb explosion. A Lennard Jones potential 
is assumed for the interaction between the molecules. By solving the equation of 
motion for each molecule in time steps, ejection is obtained of molecules. These 
have a radial velocity distribution in qualitative agreement with the experimental 
data. One possible explanation for the lack of quantitative agreement in figure 8 
between molecular-dynamics simulations and experiment could be that intact ions 
only leave from adsorbed surface sites (Fenyö 1991).

7.3 Angular-Distribution Measurements

The Darmstadt group has developed a sophisticated position-sensitive stop detector 
for angular and energy measurements of secondary ions. For each secondary ion 
the time-of-flight and the position of impact in the detector plane are recorded. 
The radial and axial velocities as well as the emission angle can then be calculated 
(Moshammer et al. 1990). Figure 9 shows such measurements by Moshammer 
(1991) for fission fragments from a 252Cf source at normal incidence on a valine 
and an alpha-cyclodextrine target respectively. For the latter case an emission 
minimum for a large negative molecular ion is also demonstrated which rules out 
the possibility that the emission pattern is caused by the positively charged nuclear 
track. The same conclusion was also drawn by Fenyö et al. (1990a) who found the 
same value on the radial velocity component for negative, positive, and also doubly 
charged molecular ions of bovine insulin desorbed by 72 MeV 127I ions at 45° angle 
of incidence.
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252z- r I-Cf —> vailne

252Cf — a-cyclo dextrine

Figure 9. Polar diagrams of angular distributions measured with a position sensitive stop detector 
of molecular ions from targets of valine and a-cyclodextrine desorbed by fission fragments from a 
252Cf source at normal angle of incidence. The molecular ion of valine, (M+H)+, has a forward 
peaked distribution almost like a cosO distribution unlike the dimer of valine, (2M+H)+, which 
has an emission minimum in the track direction. In the case of a-cyclodextrine such a minimum 
is found both for the positive quasi molecular ion, (M+Na)+ and the negative molecular ion, 

The latter observation rules out the possibility that the emission pattern is caused by 
the positively charged ion track. Compare with figure 7 and 8, (Moshammer, 1991).
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Figure 10. The H+ yield as a function of the incident charge states of 127I and 197Au ions at 
0.5 MeV/u. The yield scales approximately as the incident charge state to the third power. The 
target is a carbon foil and the ions have been shown to come from surface contaminants of 
water and hydrocarbons. The fact that the yield only depends on the incident primary-ion charge 
state and not on atomic number for constant ion velocity is in marked contrast to what is found 
for other secondary ions. This indicates that the H+ emission takes place promptly close to the 
point of impact of the primary ion. Under the same experimental conditions it has also been 
found that the H+ yield for slow heavy ions, 2O8T1 ions at 0.5 keV/u, scales approximately as the 
charge state to the third power, (Benguerba et al. 1991b).

8 Emission of Hydrogen Ions

8.1 Hydrogen Emission Induced by MeV Ions

In general, the secondary ion yield in electronic sputtering depends strongly on 
the charge state (Håkansson et al. 1981a; Becker et al. 1986b; Della-Negra et al. 
1987a) and the atomic number of the primary ion (Håkansson & Sundqvist, 1982; 
Becker et al. 1986a). The yield data have been analyzed in terms of the charge 
exchange cycle between the primary ion and the solid down to around 100-200 Å. 
From a description of this cycle it appears that the yield depends on the integrated 
deposited energy down to that depth (Wien et al. 1987). For the emission of H+ 
ions the situation is, however, completely different. Della-Negra et al. (1987c) have 
shown that, for constant projectile velocity, the yield of H+ ions from a carbon foil
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Figure 11. By using the experimental fact that the H+ yield only depends on the charge state of 
the heavy ion when it crosses the surface (see figure 10) of the target, the ionization state of the 
ion inside the foil can be determined. The figure shows the variation of the ionization state of 
127 MeV 127I ions as a function of the thickness of different carbon foils traversed. Independent 
of the incident charge state the ions first reach a preequilibrium charge state which is lower than 
the final equilibrated charge state (curve (q exit)). This charge state is in turn lower than the 
charge state obtained 40 ns after the ions have left the foil due to postionization Auger effects 
(curve ‘q outside’), (Benguerba et al. 1991a).

depends only on the primary ion charge when it crosses the surface and not on the 
atomic number of the primary ion. One such experiment (Benguerba et al. 1991b) 
was performed employing 0.5 MeV/u 197Au ions (22 < q < 29) and 127I ions (15 
< q < 27 ). The yield of H+ ions was found to have almost a cubic dependence 
on the charge state, independent of the type of ion as shown in figure 10. The 
emitted H+ ions were shown to originate from surface contaminants of water and 
hydrocarbons. The hydrogen emission is thus not dependent on the total energy 
loss in the foil but rather on the high-energy density deposition in the surface close 
to the point of impact at an early stage of the energy dissipation.
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8.2 Hydrogen Emission Induced by keV Ions

The Orsay group (Benguerba et al. 1991b) has also found the same, almost cubic, 
charge state dependence for H+ emission from a carbon foil bombarded with 0.5 
keV/u 2O8T1 ions (5 < q < 18) obtained from a radioactive source as shown in 
figure 10. In this energy range no other ions exhibit a charge-state dependence, 
not even II' (Brunelle et al. 1989a). One possible explanation for the emission 
is that the highly charged primary ion sets up a strong electric field that causes 
electron emission from the surface before the impact of the ion. The H+ emission 
is assumed to be a secondary effect of the electron emission (Della-Negra et al. 
1988).

8.3 The Concept of Preequilibrium Charge State

The charge-state dependence of H+ emission can also be used to determine the 
mean charge of fast heavy ions inside a foil (Benguerba et al. 1991a). Figure 11 
shows the result of such a measurement. Carbon foils of thicknesses between 250 
Å and 4000 Å were bombarded with 12 T ions at 1 MeV/u. First a calibration 
curve was established by measuring the H+ yield from the front side as a function 
of the charge state. Then the spectrometer was rotated and by measuring the 
H+ yield at the exit surface, and by use of the calibration curve the charge state 
could be determined of the ions just when they left the surface. The finding is that 
independent of the initial charge state the ions quickly, already at 250 Å, reach a 
‘preequilibrium charge state’. The full equilibration is reached for much larger film 
thicknesses and this charge state is found to be lower than the equilibrated charge 
state measured 40 ns after the ions have left the surface due to postionization Auger 
effects (Brunelle et al. 1989b).

9 Electronic Sputtering of Small Secondary Ions

For sputtering of intact large biomolecules where a clear nonsynmietric angular 
distribution has been established, any kind of diffusive model must be excluded. 
That is however not the case for the fragment ions probably emanating from the 
hot zone close to the track, the so called infratrack where direct primary ionizations 
and excitations take place. Moshammer (1991) assumes that from this region, a 
gaseous flow of particles comes out in the direction of the track. With a simple gas
dynamic model, very good fits can be performed to measured energy and angular 
distributions. Figure 12 shows such distributions for a positive fragment ion (30 u) 
of valine ejected for bombardment at normal incidence with a beam of 134Xe ions 
at 1.4 MeV/u. The gas temperature in this case is 9400 K, and the flow velocity
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ejection angle

Figure 12. Total energy distribution (upper curve) and angular distribution (lower curve) of a 
fragment ion (30 u) of valine desorbed by a 1.4 MeV/u 134Xe beam at normal angle of incidence. 
The fragment ions are believed to be created in the hot central part of the ion track and to 
be evaporated from the target surface due to a thermal process. The solid lines are calculated 
in a gas-flow model with the fitting parameters being To, the gas temperature and M, the gas 
flow velocity. In the figure To corresponds to 9400 K and M to 1.2 times the velocity of sound, 
(Moshammer, 1991).
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Figure 13. a) When the polymer PVDF, poly(vinylidene difluoride), is irradiated with fast heavy 
ions even numbered carbon clusters Cn, fullerenes, are promptly formed in the ion track. The 
figure shows a time-of-flight spectrum of such positive ions with 40 < n < 138 desorbed by 72 
MeV 127I ions. There is an intensity enhancement for the Cg0 (buckyball) ion. b) Expanded view 
of the region around the C^"o ion peak from the same spectrum. Due to the 13C isotope each 
fullerene ion peak splits into several. There is also a peak at every integer mass unit corresponding 
to different combinations of hydrogenated carbon clusters, (Brinkmalm et al. 1992a).

is 1.2 times the velocity of sound.
However, in the measurements at Uppsala by Fenyô et al. (1990b) of the radial 

velocity distributions for different angles of incidence of low-mass fragment ions, no 
indications have been obtained so far of a gas ‘jet’ of particles going in a direction 
correlated with that of the incoming primary ion. All angular distributions for low- 
mass fragment ions measured so far are peaked around the normal to the surface 
independent of the angle of incidence. Of course, this observation does not rule 
out other types of thermal processes for the desorption of low-mass fragment ions.

10 Formation of Fullerenes in the Ion Track

When the polymer poly(vinylidene difluoride), PVDF (CH2 - CF2)n, is irradiated 
with fast heavy ions, even-numbered carbon cluster ions are formed (Feld et al. 
1990; Brinkmalm et al. 1992a). As shown by Brinkmalm et al. the ions are 
formed promptly as a consequence of single ion impact, and there is an intensity 
enhancement for the famous C()o (buckyball) ion (Kroto et al. 1985). Arguments 
that the clusters really consist of only carbon are the systematic trend in the inten
sity variation of the 13C isotope peaks in the spectra and the accurate determination 
of their masses. Figure 13 shows a spectrum of positive ions from a PVDF target 
bombarded with 72 MeV 12'I ions. The spectrum is recorded in a time-of-flight 
spectrometer, see figure 2, equipped with an electrostatic mirror. The latter is
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Figure 14. Radial velocity distributions for molecular ions from leu-enkephaline (left curve), Cjt"0 
ions from a synthetic fullerene sample (central curve) and C^o ions from a PVDF target (right 
curve) when bombarded with 72 MeV 127I ions at 45° angle of incidence. The distributions are 
peak-normalized to the distribution of C2H+ ions which are desorbed symmetrically around the 
normal to the surface in each case. With respect to the primary ion direction the distributions 
correspond to ejection angles > 45° for leu-enkephaline, 45° (i.e. ejection normal to the surface) 
for C “̂o ions from a synthetic fullerene sample and < 45° for C “̂o ions from a PVDF sample. The 
last case is indicating that the fullerenes are formed in the hot central part of the ion track and 
ejected due to the axially expanding track, (Brinkmalm et al. 1993).

necessary to use in order to resolve the cluster ions due to extensive metastable 
decays and, presumably, a broad initial axial velocity distribution of the cluster 
ions. The clusters are separated by 24 mass units and the pattern extends up 
to about mass 4000 u. The spectrum also contains peaks at every integer mass 
unit indicating many combinations of hydrogenated carbon clusters. However, no 
mixed fluorohydrocarbon ions can be seen in the spectra. From the nearly sym
metric peak shapes of the cluster ion peaks one might rule out the possibility that 
the clusters are formed as decay products of a fullerene precursor that cools down 
by evaporation in the acceleration region in the spectrometer. It should be noted 
that no carbon clusters have been observed under irradiation of teflon (CF2-CF2)n 
or graphite (which is a conductor) under the same experimental conditions.

The ion-induced fullerene formation is a new phenomenon observed in the field 
of electronic sputtering of organic molecules. On a very short time scale a consid
erable atomization occurs followed by mixing and condensation of atoms, leading 
to the ejection of new molecules completely different from the target material. The 
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C-C bond is so energetically favoured that the target material locally collapses. 
The volume occupied by 60 carbon atoms in a vibrationally relaxed Ceo molecule 
is eight times smaller than in the original target material (Johnson & Sundqvist, 
1992). As will be shown below, there are experiments indicating that this forma
tion takes place in the hot central part of the ion track, a region that so far only 
has been assumed to eject fragment and atomic ions.

Figure 14 shows a summary of three different measurements of initial radial 
velocity distributions (Brinkmalm et al. 1993). The peptide leu-enkephalin (555 u), 
synthetic fullerenes made according to the recipe by Krätschmer et al. (1990) and a 
him of PVDF were bombarded by 72 MeV 127 I ions at 45° angle of incidence. In the 
figure, the distributions are peak-normalized to the low-mass fragment ion C2H3 
which is ejected normal to the surface. The shift of the distribution for molecular 
ions from leu-enkephalin (left curve) corresponds to an ejection angle larger than 
45° away from the direction of the incoming primary ion. This is believed to 
be a consequence of the radially expanding track as was earlier discussed for other 
peptides. The distribution for C^o ions from the synthetic fullerene sample (central 
curve) shows no shift compared to the low-mass fragment ion indicating ejection 
normal to the surface. However, the distribution for the C^o ions from the PVDF 
target (right curve) is shifted in such a way that the ions are desorbed in a direction 
between the normal to the surface and the direction of the incoming primary ion. 
This is the first time ejection has been observed in a ‘backward’ direction, and it 
is an indication that the fullerenes are formed in the hot central part of the track 
and that they are desorbed into vacuum from the axially expanding track.

11 Conclusions

To summarize, we have the following picture of an electronic sputtering event in a 
bioorganic material (compare with figure 3). The fast heavy ion deposits energy 
along its trajectory in the sample through ionizations and electronic excitations. 
Light ions like H+ and H.t are promptly desorbed from regions close to the point of 
impact at an early stage of the energy dissipation. The emission of these secondary 
ions serves as a probe of the track before it starts to expand. In the central part 
of the track the energy density is very high, causing extensive fragmentation of the 
molecules. These fragments are probably evaporated away from the surface due to 
some thermal process. As the track starts to expand, a pressure pulse is created 
that propagates radially and sputters the large molecular ions or neutrals when 
intersecting the surface with a strong directional correlation. It is supposed that 
the molecular ions come from regions closer to the central part of the track than 
the neutrals (Johnson & Sundqvist, 1992).
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Central experiments like the scaling to the third power of the neutral yield with 
the electronic stopping power and the directional correlation are roughly explained 
by the pressure-pulse model (Johnson et al. 1989), the modified shock-wave model 
(Bitensky et al. 1991) and by the molecular-dynamics simulations (Fenyô et al. 
1990c; Fenyö & Johnson, 1992). However, only when the ions are assumed to come 
from the surface can these models give agreement with the measured radial velocity 
distributions. One should keep in mind that almost all experimental data are for 
ions, and only Bitensky et al. (1991) have attempted to include the ionization step 
in their theoretical model. Unfortunately the neutral-yield scaling measurement of 
leucine is the only one performed so far, and this experiment should be repeated 
for other cases.

Although a large body of experimental information is available today there is 
still a need for more measurements, especially on total neutral-molecule yields and 
data related to the ionization processes.

The ion-induced fullerene production from a polymer film is an example of 
a completely new form of electronic sputtering of organic insulators. Extensive 
atomization/condensation processes take place promptly upon ion bombardment 
in the hot central part of the ion track. This leads to the formation of new molecules 
from an area that so far only has been considered creating fragments and atomic 
ions. The fullerene production seems to probe the hot core of the axialy expanding 
track. However, to be able to calculate an ejection angle, measurements on the 
initial axial velocity distributions are needed.

This paper has described some desorption experiments on organic insulators 
induced by high energy particle beams. These ions have large stopping power val
ues, up to about 1000 eV/Å. However, the discussed electronic sputtering process 
also scales down to low stopping power values, about 40 eV/Å , (Salehpour et al. 
1989). The relative contributions of electronic and nuclear stopping in the keV 
energy region to the sputtering yield of organics are however not fully understood 
as discussed in a review article by Ens in this volume.
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