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Abstract
Fenyo, D., 1991. Electronic Sputtering of Organic Solids. Acta Univ. Ups.,
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science 321,32
pp. Uppsala. ISBN 91-554-2738-3.
The mechanisms of ejection of material from organic solids following impact of ions in
the electronic stopping regime has been studied experimentally and theoretically. The
velocity distributions of ejected large intact molecular and fragment ions were measured.
A continuum mechanical model and a computer code for molecular dynamics simulations
of the ejection process were developed. The yield and velocity distribution of the ejected
material were studied as a function of different incident ion parameters such as energy
deposition and angle of incidence, and as a function of material properties such as
cohesive energy and sample film thickness. Craters in the solid, created during single ion
impacts, were also investigated.
It is concluded that different ejection mechanisms have to be invoked in order to describe
the ejection of different species. Atoms and small molecules can be ejected directly during
dissociation of excited molecules or during evaporation from the volume energized by the
incident ion. Larger thermally labile molecules are preferentially ejected by the cylindrical
pressure pulse formed during ion impact. The trajectories of ejected hydrogen ions,
created within a short time after the passage of the primary ion, are altered by Coulomb
interaction with the short lived positively charged track, created at ion impact.
David Fenyo, Division of Ion Physics, Department of Radiation Sciences, Uppsala
University, P.O. Box 535, S-751 21 Uppsala, Sweden.
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Introduction

Ion and atom beams can be used in a variety of ways both for material analysis [1] and
for material modification [2]. The process in which an incident energetic particle deposits
energy in a solid near its surface, thereby leading to material ejection, is called sputtering.
Depending on whether the energy deposition process is dominated by collisions with
target electrons or by collisions with target nuclei the process is termed electronic or
nuclear sputtering, respectively.
In nuclear sputtering three different regimes have been observed in correlation with the
energy deposited by the primary particle [3]. At low energy, ejection can occur when a
target atom receives enough energy to escape the solid in a direct 'knock on' collision
with the incident ion. At higher primary ion energy the recoiling target atoms acquire
sufficiently high energy to be able to displace other target atoms from their lattice sites,
resulting in collisions cascades. In the linear collision cascade regime the cascades,
created by an incident ion, do not spatially overlap [4], but in the 'thermal spike' regime,
on the contrary, there exists a large overlap between different collision cascades created
by the same incident ion [5J.
The phenomenon of electronic sputtering, on the other hand, is less well understood. It
has found two major applications so far: in astrophysics where fast ion erosion of
condensed gas solids has been studied [6], and in chemistry and biochemistry where
electronic sputtering has been used for generation of gas phase ions of involatile
biomolecules [7]. Fast ion bombardment of thin films of organic solids consisting of e.g.
small proteins (see Figure 1.1) causing electronic excitations and ionizations in the solid,
leads to ejection in the gas phase of large intact biomolecules in different charge states.
This phenomenon has been exploited to construct ion sources for mass spectrometers,
thus allowing precise determination of the molecular mass of involatile organic molecules
[8]. Substantial efforts have been made to describe the basic mechanisms involved [9].
The aim of the studies described in this thesis was to investigate the ejection mechanism
operating in electronic sputtering of organic solids by incident ions. A brief introduction
to the theory is presented in Section 2. The methods employed in the studies, both
experimental and theoretical, are presented in Sections 3 and 4. In Section 5 the results of
the investigations are summarized and discussed. Proposals for the continuation of these
investigations are discussed in Section 6.

Figure 1.1

Lysozyme (C

,), a protein purified from hen egg-white.

Theory

Grau, teurer Freund, ist alle Theorie,
und griin des Lebens goldner Baum.
Goethe

2.1 Energy Loss of Ions in Solids
An ion that penetrates a solid loses energy mainly in collisions with target nuclei (nuclear
stopping) or target electrons (electronic stopping). The variations of the energy loss per
unit path length of 127I in an organic solid as a function of primary ion energy are shown
in Figure 2.1. The major variations of the energy loss can be understood within the
framework of the semi-classical atomic model according to Bohr. For ions having a
velocity much lower than the velocity of target electrons (roughly given by v=v0Z2/n,
where v 0 is the Bohr velocity and Z2 is the nuclear charge), the energy loss will be
dominated by collisions with target nuclei screened by electrons. The energy loss in
collisions with electrons is small because there is a possibility for the orbit of the electrons
to change adiabatically due to their large velocity and the long collision time. For
increasing primary ion velocity the nuclear stopping first increases because the cross
section for collisions increases due to decreased screening. As the primary ion velocity
increases further the nuclear stopping decreases because the collision time decreases.
Since the screening changes slowly with velocity, the interaction can be roughly
described by the Rutherford cross section using effective charges at higher velocities.
The electronic stopping dominates when the magnitude of the ion velocity is larger than
the velocities of target electrons. The electronic stopping will also reach a maximum,
which is higher in magnitude than that of the nuclear stopping since the electron mass is
smaller.
For the case when the ion velocity is high enough for the target electrons to be treated as
individual scatterers, an expression for the electronic stopping was derived in 1913 by
Bohr [10],
dE
4;tZ?e4n
2

where m is the electron mass, Z, the atomic number and v the velocity of the projectile.
The material is described by the electron density n and the ionization potential I. The
derivation is performed by treating the collisions classically and considering only
collisions with an impact parameter smaller than va(/v0 .where a0 is the Bohr radius. For
larger impact parameters the collision time will be long and the energy transfer can be
neglected. A quantum mechanical justification of Equation 2.1 was later presented by
Bethe using the first Born approximation [11]. The secondary electrons, i.e. electrons of
the solid which are liberated in collisions with the primary ion, will affect the solid away
from the ion trajectory by depositing their energy. Thus, energy will be deposited in
direct ion-electron collisions in a region within the Bohr adiabatic radius (a few
Angstrom) from the ion path, called the infra track. The region in the solid within the
penetration range of the secondary electrons is called the ultra track (radius of a few
hundred Angstrom) [12]. The energy deposited by the secondary electrons in the ultra
track is roughly proportional to the inverse square of the distance from the ion path [13].
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Equation 2.1 is based on the assumption that an ion collides with one electron at a time. A
way to treat collective excitation is to consider the ion passing through a material
described by its dielectric function. The polarization of the material due to the charge of
the incident ion and the resulting retarding force can be calculated and gives the energy
loss [14].
More generally, an expression for the electronic stopping cross section can be written
[15],
2 4
dE
4:tZie n
2
~rT7 = —T
T'(Lo +Z]L] + ZjL2+...)
(2.2)
dx
mv2(47i£)2
where L0, Lj and L2 are independent of Z,. L0 contains the Bethe term and shell
corrections as well as relativistic corrections. A non-zero L, gives rise to the the so called
Barkas effect which has been interpreted as a polarization of the electron cloud of the
material by the penetrating ion and explains the difference in stopping power between a
particle and its antiparticle [16]. This was first calculated for classical harmonic oscillators
[17] and recently using the second order Born approximation on a spherical harmonic
oscillator model [18]. Finally L2 is the Bloch correction [19].

A very simple summarizing picture is: immediately after the passage of an ion, having a
velocity for which electronic stopping is dominant, the material is left with a track of
excitations and ionizations around the ion trajectory and the surrounding material is
irradiated with secondary electrons created in the ion-electron collisions. In a conductor
the deposited energy will be swiftly delocalized but in an insulating material these local
excitations can survive for a sufficient long time that their energy can be converted into
kinetic energy of atomic and molecular motion.
2.2 Conversion of Electronic Excitations into Atomic Motion
A considerable part of the discussion concerning electronic sputtering has been focused
on how the electronic excitation energy deposited along the primary ion trajectory is
converted into kinetic energy of atomic motion. Generally conversion into considerable
atomic motion is only possible in materials in which fairly long-lived localized electronic
excitations can exist, i.e. in nonconducting materials. The first and most easily
understood conversion mechanism is the Coulomb explosion model suggested by
Fleischer et al. in order to explain why MeV ions produce etchable tracks in insulators
[20]. This model was later employed by Haff to electronic sputtering [21]. The model
states that ion-target electron collisions will create a region around the ion trajectory that is
depleted of electrons, i.e. an infra track of positive repelling charges is formed. If the
conductivity of the material is low enough the Coulomb repulsion has sufficient time to
cause significant atomic motion before the region is neutralized (Figure 2.2). However, it
has been claimed that even insulators may not have large enough neutralization time to
allow a Coulomb explosion to transfer significant momentum to target atoms, due to
enhanced conductivity in the highly excited region of the ion track [22].
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The ionizauons produced by the incident ion (a) can be convened into expansion of
the solid through Coulomb repulsion between positive ions (b) [20].

Another channel for energy conversion into atomic motion is through electronic excitation
of a chemical bond to a long-lived repulsive state and the subsequent separation of the
molecule [22, 23] (Figure 2.3a). An additional possibility involves vibrational excitation
of chemical bonds which will lead to larger separation between the atoms because of the
anharmonicity of the interatomic potential (Figure 2.3b). Possible pathways of vibrational
excitation include secondary electron-molecule collisions [24] or electronic excitation
decay [9]. All these mechanisms (extensively discussed in Reference 9) give rise to
atomic motion by causing an expansion of the solid around the ion trajectory.
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Two further examples of how electronic excitation can be converted into expansion
of the solid: a) repulsive decay and b) vibrational excitation.

2.3 Ejection of Material at a Surface
A complete description of electronic sputtering would require the solution of the time
dependent Schrodinger equation for a large number of interacting particles. For a simpler
analytical description of the ejection process a continuum mechanical model of the energy
and momentum flow in the material can be used together with an ejection criterion. The
fluid dynamic picture that is outlined in Paper A and Reference 25 gives such a
description. It is assumed that the energy flow is described by the diffusion equation,
= V-[ K (e)Ve(r,t)] -

- + (source terms)

(2.3)

where d/dt = (3/3t + vV) is the material derivative, e the local energy density, K the
diffusivity and 1/t the rate of energy flow into internal degrees of freedom. The choice of
the source terms is usually based on the arguments in paragraph 2.2. Fast ions penetrate
deep into the solid and when the ions are in charge state equilibrium the energy loss will
be approximately constant in the region near the surface. Consequently the source terms
are assumed to be cylindrically symmetric around the ion path and independent of the
axial coordinate. It is also assumed that contributions from different parts of the solid are
linearly additative. The momentum flow is assumed to be described by Navier-Stokes
equation,
=

~ vp

pmB

(2-4)

together with the continuity equation,

(2.5)
where v is the local velocity, p m the molecular mass density, \i is the coefficient of
viscosity, B is the body forces per unit mass and P is the local pressure which is related
to e through an equation of state. For a complete description the Equations 2.3-5 should
be solved simultaneously together with an ejection criterion. Since this is a complex
problem different approximations are made.

The most commonly used approximation considers only Equation 2.3. In the framework
of the so-called thermal models the energy density (temperature) at the sample surface is
calculated as a function of time and ejection is regarded as evaporation through the surface
which is described as a potential step. Several models of this type have been suggested to
explain experimental results on electronic sputtering of organic solids [26, 27,28].
Another approach [A, 25] is to first solve 2.3 in order to obtain the energy density e(r,t)
and then to substitute e(r,t) into 2.4. If the dissipation of momentum and the body forces
are disregarded 2.4 can be rewritten by using P=pe(r,t) and the momentum given to a
volume element in the solid during time T will be
= n_JL
Ve (r,t dt
P(r)=
-—Ve(r,t)
JO
Jo L

nm

J

(2.6)

where P is a constant depending on the material and nm is the molecular number density.
The expression in the square brackets of equation 2.6 can be regarded as a force exerted
on the material due to the energy gradient. A part of the solid is considered to be ejected if
it obtains a momentum normal to the surface larger than a critical momentum (pc) given
by the cohesive energy of the material. In this picture the ejection is caused by a pressure
pulse which is due to the energy gradient developed during ion impact.
When the energy density is high the contributions from the different parts of the solid can
not be added linearly. This case has to be treated according to the formalism of
hydrodynamic shock waves [29-33]. As a cylindrical shock wave propagates through the
solid the energy density will decrease and eventually an energy density is reached for
which the different contributions can be added linearly. Thus, at high energy densities an
inner region has to be treated according to the shock wave formalism and the outer region
can be treated as described above.
To summarize, the ejection of material from organic solids following ion impact can
roughly be described as evaporation from the energized region close to the ion track or as
volume ejection due to the pressure pulse further away from the ion track. Both processes
occur and their relative importance depends on both primary ion and target material
parameters. Pressure pulse ejection is favoured for ejection of intact large organic
molecules because of their thermal lability.

2.4 lonization and Neutralization of Ejecta
Close to the ion trajectory a lot of secondary ions are created but the energy density here
is high which will lead to the destruction of large organic molecules. Thus, ejection from
that volume is dominated by low mass fragment ions. Further away from the ion path,
from where intact molecules can be ejected by the pressure pulse, the solid is irradiated
with fast S-electrons which can lead to ionization of molecules. The implications of this
mechanism have been investigated in the ion track model [34]. It has also been suggested
that for some organic solids there are preformed alkali metal ion-molecule complexes,
already present in the solid before the incident ion deposits its energy [35]. Another
possibility is that chunks of material, ejected by the pressure pulse, could be charged due
to statistical charge fluctuation and molecular ions could be produced either by

dissociation or evaporation [36, 37]. It has also been proposed that charged fragments or
alkali metal ions may react with neutral molecules in the gas phase close to the surface and
form protonated or cationized molecular ions [38]. In Paper D the origin of canonized
molecular ions is discussed.
An atom or molecule which is ionized can be neutralized again before leaving the solid.
For example, an ion which is created inside the solid far away from the surface has a
large probability of being neutralized in one of the collisions it will suffer on its way to
the surface. Even ions created at the surface may be neutralized if they have a low escape
velocity [39]. Also neutralization due to gas phase collisions with other ejected molecules
could be important.

Computer Simulations

Harsh criticism from its opponents and exaggerated
claims from its proponents are frequent in discussions
of computer simulations.
D.P. Jackson [40]

In paragraph 2.3 a continuum mechanical description of the ejection of material due to the
passage of a fast ion through a solid was presented. Another approach is to regard the
solid as composed of particles. As a quantum mechanical treatment is impractical the
motion of the particles is described by classical mechanics; using either Lagrange's
equations of motion or Newton's equations of motion,

i=1"N
dt
where m- is the mass and x; the position of particle i. The force, F^t) acting on a particle
i, is obtained from the potential energy function,

Fi(t) = -VjV (x 1 (t),x 2 (t),...,x N (t))

(3 2)

When only two body interactions are considered and all particles are equivalent, Equation
3.2 can be written as:

,

j

*»

When the number of interacting particles is large Equation 3.1 can only be solved
approximately. The idea is to replace the differential operator in time with a difference
operator. The time step in the difference operator should be chosen in such a way that the
total energy fluctuations of the system become small. There are several different
algorithms which have been employed [41, 42]. In this study, the Verlet algorithm [43]
was chosen because it is known to be one of the most simple and yet stable algorithms. It
may be derived from Equation 3.1 by using a time centred difference operator:
d 2Xi
x^-Z-xf+x?'1
—T -> --;-—
(3.4)
dt2
At2

which gives the recursion formula for the positions,
x"
- 4.2-x"-*""
x" —
= xAj^ll
(n-A
A j +1 —
Aj
Aj 1 +
T ——F"
* 1 » where
Wllvit- Aj
LJLt and Fj1 = F;(n-At).

(3.5)

The velocity can be obtained from
n+l

n-1

(3.6)

2At

An obvious advantage of molecular dynamics simulations is that the position and velocity
for all particles are obtained as a function of time. From these it is possible to calculate
quantities which are more directly comparable with experimental results.
For quantitative agreement with experiments the shape of the interatomic potential can be
very important and since the first molecular dynamics studies a great deal of effort has
been exerted in order to obtain realistic interatomic potentials. The interatomic potential
may be modelled by either calculations from first principles or assuming a simple analytic
potential shape and determining its parameters by fitting macroscopic properties. A large
amount of work has been done on computer simulation of nuclear sputtering [44] and
usually pair potentials are used. I has also been demonstrated that many-body potentials
calculated from the embedded atom model [45] are necessary in some cases. The motion
of atoms in a single protein has been studied by molecular dynamics [46, 47] but to
calculate the motion of all atoms in an assembly of a large number of proteins, which is
necessary for electronic sputtering, is very time consuming. Therefore, in this thesis the
smallest unit was assumed to be a protein and the organic solid was built up by these
units which interact through Lennard-Jones potentials. The effect of an impinging ion
was taken to be expansion of the proteins (see Paragraph 2.2) inside a cylinder around the
ion trajectory, i.e. the potential between expanded molecules was changed (Figure 3.1).
The motion of the particles were calculated using 3.3 and 3.5. An example showing the
ejection of molecules from the solid is presented in Figure 3.2 [B, F, 48]. Computer
experiments were performed to investigate the dependence of the yield and velocity
distribution of ejected particles as well as the shape of the crater in the sample, on
parameters such as deposited energy, angle of incidence and sample thickness.
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The sample 0, 30 and 60 ps after the expansion of the molecules in the ion track.
Expanded and nonexpandcd molecules are shown as solid and open circles,
respectively.
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Experimental Methods

II faut travailler.
Pasteur

4.1 Sample Preparation
The simplest way to obtain a thin film of an organic solid is to deposit a droplet of a
solution of organic molecules on a backing and let it dry. More sophisticated methods,
e.g. electrospray [49], are needed in order to obtain a sample film with properties
favouring ejection of intact ionized large molecules. This method gives an organic solid
with a rough surface. Smoother surfaces and better control of the sample film thickness is
achieved by utilizing the spin coating technique [50]: i.e. a droplet of the solution is
deposited on a rotating substrate. For studies of large organic molecules the most
successful method has been adsorption to a polymer surface, usually a nitrocellulose film
[51] prepared by either electrospraying or spin coating.
The technique of preparation of Langmuir-Blodgett films [52] allows even better control
of the sample parameters. A submonolayer of amphipatic sample molecules is deposited
on a water surface and the surface is compressed slowly until a monolayer is formed. The
sample molecules have their hydrophilic end in the water and their hydrophobic end
towards the ambient. By taking a solid through the water surface and keeping the surface
pressure constant a monolayer can be transferred to the solid. Several layers containing
different types of molecules can be deposited on top of each other if desired.
4.2 Sample Characterization
Important properties characterizing the sample film are thickness and surface roughness.
The film thickness and refractive index can be estimated by ellipsometry, an optical
method using reflection of polarized light [53]. The polarization change of an elliptically
polarized monochromatic light beam due to interference as it is reflected by the transparent
organic film on top of the reflecting substrate is utilized to calculate the thickness and the
refractive index of the film. The accuracy of the method is good for films in the thickness
range 10-100 nm, being a few tenths of a nm. For thinner films the continuum model has
a more limited applicability and the method is less accurate. Information about the surface
roughness on the nm scale can be obtained from atomic force microscopy [54], A naive
13

description is that the force between the tip of a needle and the surface is measured. As
the needle is swept over the surface it is adjusted in a direction normal to the surface by
means of a piezoelectric crystal to keep the force constant and a picture of the surface is
obtained. Measurements on spin coated films of nitrocellulose show that the surface
roughness is better than a few nm [55].
4.3 Identification of Ejecta
In most studies of electronic sputtering of organic solids the ejected ions have been
analyzed by time-of-flight mass spectrometry. Observables like ion yield and velocity
distributions have been measured. Investigation of the ejected neutrals is much more
difficult and only a few results have been presented so far [56]. In these measurements
the ejected biomolecules were collected on a surface which was subsequently analyzed by
amino acid analysis. A possible experimental set up for analysis of the ejected neutrals by
time-of-flight may include laser post-ionization [51].
In time of flight mass spectrometry the ions ejected from the sample are first accelerated in
an electric field, then they are allowed to drift in a field free region and finally reach a
detector. The flight time of each ion is measured and from that the mass of different ions
can be calculated. In the experiments described in this thesis, the source of MeV primary
ions was the tandem accelerator at the The Svedberg Laboratory at Uppsala, Sweden.
Before hitting the target the primary ions pass through a thin carbon foil and the ejected
electrons were used to generate a start pulse [58]. The secondary ions were detected with
a micro channel plate to produce a stop signal. A time of flight spectrum was obtained
using a time to digital convener (TDC).
Two pairs of deflection plates were placed in the field free region (Figure 4.1) giving an
electrostatic field perpendicular to the spectrometer axis in order to measure radial velocity
distributions. The measurements were performed by collecting mass spectra for different
voltages applied to the deflection plates (Figure 4.2-3). As both the beam spot on the
sample and the collimator in front of the stop detector had a finite size the measured
velocity distribution will be a convolution of the initial velocity distribution and the
resolution function of the spectrometer which can be calculated from the acceleration
voltage and the geometry. The results presented are all distributions of component of the
velocity along the x-axis [C, D, E]. An elegant but more complicated method, which
works for low mass ions where the background is low, has been used by others to
measure velocity distributions along both the x- and y-axis simultaneously with a position
sensitive detector [59].
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Summary of Results

A continuum mechanical model of the ejection process in electronic sputtering of organic
solid by energetic ions is described in Paper A. Classical dynamics simulations of particle
ejection following MeV ion impact is discussed in Papers B and F. Experimental results
on radial velocity distributions of ejected ions, including intact petide ions (protonated as
well as attached with alkali metal cations) and light ions (H+, CH3"), are presented in
Papers C, D and E. Here the results of Papers A-F are briefly summarized.

5.1 Ejection
5.1.1 Ejected Intact Large Organic Molecules
Results from the continuum mechanical model [A, 25] and the molecular dynamics
simulations [B, 48] demonstrate that the total ejection yield varies as the deposited energy
to the third power (Figure 5.1). This dependence on the deposited energy is a
consequence of the pressure pulse ejection of a volume having an extension in each
dimension proportional to the deposited energy. The results of the only reported
experiment investigating the total yield of intact organic molecules [60] are in agreement
with the results of the simulations and the continuum mechanical model.
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Figure 5.1
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Molecular dynamics simulations of the dependence of the yield on (dE/dx)cff together
with the predictions of the continuum mechanical model.
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The radial velocity distributions of ions of intact large organic molecules are characterized
by the cylindrical geometry of the pressure pulse created by an incident MeV ion, i.e.
ejected ions will acquire an impulse perpendicular to the primary ion path. The
distribution of momentum of particles ejected from the sample surface for different
incidence angles following from the continuum mechanical model is presented in Figure
5.2. These results are in qualitative agreement with both molecular dynamics simulations
[B, 61] and experiments on radial velocity distributions of molecular ions of proteins [C,
D, 59, 61-63].
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Monte-Carlo simulations of the distribution of momentum along the sample surface
of particles ejected from the sample surface using Equation 8 in Paper A for different
incidence angles: a) 0', b) 30' and c) 45'.

5.7 2 Ejected Fragment Ions
Light fragment ions such as CH3", H3O* and CN, unlike the large intact organic
molecular ions, are ejected preferentially from a pan of the solid having a high energy
density and the ejection mechanism is therefore different. On the average most light
fragment ions are ejected in a direction normal to the surface and their radial energy
distributions are independent of their mass and the sample thickness [C, E]. This
indicates that a thermal description of the ejection process can be applicable for the ejected
fragment ions.
The hydrogen ions behave differently than other fragments in the sense that the width of
their radial velocity distribution increase with sample thickness [E]. This indicates that the
interaction with the short lived positively charged track must be taken into account for a
description of the ejection of the hydrogen ions.
5.2 Crater Formation
An example of the contour of a simulated crater showing a typical pile up of material at its
edges is shown in Figure 5.3. Large variations in crater size and shape are obtained in the
simulations due to the statistical nature of the sputtering process. The continuum
mechanical model predicts a hemispherical crater for normal incidence. Indications of
crater formation in organic solids after MeV ion impact have been given by experiments
with Langmuir-Blodgett films of fatty acids. In that case molecular ions are ejected not
only from the sample surface but also from a depth of 100-200 A [64-66]. It has yet not
been investigated whether the craters formed in the sputtering process, as indicated by
experiment and theory, are healed by the thermal motion of the surrounding material or if
these craters still exist a long time after the ion impact.
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An example of a simulated crater induced by a fast heavy ion incident normal to the
surface seen from above (a) and from the side together with the surface before ion
impact (b).
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Concluding Remarks

Der Vorgang der Induktion besteht darin,
daB wir das einfachste Gesetz annehmen,
das mit unseren Erfahrungen in Einklang
zu bringen ist.
Dieser Vorgang hat aber keine logische sondern
nur eine psychologische Begriindung.
Es ist klar, daB kein Grund vorhanden ist,
zu glauben, es werde nun auch wirklich der
einfachste Fall eintreten.
Wittgenstein

6.1 Conclusions
Results have been summarized from experiments, computer simulations, and a continuum
mechanical model, all examining the sputtering of organic molecules due to MeV ion
impact. The qualitative agreement between these results has caused a coherent picture of
the sputtering event to emerge (Figure 6.1).
At the time of ion impact, energy is deposited in the form of excitations and ionizations in
the infra track. The secondary electrons from ion-electron collisions in the infra track,
deposit their energy in the ultra track and the infra track is left with a net positive charge.
The deposited energy cause an expansion of the solid and a cylindrical pressure pulse is
created. Atoms and small molecules can be ejected directly from the infra track during
dissociation of larger molecules. For FT this seems to be the dominating ejection
mechanism. However, the escape velocity of FT is altered by the Coulomb interaction
with the positively charged infra track. Other light fragment ions can be evaporated from
near the ion trajectory where the energy density is high. Intact large thermally labile
organic molecules, on the other hand, are ejected preferentially by the pressure pulse from
a region further away from the track where the energy density is low enough not to cause
destruction. The ejected molecules can be both neutral and charged. The probability that
an ejected intact large molecule is charged depends both on its distance from the ion
trajectory and the surface. Closer to the ion path, where the energy density is higher,
ionization is more probable. Molecules ejected from deep down in the solid have a higher
probability to be neutralized in collisions with other particles than those ejected from close
to the surface.
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Incident ion

Bulk-vacuum interface

Ultra track
Figure 6.1

Bulk

Schematic drawing of an ion impact showing the ejection of fragment ions (e.g. H*
and CHj*) as well as neutral intact molecules (M°), and charged (radical, protonated
or attached with alkali metal cations) intact molecules (NT).

6.2 Outlook
MeV ion induced desorption is a simple, useful way of forming ions from involatile
proteins for mass spectrometry studies. To improve this technique, electronic sputtering
of organic solids should be examined in further detail. Several avenues of research remain
to be exploited in order to further increase the understanding of this phenomenon. It
would be useful to have more experimental data on the yield and velocity distributions of
neutral ejecta in order to facilitate comparison between data and predictions of simulations
and theory. Direct observation of the predicted craters and measurements of their actual
shapes by atomic force microscopy would also be desirable. Computer simulations
should be performed to investigate the possible mechanisms of conversion of electronic
energy into atomic motion. For example, it should be possible to test how efficient
Coulomb explosion and expansion of proteins is in initiating molecular motion. In
particular it is important to study in more detail how the pressure pulse is formed in the
solid. Furthermore, a model of ionization which can explain why the dependence of the
yield on energy loss for positive and negative ions differ from that of the neutral
molecules, would be important.
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