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Abstract

In this thesis, we present results from detailed gas phase studies of intrinsic
properties of fullerenes (C60) and clusters of fullerenes as probed by slow
multiply charged (atomic or cluster) ions in combination with coincidence
time-of-flight mass spectrometry. We have investigated the structures, sta-
bilities, and the electron mobilities of multiply charged clusters of fullerenes,
(C60)

r+
n (r=2-5). We found that the (C60)

r+
n cluster ions are weakly bound

by van der Waals forces and the electric conductivity is high in strong con-
trast to the typical characteristics of other van der Waals type clusters and
fullerene crystals (fullerite), where the charge is strongly localized. The high
charge mobility was rationalized within the framework of a novel classical
static over-the-barrier model for two conducting spheres used to describe
multiple charge transfer processes between two neighboring fullerenes in the
cluster. The model results showed that electron transfer is possible as soon
as the C60-C60 system is charged, consistent with earlier experimental re-
sults from slow Cq+

60 +C60 collisions where an electric contact is established
(during the very short interaction time of the collision) between the two
molecules at distances outside the binding distance in the C60-C60 system.
The present electrostatic model was also used to guide the interpretation of
the measured kinetic energy releases in the fragmentation of multiply charged
dimers, (C60)

r+
2 → Cr1+

60 +Cr2+
60 .

In like manner, we have measured kinetic energy releases in the break-ups
of multiply charged monomer fullerene ions with the aid of fragment-ion mo-
mentum spectroscopy. This yielded an excellent platform for investigations
of the projectile and target dependencies on various intrinsic features such as
the ultimate Coulomb stability limits for Cr+

60 and Cr+
70 ions, competition be-

tween different reaction pathways, and multi-fragmentation processes. The
experimental results for the stability limits for multiply charged fullerenes are
discussed in view of recent high level Density Functional Theory calculations
of Cr+

60 → C
(r−1)+
58 +C+

2 transition states and our electrostatic model.
The Density Functional Theory results are also used to check the validity

and limitations of the classical model regarding the description of fragmenta-
tion processes, while a comparison with advanced molecular dynamic calcu-
lations of Ar8++Na40 collisions were made for investigating its applicability
for charge transfer processes. We found that the present model indeed is
useful for describing main features in inherent complex molecular processes
at sufficiently low collision velocities. In addition, we propose an extension of
the present model to consider two dielectric spheres immersed in a dielectric
medium, which might be applied also outside the cluster research field.
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Chapter 1

Introduction

In an attempt to study the formation mechanisms of long-chain carbon
molecules in interstellar space, Kroto and co-workers made the completely
unexpected discovery of a new form of carbon molecules consisting mainly of
60 or 70 atoms [1]. The proposed structures of the molecules were inspired by
a spherical building designed by the architect R. Buckminster Fuller, where
hexagon and pentagons create the curvatures of the surfaces. For the most
stable structure containing 60 atoms the geometry resembles the pattern of
seams on a soccer ball, which consist of 20 hexagonal and 12 pentagonal faces
(see Fig. 1.1). This new carbon ball was called buckminsterfullerene and thus
named after the architect. In 1996 Professor Robert F. Curl, Professor Sir
Harold W. Kroto, and Professor Richard E. Smalley were awarded the Nobel
Prize in Chemistry for their discovery. The fullerene cluster family (Cn) is
an additional form of solid carbon, besides the well-known graphite and di-
amond structures. The fullerene structures with lowest energy have isolated
pentagonal rings, where the C60 followed by C70 are the smallest clusters that
satisfy this rule. The mean radius of the icosahedral symmetric carbon cage
of C60 is 6.7 a0 [2]. The two 1s electrons of each carbon atom in this structure
are strongly localized to their nucleus and thus the remaining 240 electrons

Figure 1.1: Buckminsterfullerene
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contribute to the (mainly) covalent intramolecular bonding. The highest oc-
cupied molecular orbital (HOMO) in the molecule is a delocalized π orbital
which contains 10 electrons and the lowest unoccupied orbital (LUMO) is
situated about 2 eV higher. As a consequence of the large number of loosely
bound electrons the C60 molecule has a large polarizability, α=76.5±8 Å3, as
has been measured by means of a molecular beam deflection technique [3].

In contrast to the strong intramolecular bonding of the C60, crystalline
structures (fullerite) of the molecules are held together by weak van der
Waals interactions. Fullerite adopts the face-center cubic close-packed struc-
ture with a center-center distance of about 10 Å between two neighboring
molecules [2]. The crystal is an insulator but becomes a good electrical con-
ductor when doped with alkali atoms [2]. An additional interesting feature
of these compounds is the rather elevated transition temperature for super-
conductivity (for a review see [4]). Another related structure belongs to the
clusters of fullerenes (C60)n and (C70)n, which like fullerite are bound by van
der Waals forces [5]. These species are highly interesting as they bridge the
gap between the microscopic and macroscopic world.

The initial discovery of C60 [1] may be viewed as the advent of fullerene
science. However, it was the development of methods for production of
macroscopic quantities of C60 by Krätschmer et al [6] in 1990 that opened
up an avenue for research activities involving these molecules. Since then
numerous studies have been devoted to the understanding of the intrinsic
properties of the fullerenes and to find applications within e.g. nanotechnol-
ogy and medicine. In fact fullerene science is nowadays such a wide disci-
pline that a Google search with the keyword ”fullerenes” yields over 263000
results. It is thus obviously impossible to review all the research fields where
fullerenes are applied within the scope of this thesis.

The excitation, ionization and fragmentation processes on the single molec-
ular level have been studied in collisions involving electrons, photons, clus-
ters, molecular or atomic ions (for reviews see [7, 8]). In these reactions the
fullerenes are hot to certain degrees depending on the method used. There
are different competitive channels by which the fullerene subsequently cool
down, namely by emission of photons (radiative cooling), electron emission
(thermionic emission), or emission of neutral fragments (evaporation). The
first process is always present, whereas the other two require certain amounts
of energy to become active. However, the time scales and the competition be-
tween the processes also depend on the nature of the excitation. Alternative
fragmentation pathways also become important with increasing degrees of
ionization. For intermediate and high charge states, fragmentation involving
at least one charged light fragment (asymmetric fission) or the break up into
several singly (and doubly) charged small fragments (multi-fragmentation)
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dominate over evaporation of neutral fragments.
In this thesis we present experimental results regarding electron transfer

and fragmentation processes in collisions involving fullerenes and clusters of
fullerenes. For this, slow multiply charged ions (atomic or cluster ions) are
used as projectiles and the collision products are analyzed by coincidence
time-of-flight mass spectrometry with momentum analysis of fragment prod-
ucts. The main advantage when using multiply charged ions is that electrons
are captured to the projectiles at rather large distances. Thus the ionization
processes are soft in the sense that low amounts of energy are expected to be
deposited in the remaining fullerene ions. As a consequence, fullerenes with
high charge states are created with lifetimes larger than the typical experi-
mental time windows (several µs). This opens up the possibility for studies
of the ultimate Coulomb stability limit and the competition between differ-
ent decay channels for the multiply charged fullerenes. For the low projectile
charge states used in this work, Xe4+ and Kr4+, the picture is to some extent
more complicated as it is harder to distinguish between different processes
in terms of separate impact parameter regions.

In a similar way, highly charged ions are efficient tools for ionizing clusters
of fullerenes, (C60)n, without substantial heating of the parent clusters. This
is essential for creating multiply charged clusters as the clusters are only
weakly bound by van der Waals forces and thus may be easily fragmented.
In this work, we investigate the charge mobilities in the (C60)n clusters,
their stabilities against fragmentation, and their fragmentation modes. The
experiments were carried out with the aid of multi-coincidence time-of-flight
mass spectrometry, which made it possible to study the correlation between
one or several charged fragmentation products.

A main theme of the present work is to investigate whether a classical
over-the-barrier model can be used to describe main features of the processes
in Aq++C60, Aq++(C60)n, and Cq+

60 +C60 collisions [9]. In its most general
form, the present classical over-the-barrier model is able to treat electron
transfer between two dielectric spheres (with different radii and dielectric
constants) embedded in a dielectric medium. In treating the Cq+

60 +C60 col-
lisions, however, we model the fullerenes as perfectly conducting spheres in
vacuum.

The question whether the present model is adequate for describing these
processes may to some extent also be investigated by comparing its results
with high level calculations based on quantum mechanical approaches. For
the charge transfer processes advanced models based on the Time-Dependent
Local Density Approximation (TDLDA) [10, 11] and its semi-classical coun-
terpart [11] have been used to model the dynamical evolution of the electrons
in C60+Ar8+ and Ar8++Na40 collisions. Other high level approaches for de-
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scribing these processes in collisions involving fullerenes and alkali clusters
have also been performed (see e.g. [12, 13, 14, 15] and references therein),
but only for single- and (in some cases) double electron transfer. To our
knowledge, these types of methods have not yet been applied for multiple
charge transfer between two clusters as they are very demanding in terms of
computation time.

For the same reason, the first ab-initio study of transition states for the
fragmentation of multiply charged fullerene monomers was only reported very
recently [16, 17]. This extensive work is based on Density Functional Theory
(DFT) and it also contains information on the ionization energies for multiply
charged fullerene ions, dissociation energies for various decay pathways, fis-
sion barriers and kinetic energy releases in the asymmetric fission processes.
We use these new theoretical results for discussions and interpretations of
the present experimental results and for a discussion of the applicability and
validity of the present classical electrostatic fragmentation model.

The outline of the thesis is as follows. In Chapter 2 we present the classi-
cal static over-the-barrier model for electron transfer between two spherical
objects. First we derive an expression for the interaction energies of two
charged conducting spheres, which can be used to deduce kinetic energy re-
lease values in asymmetric fission processes. Thereafter we consider electron
transfer between the spheres and derive an expression for the potential energy
barrier for the electron as it moves between the spheres. The height of the
barrier in relation to the ionization energy of a conducting sphere determines
whether an electron transfer process is classically allowed, i.e. if the over-
the-barrier criterion is fulfilled. From this relation we extract the reaction
Q-values and the total electronic excitation energy of the projectile after the
reaction. We then show how the present model reduces to other well-known
over-the-barrier models for the limiting cases of the model sphere radii. In
order to investigate the validity of the classical model we compare the kinetic
energy release values in the asymmetric fission of multiply charged fullerenes
with the corresponding results from the recent high level DFT calculations
by Dı́az-Tendero et al. [16, 17]. The electron transfer process, on the other
hand, is compared with the TDLDA [10, 11] and its semi-classical counter-
part [11]. At the end of Chapter 2 we present an extension of the model to
involve two dielectric spheres immersed in a dielectric medium, with possible
(but so far not implemented) applications in e.g. colloidal chemistry and for
biomolecular interactions in solutions.

Chapter 3 is devoted to the experimental investigations concerning slow
(atomic) ion-fullerene collisions. After the experimental setup and method
is described, we focus on the stability of multiply charged C60 and C70 ions
created in collisions with highly charged ions. The experimental results re-
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garding kinetic energy releases in the break ups of the fullerene ions are
compared with the corresponding values predicted by the present classical
model and the DFT results [16, 17]. Thereafter we see how the charge state,
mass, and velocity of the projectile influences the fragment ion mass spectra
by a detailed study of the results when Xe4+ and Kr4+ projectiles at the
velocity v=0.06 a.u. interact with C60 and C70.

In Chapter 4 we compare the model results with the experimental coun-
terparts [9] for relative charge exchange cross sections in slow Cq++C60 and
Cq+

60 +C60 collisions (q=2-5). These results are then used in Chapter 5 to
rationalize the observed high conductivity in multiply charged clusters of
fullerenes. We also discuss the experimental kinetic energy releases in the
fragmentation of multiply charged (C60)2 (dimers) within the framework of
the present classical model.

Atomic units will be used throughout this thesis unless otherwise stated.
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Chapter 2

The over-the-barrier
electron-transfer model for two
spherical objects

The present model may be considered as an extension of the well-known
classical over-the-barrier model for multiple electron transfer in slow ion-
atom collisions developed by Bárány et al. [18] and Niehaus [19]. In these
models an electron is classically allowed to be transferred from the atom
to the ion when the maximum of the potential energy barrier equals the
Stark shifted binding energy of the electron at the target atom, i.e. when
the so called over-the-barrier criterion is fulfilled. Similar ideas were applied
for ion-metal surfaces collisions [20], which was later extended to be valid
also for insulator surfaces [21]. In these two latter models the flow of the
electrons are treated time-dependently in contrast to the static picture in the
earlier models [18, 19]. Such a dynamical approach has also been adopted for
modeling multiple electron transfer in ion-fullerene collisions [22]. The idea
that the C60 target may be treated as a conducting sphere is based on the
assumption that the collective response of the large number of delocalized
conduction electrons can be described by a classical electrostatic image charge
potential which can be taken to be independent of the projectile velocity
[23, 24].

In a similar way we will describe the interactions between two conducting
spheres and a point charge located between them by means of the method of
electrostatic images. This technique has been known for more than hundred
years [25] and is based on the fact that an electrostatic source can be replaced
with one or several point (image) charges in order to satisfy the boundary
conditions in certain symmetric systems. In 1845 William Thomson (later
Lord Kelvin) found that the zero-potential surface of two point charges with

7
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opposite signs is a sphere [25]. The conclusion from this observation is that
the potential outside a grounded conducting sphere in the presence of a point
charge can be described by only one image charge, where the position and
magnitude is entirely determined by the magnitude of the exterior point
charge, the radius of the sphere, and the distance between the point charge
and the center of the sphere. In the literature this image charge is sometimes
referred to as the Kelvin image.

For the interactions of two conducting spheres with arbitrary radii and
charges, the problem is somewhat more tricky. In this case an infinite number
of image charges with alternating signs and rapidly decreasing magnitudes
are required to describe the mutual polarization correctly. This method has
e.g. been used by Näher et al. [26] to describe the interactions of two charged
fragments in the fission of metal clusters. In addition, an extension of the
problem to involve three or more spheres have been solved analogously by
Schapiro et al. [27] in connection with a model for statistical fragmentation
of Naq+

70 (q=0-8) clusters.

In the next section, we follow [26] in order to describe the full polariza-
tions of two spheres with arbitrary charges and radii by means of electrostatic
images. We arrive at an expression for the total potential energy for the two
charged spheres, which then is used to derive an expression for the kinetic
energy release in the decay of charged clusters and its relation to the fission
barrier. In Section 2.2 we derive an expression for the electrostatic potential
at the position of an electron between the spheres. The electron is classically
allowed to be transferred from one sphere to the other when the maximum
of the electrostatic potential is lower than the corresponding Stark-shifted
ionization potential. The over-the-barrier condition is then used to derive
expressions for the difference in electronic binding energies to the projec-
tile and the target (i.e. the Q-values) yielding electronic excitation energies
for transfer of an arbitrary number of electrons between the spheres. Fur-
thermore we show that the present model reduces to other over-the-barrier
models with appropriate choices of the projectile radius (aq) and the tar-
get radius (ar): aq→0, ar (ion-cluster); aq→0, ar→0 (ion-atom); aq, ar→∞
(cluster-surface); aq→0, ar→∞ (ion-surface). In Section 2.3 we discuss limi-
tations of the present model in view of more elaborate models based on the
quantum-mechanical methods (TDLDA and DFT) mentioned in the preced-
ing chapter. Finally in Section 2.4 we present an extension of the present
model to describe the interaction of a point charge electron outside two char-
ged dielectric spheres in a dielectric medium.
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q
1s

S

qs∞

Br+

r
1s

ra

A(q-r)+

qa

rs∞

ra qa

Figure 2.1: The positions sr
n and sq

n (relative to the target and projectile
surfaces) of the image charges induced in the target Br+ and the projectile
A(q−r)+, respectively.

2.1 The electrostatic interactions between two

isolated conducting spheres

Consider two conducting spheres, one with net charge r and radius ar and
the other one with net charge q− r and radius aq. The distance between the
surfaces of the spheres is labelled S. An infinte set of image charges is required
in order to describe the polarization of the two spheres exactly [26, 28], where
each image charge is the Kelvin image of a charge in the opposite sphere. In
Fig. 2.1 we display a schematic of the positions of the image charge, where
the positions closest to the centers of the spheres are given by

sr
1 = ar − a2

r/(S + ar + aq)

sq
1 = aq − a2

q/(S + ar + aq) (2.1)

and the positions of the other image charges by

sr
n+1 = ar − a2

r/(S + ar + sq
n)

sq
n+1 = aq − a2

q/(S + aq + sr
n). (2.2)

The corresponding absolute image charge magnitudes are

r1 = −q0ar/(S + ar + aq)

q1 = −r0aq/(S + ar + aq) (2.3)
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and

rn+1 = −qnar/(S + ar + sq
n)

qn+1 = −rnaq/(S + aq + sr
n) (2.4)

for n≥1.
The total charge of each sphere must of course be conserved, r=

∑

rn and
q − r=

∑

qn, where rn and qn are well defined in terms of the center charges
r0 and q0 (see Eqs. 2.3 and 2.4). The center charges can thus be expressed
as functions of the net charges of the spheres (q− r and r), the radii (aq and
ar), the image charge positions (sq

n and sr
n), and surface-surface distance S

(see paper VII for a derivation).
The infinite series of charges in each sphere contribute to the electric

field, Ez = Ez(r, q− r), at a position z on the axis connecting the two sphere
centers, yielding

Ez =
∞

∑

n=0

[rn · (z + sr
2n)

|z + sr
n|3

+
qn · (z − S − sq

n)

|z − S − sq
n|3

]

(2.5)

for z < −2ar, 0 < z < S, z > S + 2aq (the field is zero inside the spheres).
The electrostatic potential at z, Φ = Φ(r, q − r), is in like manner

Φ =
∞

∑

n=0

[ rn

|z + sr
n|

+
qn

|S + sq
n − z|

]

. (2.6)

2.1.1 Kinetic energy releases and fission barriers

We now use the results from the preceding section to model the fragmentation
of the target sphere B into two charged fragments, H and L (both the Heavy
(H) and the Light fragments (L) modeled as metal spheres). In Fig. 2.2
we show a schematic of the interaction energy as a function of the center-
center separation (R). The height of the barrier (Bfis) in relation to the
initial energy of the parent system (Ei) determines the stability of the system
against fission. When the fission barrier is zero the lifetime of the system is
zero. The relation between the fission barrier and the kinetic energy release
in the fission process is given by

Bfis = EKER + Ef − Ei, (2.7)

where Ef -Ei is the difference in total binding energies of the final and ini-
tial states. As will be shown in the next chapter, the EKER values in fission
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EKER

Bfis

Ei

Ef

Center-center distance R

E
ne

rg
y

R

Br+
H(r-r’)+

L r’+

Figure 2.2: A schematic displaying the relation between the fission barrier
height (Bfis), kinetic energy release (EKER), and the total binding energies
of the initial (Ei) and final (Ef ) states

processes can be directly measured and thus according to Eq. (2.7) the corre-
sponding fission barriers can then be determined indirectly if the differences
Ef -Ei are known. In the present model the kinetic energy release is given
by the maximum of the interaction energy (Uint) of the two charged spheres.
In order to determine Uint we first calculate the total electrostatic energy
(Utot) of the system from the relation Utot=

1
2

∫

ρ(x)Φ(x) d3x [29], where ρ(x)
is the charge density and d3x is a three-dimensional volume element. In this
case the result is particularly simple as the charges only exist on the surfaces
of the spheres. In addition, the electrostatic potentials on the surfaces are
constant (equipotential) and simply the center charge divided by the sphere
radius in each case. Thus the total electrostatic energy as a function of the
center-center distance, R, between the separating spheres H and L is given
by

Utot(R) =
1

2

[

qHqH
0 (R)

aH
+

qLqL
0 (R)

aL

]

, (2.8)

where aH and aL are the radii, qH
0 and qL

0 are the center charges, and qH and
qL are the net charges. At infinite separation qH

0 (R) = qH and qL
0 (R) = qL

and the total energy reduces to the sum of the self energies of the two spheres.
In order to calculate the interaction energy (Uint) between the spheres we
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have to subtract this contribution and Uint is then given by

Uint(R) =
1

2

[

qH [qH
0 (R) − qH ]

aH
+

qL[qL
0 (R) − qL]

aL

]

, (2.9)

where the maximum of the barrier for this classical model correspond to the
kinetic energy release in the fission process. Note that when one of the radii is
set to zero, we arrive at the well-known expression for a point charge (aL=0)
outside a conducting sphere,

Uint(R) =
qHqL

R
+

aH(qL)2

2

[

1

R2
− 1

R2 − (aH)2

]

. (2.10)

When both radii are set to zero we arrive at the Coulomb energy (qHqL/R)
for two point charges.

2.2 Electron transfer between two conduct-

ing spheres

z
S

q
1z

qz∞∞∞∞

Br+ A(q-r)+e-

r
1z

rz∞∞∞∞

ra qa

ra
qa

Figure 2.3: Image charges induced in the presence of an electron between the
spheres, sr

n (grey circles), sq
n (grey circles), zr

n (black circles) and zq
n (black

circles).

In this section we consider electron transfer between the spheres and cal-
culate the electrostatic potential at the position z of a point charge (repre-
senting an electron) on an axis defined by the centers of the two spheres.
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When the electron is moved to z=∞, the mutual polarization of the spheres
is the same as in Section 2.1, with the exception that the net target charge
increases from r to r + 1. If the electron instead is situated between the
spheres, the polarization due to the electron charge can also be described
by the image charge technique. The positions of the infinite sets of image
charges induced are

zr
n+1 = ar − a2

r/(S + ar + zq
n)

zq
n+1 = aq − a2

q/(S + aq + zr
n), (2.11)

with the magnitudes

re
n+1 = −qe

nar/(S + ar + zq
n)

qe
n+1 = −re

naq/(S + aq + zr
n), (2.12)

for n ≥ 0. Here zq
0=zr

0=z (the position of the electron) and qe
0=re

0=-1 a.u.
(charge of the electron ). The sums of the image charges, re =

∑

∞

n=1 re
n and

qe =
∑

∞

n=1 qe
n are not zero. Thus the net charges r + 1 and q are not left

intact and charges -re and -qe must therfore be added to the target- and
projectile spheres, respectively. These will shift the center charges in Eq.
(2.3), yielding r0+δre

0 and q0+δqe
0, which in turn affect the magnitudes (but

not positions) of the original image charges present without the presence of
the electron (Eq. (2.4)) to rn+δre

n and qn+δqe
n.

The electric field at the postion z is given by the contribution from all
the image charges in the system,

Ez =
∞

∑

n=0

[rn · (z + sr
n)

|z + sr
n|3

+
qn · (z − S − sq

n)

|z − S − sq
n|3

]

+
∞

∑

n=1

[re
n · (z + zr

n)

|z + zr
n|3

+
qe
n · (z − S − zq

n)

|z − S − zq
n|3

]

+
∞

∑

n=0

[δre
n · (z + sr

n)

|z + sr
n|3

+
δqe

n · (z − S − sq
n)

|z − S − sq
n|3

]

, (2.13)

where the first sum is the contribution to the electric field in the absence of
the electron, while the second and third sum are the additional contributions
when the electron is brought into the system.

The electrostatic potential at infinite distance (z=∞) from the spheres
is zero and thus the potential energy of the electron is V=qeΦ = −Φ, where
qe=-1 is the electron charge. At a position z between the spheres the potential
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energy is given by

V (z) = −
∞

∑

n=0

[ rn

|z + sr
n|

+
qn

|S + sq
n − z|

]

−1

2

∞
∑

n=1

[ re
n

|z + zr
n|

+
qe
n

|S + zq
n − z|

]

−1

2

∞
∑

n=0

[ δre
n

|z + sr
n|

+
δqe

n

|S + sq
n − z|

]

, (2.14)

which correspond to the work required to move the electron from infinity to
z. Note that re

n, qe
n, zr

n, zq
n, δre

n and δqe
n in Eq. (2.14) depend on z, which is

the reason for the factor 1/2 in front of the second and third sums.

2.2.1 The over-the-barrier criterion

The over-the-barrier criterion determines the critical distances (Rr+1=Sr+1+
ar+aq) at which an electron is classically allowed to move from the target
to the projectile. That is when the Stark shifted target ionization energies
(I∗

r+1) are smaller than the maximum of the potential energies given by Eq.
(2.14), i.e.

|V max| ≥ I∗

r+1 = Ir+1 − [r − r0(r, q − r)]/ar. (2.15)

Here Ir+1 is the binding energy of the r+1:th electron to the target and
[r−r0(r, q−r)]/ar is the Stark shift. Note that the latter vanish when R=∞
since then r0=r.

When the over-the-barrier condition is fulfilled (see Fig. 2.4), we assume
that there is a resonant state on the projectile sphere (quasi-continuum ap-
proximation). The resonance condition (I∗

r+1=T ∗

r+1) at the critical center-
center distance, Rr+1, is then given by

Ir+1− [r−r0(r, q−r)]/ar = Tr+1− [q−r−1−q0(r+1, q−r−1)]/aq, (2.16)

where the left- and right-hand sides are the Stark shifted binding energies of
the electron located at the target and the projectile, respectively.

After the collision, the spheres separate and the Stark-shift contributions
become less and less important. The Q-value for transfer of r electrons is the
sum of the difference in binding energies to the projectile and the target,

Qr =
r

∑

k=1

(Tk − Ik), (2.17)
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Figure 2.4: The potential barrier between two metal spheres outside (dashed
curve) and at the critical center-center distance Rr+1=Sr+1+ar+aq (full
curve). The Q-value and the electronic excitation energy can be derived
from the resonance condition (I∗

r+1=T ∗

r+1) and the difference in Stark-shifted
ionization energies (I∗

q−r-I
∗

r+1), respectively.



16

which according to Eq. (2.16) is the sum of the difference in Stark-shifts at
the critical distances Rr+1. On the other hand, the total electronic excitation
energy (Eex

tot) of the transferred electrons is the sum of the difference in the
Stark-shifted ionization energies, when the electrons are in the target and
projectile ground states, respectively. This gives the following expression

Eex
tot =

r
∑

k=1

(I∗

q−k+1(Rk) − I∗

k(Rk)) (2.18)

for the electron excitation of the projectile after electron transfer but before
subsequent relaxation.

2.2.2 Relations to other over-the-barrier models

When the projectile radius is set to zero (aq=0), only two dipole contributions
to the target polarization survives and the potential energy in Eq. (2.14) and
the resonance condition (Eq. (2.15)) reduces to

Vaq=0(z) = − q − r

R − z
+

ar(q − r)

Rz − a2
r

− ar(q − r)

Rz

−r + 1

z
+

1

2

(ar

z2
− ar

z2 − a2
r

)

(2.19)

and

|V max
aq=0| ≥ Ir+1 + (q − r)/R, (2.20)

respectively. Thus the model reproduces the results in the over-the-barrier
model for atomic ions and (spherical) clusters [30, 31]. If the target radius
also is set to zero (i.e. ar=aq=0), the polarization effect cease to exist and
the potential is then given by

V (z) = −(q − r)/(R − z) − (r + 1)/z (2.21)

and the resonance condition becomes

|V max
ar=aq=0| ≥ Ir+1 + (q − r)/R. (2.22)

In this case, the critical distances are derived analytically, yielding

Rr+1 = [2(q − r)1/2(r + 1)1/2 + (r + 1)]/Ir+1, (2.23)

which is identical to the results obtained in the over-the-barrier model for
atomic ions and non polarizable atoms [18].
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Projectile-sphere radius Target-sphere radiusStatic OBM model for:

Finite Finite Cluster-cluster

→ 0 Finite Ion-cluster

→ 0 Ion-atom

→ 0 Ion-surface→ ∞

Finite → ∞ Cluster-surface

This work, Paper VII.

Cederquist et al. PRA (2000)

Bárány et al NIMB (1985).

Burgdörfer et al PRA (1991).

→ 0

Bárány and Setterlind NIMB (1995).

Niehaus J Phys B (1986).

This work

Figure 2.5: Limiting cases of the present static over-the-barrier model with
references to earlier work by Bárány and Setterlind [30], Cederquist et al.

[31], Bárány et al. [18], Niehaus [19], and Burgdörfer, et al. [20].

In an analogous way it is straightforward to describe the electrostatic
interactions when one of the spheres is grounded. In this case the net charge
of the grounded sphere has opposite sign and the magnitude depends on the
distance between the spheres. The attractive force is thus stronger in this
case. By letting the target sphere radius go to infinity, ar → ∞, we arrive at
an over-the-barrier model for charge transfer from a plane conductor at zero
potential to a charged conducting and an isolated sphere. If we, in addition,
set the projectile sphere radius to zero, we obtain the well-known over-the-
barrier condition for atomic ions and surfaces by Burgdörfer, Lerner, and
Meyer [20]. Finally, we show a summary of the limiting cases of the present
model in Fig. 2.5.
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Figure 2.6: Comparisons between the results from Density Functional The-
ory (DFT) calculations reported by Dı́az-Tendero et al [16] and the results
from the present model in which the fullerene molecule is treated as a con-
ducting sphere. Left part: The sequence of DFT ionization energies (open
squares) with a linear fit representing the conducting spheres values (crosses).
Right part: The DFT (open squares) and present model (open circles) kinetic

energy release values in the process Cr+
60 →C

(r−1)+
58 +C+

2 .
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2.3 Limitations of the present model

As mentioned in the introduction, high level Density Functional Theory
(DFT) calculations of multiply charged Cr+

60 ions have recently been per-
formed [16, 17] and a direct comparison with the present classical model has
therefore not been possible until now. The assumption that the fullerenes can
be treated as conducting spheres has previously been used with great success
for modeling charge transfer processes in slow collisions between fullerenes
and ions [30, 31]. For a conducting sphere, the sequence of ionization energies
is given by a linear relation

Ir+1 = W +
r + 1/2

a
, (2.24)

where W is the classical work function, r is the charge of the sphere and
a is the radius of the sphere. Thus the justification of this assumption is
strongly related to the agreement between this behavior in comparison to
the corresponding experimental and DFT results. Experimental results are
only accessible for r up to 4 (see [32, 33, 34, 35] and references therein)
where the r=3-4 values have rather large uncertainties. Nevertheless the
trend appears to be linear. Additional support for this behavior is given by
the DFT results. These values are shown in the left part of Fig. 2.6 together
with the results from a linear fit representing the conducting sphere values.
The two data sets are in excellent agreement, where the fit is given by the
expression Ir+1(C60)=7.106+3.252r eV. From this result the radius of the
conducting sphere is determined to a(C60)=8.37 a0 (c.f. Eq. (2.24)), which
is in good accordance with 8.0±0.3 a0 calculated from the relation between
the dipole polarizability (α=76.5±8 Å3 [3]) and the radius of a conducting
sphere (a=α1/3).

The DFT study also involves calculations of the ionization energies for
fragmentation products of processes like Cr+

60 → C
(r−1)+
60−2m +C+

2m. The C58 DFT
ionization sequence is Ir+1(C58)=6.472+3.408r eV, which give a slightly lower
model radius (a(C58)=7.98 a0). For the other species, the first and second
ionization energies were only calculated within the DFT study, which for the
small fragments are the only relevant ones as triply charged small fragments
are unstable. As a consequence, we determine the radii of the C2, C4, and
C56 from the relation a=27.21/(I2-I1) a0 deduced from Eq. (2.24). This give
a(C2)=2.44 a0, a(C4)=3.96 a0, and a(C56)=8.10 a0. From the present model
point of view, the radii and the charges are sufficient for calculating the ki-
netic energy release values in the fragmentation processes (cf. Eq. (2.9)). In
the DFT calculations, on the other hand, the corresponding values are deter-
mined by exploring the multidimensional potential energy surface in search
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for the Transition State (TS), i.e. the maximum in the reaction coordinate
direction. These calculations therefore require a large computationally ef-
fort and have so far only been performed for the process where a multiply
charged C60 emits a C+

2 ion (and two charged atomic species for high par-
ent charge states). In the right part of Fig. 2.6 we show the DFT values
for this process as function of the initial fullerene charge together with the
corresponding present model values. The agreement is rather good consid-
ering the admittedly crude approximation to treat the fragment products as
conducting spheres. This shows that the present model reproduce the es-
sential part of the interaction in the separation process, although it slightly
overestimates the kinetic energy releases (especially for low charge states).
Thus it seems as the model serve as an excellent tool for predicting upper
limits for the kinetic energy releases in systems where ab-initio results are
not yet available, e.g. for C+

4 emission. A comparison between the present
model results, the DFT results, and the experimental results will be shown
and discussed in Section 3.2.

In order to test the limitations of the present model regarding charge
transfer processes, we have made comparisons with calculations based on the
Time Dependent Local Density Approach (TDLDA) [10, 11] and the results
obtained by solving the Vlasov equation [11]. In these methods, the dynam-
ical evolution of the electrons during and after the collision are described.
The former is a quantum mechanical approach to solve the time-dependent
Kohn-Sham equations, while the latter is the semiclassical counterpart of the
TDLDA.

In Fig. 2.7 we show the target cluster charge states (number of transferred
electrons) as functions of the impact parameter, b, in Ar8+-Na40 collisions
at 80 and 320 keV, corresponding to relative velocities of 0.3 v0 and 0.6
v0, respectively. In the TDLDA calculations the jellium target radius was
set to 13.7 a0 which was also used as target radius (ar) in the present model
calculations. The TDLDA method and its semiclassical counterpart (Vlasov)
are shown to be in good agreement with each other for both energies (80 and
320 keV) in Fig. 2.7. The present model, however, suggests that the charge
transfer take place at larger distances, which is reasonable since we assume
that there is always a resonant state at the projectile when the over-the-
barrier criterion is fulfilled (the quasi-continuum condition). The discrepancy
is larger for 320 keV than for 80 keV as the electrons will have less time to be
transferred to the projectile at higher velocities, which is an effect not taken
into account in the present static model. We therefore expect the present
model to be in (close) agreement with the TDLDA and Vlasov results for
lower collision velocities. The critical velocity for this requirement to be
fulfilled depends on the target as the typical velocities of the target electrons
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Figure 2.7: The target cluster charge as functions of the impact parameter b
in Ar8+-Na40 collisions, where the relative velocity is 0.3 v0 (80 keV) and 0.6
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using the TDLDA (full curves) and Vlasov (dashed curves) methods. The
staircases correspond to the present model results. Note that the different
shapes of the curves are due to the target charging in discrete steps (present
model) compared to continuous target charging (TDLDA and Vlasov).
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decrease with increasing target size. In the collisions studied in this work,
however, the relative velocities are mostly < 0.1v0, where the static over-the-
barrier model appears to be a reasonable approximation.

2.4 Extension of the model - Two dielectric

spheres embedded in a homogeneous di-

electric medium

A natural extension of the present model is to consider two dielectric spheres
surrounded by a homogeneous dielectric medium. In the special case when
the spheres are in free space, the model resembles the unified static over-the-
barrier model for a dielectric sphere in the presence of a point charge [30].
However, by introducing a polarizable medium between the spheres other
aspects arises, e.g. regarding the time scales in the charge transfer processes.
Here, we simply describe the electrostatic interaction for the static case and
leave the issues of frequency- (velocity-) dependencies outside the scope of
the present description.

Apart from being a generalization of the static over-the-barrier models,
the dielectric model may be useful for describing electrostatic interactions
within colloidal chemistry. Colloidal systems are suspensions of small parti-
cles (< µm) dispersed in a liquid, like for example milk (proteins dispersed in
water) and paint (pigment particles in a liquid binder). Colloidal crystals can
be formed in the laboratory and studied with the aid of light microscope [36].
These structures melt like conventional materials and thus serve as excellent
model systems for studies of phase transitions in matter [37]. Although re-
cent advances in the description of the colloidal systems, the fundamental
interactions are not fully understood. One long debated remarkable feature
is the like charge attraction observed between two negatively charged latex
spheres of sub-micrometer size near a glass wall in water [38]. The long
range interaction have at least partially been explained by hydrodynamical
computer simulations [39], but still unexplained mechanisms remains.

Recently it has been argued that image charge forces may play important
roles in certain colloidal systems [40, 41]. In particular for spherical systems
there are only a few studies which have taken this effect into account. In [40]
the electrostatic interaction between a microion and a colloid are described
by a point charge and dielectric sphere. In addition, the discontinuity be-
tween the colloids and the surrounding molecules are considered, which is
commonly neglected in other theoretical approaches in this field. This ap-
pears as a rather crude assumption as the charged colloids have typically low



CHAPTER 2. MODEL 23

r

�in

�

�out

Ra

q

P

Figure 2.8: Point charge outside a dielectric sphere

relative dielectric constant (εr ≈ 2-5) compared to the surrounding medium
[40]. From this point of view it seems reasonable to believe that the exact
electrostatic interaction between two charged dielectric spheres and a point
charge embedded in a dielectric medium could be very useful for the descrip-
tions of inter-particle interactions in colloidal systems.

It has been shown that the mutual polarization of two charged dielectric
spheres in vacuum can be calculated using an image charge technique [42] or
the re-expansion method [43]. In the latter, two spherical coordinate systems
are used, where the origins are set to the centers of the two spheres. The
electrostatic potential is then given by the sum of two Legendre series. The
re-expansion method gives the relation between the terms of the Legendre
series of one spherical coordinate system in terms of the other.

For completeness, we will first solve the simple problem for the electro-
static potential at the position of a point charge in the presence of another
point charge and a dielectric sphere. Then we follow Nakajima and Sato [43]
for describing the electrostatic interaction between two charged dielectric
spheres surrounded by a homogeneous dielectric medium. Finally we use the
same technique to solve (for the first time) the somewhat more complicated
problem when a point charge is located outside the two spheres.

2.4.1 The electrostatic interactions of point charges
outside a dielectric sphere

Consider a dielectric sphere with relative dielectric constant εin and radius
a surrounded by a dielectric medium εout where a point charge q is located
at the position R̄ (Fig. 2.8). Inside the sphere there are no free charges,
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thus ∇ · D=0. The dielectric constant is uniform within the sphere, ∇ ·
D/εin = ∇ · E=0, which means that the polarization charges only exists on
the surface of the sphere. Therefore the potential inside the sphere must
satisfy the Laplace equation. The general solution to this equation for a
problem possessing azimuthal symmetry is given by [29]

Φ(r, θ) =
∞

∑

l=0

[Alr
l + Blr

−(l+1)]Pl(cosθ). (2.25)

Inside the sphere the potential must be finite at every point, Eq. (2.25) then
reduces to

Φin(r, θ) =
∞

∑

l=0

Alr
lPl(cosθ). (2.26)

Outside the sphere (r > a) the pure Coulomb potential from the external
point charge contribute to the potential in Eq. (2.25). The potential is set
to zero in infinity (thus Al=0), which gives the following expression

Φout(r, θ) =
q

εout|r̄ − R̄| +
∞

∑

l=0

Blr
−(l+1)Pl(cosθ) (2.27)

or

Φout(r, θ) =
∞

∑

l=0

[ qrl

εoutRl+1
+ Blr

−(l+1)
]

Pl(cosθ) (a < r < R) (2.28)

Φout(r, θ) =
∞

∑

l=0

[ qRl

εoutrl+1
+ Blr

−(l+1)
]

Pl(cosθ) (r > R), (2.29)

where we have used an expansion for the Coulomb term to be able to deter-
mine the coefficients Al and Bl from the boundary conditions at r = a. The
normal and tangential boundary conditions are given by

εin
∂Φin

∂r

∣

∣

∣

r=a
= εout

∂Φout

∂r

∣

∣

∣

r=a

⇒ εinlAla
l−1 =

lqal−1

Rl+1
− εout(l + 1)Bla

−(l+2)

⇒ Al =
εout

εin

[ q

εoutRl+1
− (l + 1)

l
Bla

−(2l+1)
]

(2.30)

and

−1

r

∂Φin

∂θ

∣

∣

∣

r=a
= −1

r

∂Φout

∂θ

∣

∣

∣

r=a
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⇒ Ala
l =

qal

εoutRl+1
+ Bla

−(l+1)

⇒ Bl = − qa2l+1

εoutRl+1
+ Ala

2l+1 (2.31)

respectively. The coefficients can then be determined by combining Eq.
(2.30) and Eq. (2.31),

Al =
2l + 1

εout[l(εin/εout + 1) + 1]

q

Rl+1
(2.32)

Bl =
l(1 − εin/εout)

εout[l(εin/εout + 1) + 1]

qa2l+1

Rl+1
, (2.33)

and we finally arrive at the following expressions for the potential inside and
outside the sphere by inserting the results into Eq. (2.26) and Eq. (2.27)

Φin(r, θ) =
q

R

∞
∑

l=0

2l + 1

εout[l(εin/εout + 1) + 1]

rl

Rl
Pl(cosθ) (2.34)

Φout(r, θ) =
q

εout|r̄ − R̄| +
∞

∑

l=1

l(1 − εin/εout)

εout[l(εin/εout + 1) + 1]

qa2l+1

(rR)l+1
Pl(cosθ).

(2.35)
Note that sum runs from l=1 as B0=0. If we now set εout=1 and let εin → ∞,
then Φin = q/R and Φout reduces to

Φout(r, θ) =
q

|r̄ − R̄| −
qa

R

∞
∑

l=1

(a2

R

)l 1

rl+1
Pl(cosθ) (2.36)

where the latter term is equivalent to the potential due to two point charges,
one with the magnitude q′=-qa/R at the position a2/R on the axis connecting
the charge q and the center of the sphere, while the other has the magnitude
−q′ and is located at the center of the sphere. The former is exactly the
Kelvin image charge, which shows that Eq. (2.35) gives the correct expression
for a point charge (in vacuum) outside a conducting sphere.

Repeating the same procedure as above with new boundary conditions,
it is rather straightforward to calculate the corresponding potential seen by
an electron at the position P. This gives

Φout(r, θ) =
q

εout|r̄ − R̄| +
qB

εout|r̄|

+
∞

∑

l=1

l(1 − εin/εout)

εout[l(εin/εout + 1) + 1]

qa2l+1

(rR)l+1
Pl(cosθ)

− a3

2R4

∞
∑

l=1

l(1 − εin/εout)

εout[l(εin/εout + 1) + 1]

( a2

R2

)l−1

Pl(cosθ) (2.37)
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Figure 2.9: Schematic showing the relation between the two spherical coor-
dinate systems (A and B) used in the re-expansion method for describing the
mutual electrostatic interaction between two charged dielectric spheres.

where qB is the sphere charge (uniformly distributed on the surface) and
the factor 1/2 is due to the self image force on the electron. If the elec-
tron is located on the axis connecting the sphere and the point charge when
εout=1 and εin → ∞. Then Eq. (2.37) reduces to the potential experienced
by an electron in vacuum located between a point charge q and a charged
conducting sphere (cf. Eq. (2.19)).

2.4.2 The electrostatic interactions between two char-
ged dielectric spheres calculated by means of the
re-expansion method

Lets now consider two dielectric spheres with charges qB and qA, relative
dielectric constants εB and εA, and radii aB and aA, respectively. The center-
center distance is labeled R and the spheres are surrounded by a medium with
dielectric constant εout, as shown in Fig 2.9. The electrostatic potential at a
position P outside the spheres is given by,

Φout =
∞

∑

l=0

[

cB
l

(aB

rB

)l+1

Pl(cosθB) + cA
l

(aA

rA

)l+1

Pl(cosθA)
]

, (2.38)

where rB and rA are the distance from the centers of sphere B and sphere A,
θB and θA are the angles from the axis connecting the sphere centers (z-axis),
and Pl is the lth order Legendre polynomial. According to the re-expansion
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method [43], the relations between the terms in Eq. (2.38) are

(aB

rB

)l+1

Pl(cosθB) =
(aB

R

)l+1 ∞
∑

m=0

(m + l)!

m!l!
(−1)m

(rA

R

)m

Pm(cosθA)

(2.39)
(aA

rA
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This allows us to express Eq. (2.38) in terms of the coordinate system B and
A,
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and
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respectively. Here, the coefficients dB
l and dA

l are given by
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Note that these relations are independent of the boundary conditions. It is
also important to remember that Eq. (2.38) should be used to calculate the
potential outside the spheres (not Eqs. (2.41) and (2.42)) for convergence
reasons [43].

In order to determine the potential inside the spheres, the boundary con-
ditions have to be taken into account. In this case we assume that the surface
charge densities (σB and σA) are uniform, that is

σB =
qB

4πa2
B

(2.45)

σA =
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A

. (2.46)

Since there are no free charges inside the spheres, the potential is given by
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and
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On the surface of the spheres (rB = aB and rA = aA), the normal and
tangential boundary conditions have to be fullfilled,
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This gives the following relations between the coefficients,
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and
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in sphere B and A, respectively. If we now combine the results in Eqs. (2.43),
(2.44), (2.53), and (2.54), we arrive at
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for l > 0. After some algebraic exercise, these equations can be written in a
more compact form

(hB − I)cB = wB (2.57)

(hA − I)cA = wA. (2.58)

, where I is the unit matrix and cB and cA are two column vectors with the
elements cB

l and cA
l , respectively. The matrix and vector elements are given

by
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where

f(ε, j) =
j(ε/εout − 1)

j(ε/εout + 1) + 1
. (2.63)

Nakajima and Sato [43] used the re-expansion method to calculate the
force between two charged dielectric spheres. For this they derived an ex-
pression for the total surface charge density of one sphere and then calculated
the force exerted by the electric field on the sphere. In a similar manner we
use the total surface charge densities of both spheres,
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to calculate the total electrostatic energy of the system which is given by the
following expression

Utot =
1

2
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This gives
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where the first two terms correspond to the self energies of the two spheres,
i.e. the total energy of the system at infinite separation. The third term is
the pure Coulomb energy and the remaining terms give the shift in energy
due to the mutual polarization. The interaction energy between the two
spheres is then

Uint(R) = Utot(R) − q2
A

2εoutaA

− q2
B

2εoutaB

, (2.70)

which is related to the expression for two conducting spheres (cf. Eq. (2.9)).
In Fig. 2.10 we show a comparison between these two expressions for the

interaction energy (Eqs. (2.70) and (2.9)). The radii are set to aB=aA=8.37
a0, the charges to qA=1 and qB=4, and εB=εA . The left part shows the
results for five different values for the dielectric constants when the spheres
are in vacuum (εout=1). We see that the two expressions give the same
results when εB=εA=1050 and thus Eq. (2.70) gives the correct values for
two conducting spheres in vacuum. As the dielectric constant of the two
spheres decreases, the interaction energy increases and approaches the dotted
line, which represent the pure Coulomb energy (qAqB/(R)). The right part
of Fig. 2.10 displays the interaction energies for two conducting spheres
(εB=εA=1050) when the surrounding medium (εout) is varied. In this case
the interaction energies become lower with increasing εout, and approach
zero when εout → 1050.

In the calculations the infinite sums in each matrix element (Eqs. (2.55)
and (2.56)) were truncated when the fraction between the sum of the m-1
first terms and the m-th term was larger than 1010. Furthermore we used
N=8 number of matrix elements (Legendre polynomials) which obviously is
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Figure 2.10: Left part: The interaction energy for two dielectric spheres
in vacuum (open circles) for different values of the dielectric constants of
the spheres (ε=εA=εB). Shown are also the corresponding energy for two
conducting spheres calculated with the aid of the image charge technique
(solid line) and the pure Coulomb energy for two point charges (dotted line).
Right part: The interaction energy for two conducting spheres surrounded by
different dielectric media calculated with the dielectric model (open circles)
and the corresponding energy in vacuum calculated by means of electrostatic
images (solid line).
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sufficient for reproducing the results for two conducting spheres calculated
by means of the image charge technique. However, it has been shown that
the method converge slowly when the ratio of the radii is large and for short
center-center distances [43]. Thus one has to be careful with the choice of N
in these type of calculations.

2.4.3 The electrostatic potential experienced by a point
charge located outside the dielectric spheres

When a point charge qp is located at the position P in Fig. 2.9, it will induce
polarization charges on both spheres. The potential at the position of the
point charge is then given by
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(2.71)

where the first sum is the contribution from the sphere-sphere interaction,
which can be determined by solving Eqs. (2.57) and (2.58). The second sum
is the contribution from the polarization charges induced by the point charge,
where the factor 1/2 origins from the self image force on the point charge. In
order to calculate the latter contribution, the coefficients δcB

l and δcA
l have

to be determined. This can be done applying the new boundary condition to
the procedure described in the preceding section. In like manner we arrive
at two matrix equations,

(δhB − I)δcB = δwB (2.72)

(δhA − I)δcA = δwA, (2.73)

where the matrix and vector elements in this case are given by
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Note that δhB
l,m = hB

l,m (Eq. (2.59)) and δhA
l,m = hA

l,m (Eq. (2.60)), and f(ε, j)
is given by Eq. (2.63).

The above derivation allows us to model electron transfer between two
dielectric spheres in analogy with the method for two conducting spheres
described in Section 2.2. Due to to the azimuthal symmetry, the maxi-
mum/minimum of the potential energy between the two spheres will always
be located on the z-axis. In the case of an electron, the potential energy
is given by V=-Φout, which according to the previous results gives a bar-
rier which in relation to the ionization energy determine if the electron is
classically allowed to be transferred from one sphere to the other. In order
to test the validity of the re-expansion method in this case, we set R=20.7
a0, aB=aA=8.37 a0, εB=εA=1050, qB=1, qA=4 and perform the calculations
following the same procedure as for the interaction energies shown in Fig.
2.10. In the left part of Fig. 2.11 we show the results when εout=1 for three
different number of Legendre polynomials (N=8,16, and 32) used to deter-
mine Φout. In addition, the corresponding values calculated by means of the
image charge technique is shown. We see that the agreement between the
results for the two approaches is rather poor for N=8, especially when the
electron is close to the sphere surfaces. The discrepancy clearly illustrate the
importance of including many terms to correctly describe the polarization
effects. Thus for N=16 the agreement is good and becomes even better when
N=32. However, the height of the barrier is more or less the same in all
three cases, which in the over-the-barrier description is the only interesting
parameter and thereby the computational effort can be significantly reduced.

In the right part of Fig. 2.11 we show the potential barrier for differ-
ent values of the dielectric constants of the spheres (ε=εB=εA=1.1, 4, and
1050) and N=32, while the other parameters remain unchanged. The poten-
tial barrier increases with decreasing ε and thus the electron becomes more
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Figure 2.11: Left part: The potential barrier experienced by an electron
between two conducting spheres in vacuum calculated by means of the di-
electric model for different number of Legendre polynomials (N). Right part:
The corresponding potential barriers for two dielectric spheres with the same
dielectric constant (ε=εA=εB=1.1, 4, 1050) in vacuum (εout=1). Shown are
also the corresponding energies for two conducting spheres calculated with
the aid of the image charge technique (solid lines).
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strongly bound, which leads to shorter critical distances according to the
over-the-barrier model. In the limit εB=εA=1, the energy of the electron is
given by -qB/z-qA/(R-z). This is exactly the energy due to two point charges
in vacuum located at the sphere centers. We also reproduce the results for
an electron in the presence a dielectric sphere and another point charge (Eq.
2.37) by letting the radius of one of the spheres approach zero (not shown
here). Finally we found that the dielectric medium between two conducting
spheres (εout) is varied, the barrier height increases and approach zero as εout

increases, which means that the electron also in this case is more strongly
bound.

2.5 Summary of model properties

In summary, we have shown that the present static over-the-barrier model
is well-suited for first order estimates of critical distances for charge transfer
in cluster-cluster collisions (at sufficiently low velocities). Furthermore the
model gives Q-values and projectile excitation energies in these processes, and
kinetic energy release estimates in the binary break-ups of (metal) clusters.
In view of very recent high level Density Functional Theory calculations
[16] we found that the fullerene (C60) is well-approximated by a conducting
sphere which justify the use of the classical model in comparison with the
experimental results presented in this thesis.

In addition, we have presented an extension of the present model to in-
volve charged dielectric spheres immersed in dielectric media. The dielectric
model is consistent with the analytical results in all limiting cases for both
the interaction energy of two dielectric spheres and the potential barrier ex-
perienced by a point charge (electron) between the spheres. Thus the model
can be used for spherical objects in vacuum or immersed in dielectric media,
which e.g. may be applied for more accurate descriptions of electrostatic
interactions in colloidal systems.
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Chapter 3

Atomic ions colliding with
fullerene monomers

Following the pioneering experimental study by Walch et al. in 1994 [23],
highly charged ions have been extensively used as projectiles in collisions
with fullerenes (C60). It is well-established that electrons are captured at
large distances during such collisions, leading to the formation of so called
hollow projectile ions [44, 45] and multiply charged (metastable) fullerene
ions. As already mentioned, the over-the-barrier model [22, 23, 31] explain
the main features of these interactions. However, for glancing and frontal
collisions, which dominates at low and intermediate charge states of the pro-
jectiles, the reaction dynamics become significantly more complex and the
validity of this simple (static) approach is strongly limited. Here, the mass,
the electronic structure, and velocity of the projectiles dictate the outcome
of the collisions. Recently, the excitation and fragmentation mechanisms
in close ion-fullerene collisions were investigated by means of non-adiabatic
quantum molecular dynamics simulations [46], which showed that not only
the total amount of energy deposited in the fullerene determine its fate, but
also the relative contributions from electronic and nuclear stopping (i.e. the
nature of excitation) play important roles. These results have been found to
be consistent with various experimental results, such as the strong velocity
effects on the fragmentation in He++C60 collisions (v=0.1-1 a.u.) [47].

Ions in collisions with higher fullerenes as e.g. the C70-molecule, have
attracted much less experimental and theoretical attention. Nevertheless,
these types of studies may reveal information regarding minor but important
differences as the vibrational degrees of freedom of the fullerenes increase. In
this chapter, we present the first detailed comparison of ionization and frag-
mentation of C60 and purified C70 following collisions with intermediately
and highly charged ions. In the next section we describe two complemen-

37
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Figure 3.1: Fullerene oven

tary methods for measuring the total and coincident (projectile charge state
analyzed) intact and fragmented fullerene ion mass spectra. We then show
how experimental kinetic energy releases can be deduced from the fragmen-
tation intensity distributions. Section 3.2 is devoted to a comparison of the
ionization and fragmentation of C60/C70 following collisions with slow highly

charged ions. Here, we focus on the binary break-ups (C+
2 -emission) of the

created multiply charged fullerene ions and extract the kinetic energy releases
in the fission processes (cf. Papers II,V,VI). These values are compared with
the corresponding results from other experiments, the present electrostatic
fragmentation model (cf. Paper III and Chapter 2), and high level Density
Functional Theory (DFT) calculations [16] (cf. Section 2.3). The ultimate
stability limit of the C60/C70-ions are then discussed in view of the fission
barriers given by the experimental, present model, and DFT results. Finally,
in Section 3.3 we study the fate of the C60/C70-molecules following collisions
with Xe4+- and Kr4+-ions at v=0.06 a.u. (cf. Paper I). The results are dis-
cussed within the framework of the simple over-the-barrier model (cf. refs
[30, 31], Paper VII, and Chapter 2) and Monte Carlo simulations [46] for the
description of distant and close (frontal and glancing) collisions, respectively.

3.1 The experimental setup and method

The studies of fragmentation and ionization processes in collisions between
slow ions and fullerenes were carried out at the Manne Siegbahn Laboratory
in Stockholm. Rare gas ions were produced in the 14.4 GHz Electron Cy-
clotron Resonance ion source and mass to charge selected by a 102 degrees
double focusing magnet. The beam was transported to the experimental
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Figure 3.2: Schematic of the experimental setup used for recording the total
recoil-ion mass spectra. Each peak in the time-of-flight spectrum is associ-
ated with a two-dimensional distribution on the position sensitive detector
(PSD1). The right part displays the mass spectra and two detector images
(C5+

58 and C3+
60 ) from 57 keV Xe19++C60 collisions.

setup by means of various electrostatic ion-optical devices. The fullerene tar-
gets, 99.9 % C60 or 99.4 % C70 powders, were evaporated in the oven shown
in Fig. 3.1, effused through the 1 mm oven exit hole and were collimated
by a second aperture to form effusive fullerene jets. The oven temperatures
were controlled with the aid of a thermocouple and mostly set to 600 ◦C
for both targets. Temperature variations were performed in order to check
single-collision conditions (c.f. Schwartz et al [48]).

3.1.1 Total recoil-ion mass spectra

In Fig. 3.2 we show a schematic of the experimental setup. The fullerene
jet points in the direction of the spectrometer axis and is collimated by an
aperture of 3 mm before it enters the interaction region. The projectile beam
is pulsed by switching the deflector voltage (Vd), located about 1 m before the
interaction region. The switching is controlled by a pulse generator (PG1)
where the repetition rate is set to 2 kHz with 10 µs duration time, which
thus gives 10 µs ion bunches. A signal from PG1 is sent to another pulse
generator (PG2) which controls the switching of the extraction field and also
sends a start signal to a multi-hit TDC (Time-to-Digital Converter). In
order to have a well-defined start time for the time-of-flight measurement,
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the two signals from PG2 are delayed relative to the incoming signal from
PG1 by the flight time from the deflector to the interaction region (e.g. ∼5.5
µs for projectile velocities v=0.06 a.u) and the beam pulse width (10 µs).
Thereby the ions are extracted on the average 5 µs after they are created.
The extraction pulse lasts for typically 100 µs with a rise time of less than
100 ns. This pulse duration is sufficient for the slowest recoil ions to leave the
20 mm long extraction region and enter the static electric field of the three
drift tubes kept at V1=-500 V, V2=-2000 V, and V3=-1000 V. The recoil
ions are accelerated towards the end of the spectrometer and hit a position
sensitive micro-channel plate detector (PSD1). Fast signals from the detector
serve as stop signals for the time-of-flight measurements. The TDC data are
stored on an event by event basis together with the four resistive anode corner
signals from which the position coordinates can be extracted by adding two
neighboring corner signals and divide the result by the sum of all four corner
signals. Thus it is possible to gate on a peak in the time-of-flight spectrum
and obtain the corresponding detector image. An example of 57 keV Xe19+

ions colliding with C60 is shown in Fig. 3.2. The spectrum is dominated by
intact Cr+

60 -ions (r=1-8), but large fragments such as Cr+
58 are also present

for r > 2. The two-dimensional (2D) images of the intact peaks (e.g. C3+
60 )

are narrow as a consequence of the jet collimation, while the corresponding
images for the fragments are significantly broader (see C5+

58 ) reflecting the
kinetic energy release in the C6+

60 → C5+
58 +C+

2 fragmentation process. The
method for extracting these energies is described below.

3.1.2 Recoil-ion mass spectra in coincidence with s sta-
bilized electrons on the projectile

In the coincidence experimental method shown schematically in Fig. 3.3, we
study the processes

Xq+ + C60 → X(q−s)+ + Cr+
60 + (r − s)e−, (3.1)

where r is the number of removed electrons from the target and s (s ≤ r) is
the number of stabilized electrons on the projectile. In order to determine
s, the continuous projectile beam is charge-state selected after the collision
by means of a 180◦ cylindrical energy analyzer. At the end of the analyzer,
the projectile ions hit a position sensitive detector (PSD2), which switches
on the extraction of the intact or fragmented fullerene ions and also serves
as a start signal for the time-of-flight measurement. The stop signal is given
by a hit on the recoil detector (PSD1) like in the total spectrum measure-
ments described above. Note that this method introduces a delay of typically
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Figure 3.3: Schematic of the experimental setup for registration of the in-
tact or fragmented fullerene ions in coincidence with the stabilization of s
electrons on the projectile.

microseconds, depending on the projectile velocity, for the creation of the re-
coil ions to the start of the extraction. The position information from both
detectors together with the flight time are stored in list mode. This gives
an additional possibility (compared to the other method) to also gate on the
projectile detector image to obtain the corresponding time-of-flight spectrum
and the recoil image. This is important when more than one charge state
of the outgoing projectiles hit the detector, i.e. for high charge states where
the differences in the energy-to-charge ratios are small for different outgoing
charge state at a preset analyzer voltage. Thus the gating technique makes it
possible to determine s even when highly charged ions are used as projectiles.

We used the same spectrometer settings as described above in order to
make direct comparisons between the two techniques, as illustrated in the
right part of Fig. 3.3. The upper part displays the total time-of-flight spec-
trum from 7.6 keV Kr4++C60 collisions, while the middle and lower show the
corresponding spectra when one (s=1) and two electrons (s=2) are stabilized
on the projectile, respectively. We see that the total spectrum is clearly dom-
inated by intact Cr+

60 -ions (r=1-4), but only intact ions with charges up to
r=3 are seen for s=1. Within the framework of the over-the-barrier model,
this indicates that the s=1 spectrum only selects distant collisions, as smaller
impact parameters are required to remove four electrons from the target. Go-
ing to s=2, the C4+

60 peak is visible. In addition, large fragments such as C2+
58
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Figure 3.4: Recoil detector images for Cr+
60 - and Cr+

58 -ions (r=5-7) from 57
keV Xe19++C60 collisions.

and C3+
58 appear, indicating an increased heating of the parent fullerene ions

compared to the s=1 case. Thus the s=2 case probe closer collisions but there
is still a wide impact parameter region which is not covered by the s=1-2
spectra, as concluded from the presence of more fragmentation products in
the total spectra. It is clear from the brief description that the two methods
complement each other, which opens up for a detailed understanding of the
ionization and the fragmentation processes.

3.1.3 Calibration of the energy scale in the kinetic en-
ergy release measurements.

In Fig. 3.4 we show the 2D images corresponding to the Cr+
60 and Cr+

58 peaks
(r=5-7) in the total spectrum from Xe19++C60 collisions. As mentioned
above the widths of the Cr+

58 peaks are directly related to the kinetic energy
releases in the corresponding fragmentation processes. We see that the width
become wider with increasing charge state r, indicating that the process
involves at least two charged fragments. The widths for intact fullerene ions,
on the other hand, are narrow and almost independent of the charge state.
This is a key parameter, as it determines the resolution of the kinetic energy
release measurement. In order to calibrate the energy scale, we introduce Xe
gas at room temperature (instead of the fullerene jet) into the collision region.
In the present studies, the formation of singly charged Xe-ions are dominated
by collisions at large impact parameters, and the energy transfer to the Xe+ is
therefore negligible. This means that the recoil detector image corresponds
to the 300 K three dimensional Maxwellian distribution projected on the
plane of the detector.

A comparison of the Xe+ and C+
60 recoil images is shown in Fig. 3.5.

Due to the collimation of the jet, the fullerene distribution is much narrower
than the thermal distribution (3/2)kT=38 meV (k=8.62·10−5 eV/K is the
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Figure 3.5: Schematic displaying the difference in recoil distributions due to
the jet collimation.

Boltzmann constant and T= 293 K is the room temperature) of the Xe+-
peak. From simple kinematics it is possible to determine the relation between
the energies and the widths of these peaks. In general, for two target ions
with charges r1 and r2 the relation is given by,

(p⊥r1
)2

2mr1

=
(p⊥r2

)2

2mr2

[∆r1

∆r2

]2 r1

r2

, (3.2)

where p⊥r1
and p⊥r2

are the momenta perpendicular to the spectrometer axis,
mr1 and mr2 are the masses, and ∆r1 and ∆r2 are the corresponding detector
peak widths. As seen in Fig. 3.5, the widths of the measured y-projections
of the target images (shown as circles) are well-determined by Gaussian dis-
tributions (solid lines). Eq. (3.2) then gives EC60+ ∼3 meV for the singly
charged fullerene ions, which thus is the experimental resolution for the ki-
netic energy release measurements. In like manner, simple kinematics can
be used to deduce an expression for the kinetic energy released (EKER) in
the fragmentation processes. Momentum and energy conservation give the
following relation between EKER and the kinetic energy carried by the heavy
fragment (EH), EKER=EH(1+mH/mL), where mH and mL are the masses
of the heavy and light fragments, respectively. The energy of the heavy
fragment scales as the calibration expression (Eq. 3.2), thus

EKER = (1 +
mH

mL

)Etherm

[ ∆H

∆Xe+

]2

r (3.3)

where r in this case is the charge of the heavy fragment and Etherm is the
thermal energy (38 meV at room temperature) of the calibration gas (Xe).



44

The widths of the heavy (H) fragment peaks should be deconvoluted by the
corresponding parent ion peaks before inserted in this expression. Fortu-
nately the widths are well described by a Gaussian fit, suggesting that the
response function also is a Gaussian. Thus, ∆2

H=∆2
H′-∆2

Parent, where ∆H′

and ∆Parent are the measured widths of the heavy fragment peak and the
parent ion peak, respectively. It should also be noted that Eqs. (3.2 and 3.3)
are only valid when the spectrometer settings are the same for the calibration
Xe and the C60/C70-target, otherwise the mass and the time-of-flight for each
ion have to be taken into account (cf. Eq. (4) in Paper V).

3.2 Stability limits for highly charged Cr+
60 and

Cr+
70 ions

Fullerenes serve as excellent electron donors as well as electron acceptors.
In view of these characteristic intrinsic properties it is obviously of funda-
mental interest to investigate their ultimate charge limits, i.e. to determine
how many electrons that can be removed or attached to produce multiply
charged fullerenes without inducing prompt decays. Recently, large quan-
tities of C2−

60 were produced in the gas phase in collisions between C−

60 and
Na [49], and free C3−

60 and C4−
60 anions were reported in studies using electro-

chemical/electrospray mass spectrometry [50]. In these cases the additional
electrons are only weakly bound in the anions and thus the resilience to elec-
tron emission determine their stability. For positively charged fullerenes, on
the other hand, their stability is given by the Coulomb stability limit, i.e.
the charge state for which the fission barrier for charged heavy particles (like
e.g. C+

2 ) vanishes.
As already mentioned, slow highly charged projectiles ions are efficient

tools for preparing fullerenes in high (positive) charge states using the ex-
perimental techniques described in Section 3.1. This thus opens up for the
possibility to study the ultimate Coulomb stability limits of C60 and C70.

3.2.1 Mass spectra

In Fig. 3.6 we show the recoil-ion mass spectra for 69 keV Xe23+ colliding
with C70 (a) and C60 (b). The spectra were recorded in coincidence with one
(s=1), two (s=2), and three electrons (s=3) stabilized on the projectiles. For
s=1, the two spectra are dominated by intact ions with charge states up to
seven. The critical over-the-barrier distance for removing the seventh electron
from a C60 molecule is R7=26.6 a0 according to the present model in which
the projectile and fullerene radii were set to zero and 8.37 a0 (see Section
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2.3), respectively. Thus, the intact fullerene ions are created in capture
processes at large impact parameters, where all but one electron is lost by
autoionization from the projectile. As a consequence, the fullerene ions are
cold and stable on the time scale of the experiment.

In order to stabilize two electrons on the projectile (s=2), closer encoun-
ters are required. The spectra are also in this case dominated by intact
molecules but higher charge states are observed (r=1-9). We also see an
increased fragmentation intensity due to the increased heating of the target.
This give the distributions on the left hand sides of the Cr+

70 and Cr+
60 peaks

with charge states larger than or equal to three (r ≥3). These heavy frag-
ments have even numbers of carbon atoms, 70-2m and 60-2m (m=1,2..), and
origin from parent intact ions with r ≥3.

For outgoing Xe20+ projectiles (s=3), the fragmentation becomes more
pronounced. In addition to the enhanced intensities of the heavy fragment
peaks, light singly charged fragments are seen as intense peaks in the left
part of the spectra. These origin from multi-fragmentation events (almost
complete destruction of the fullerene cage), which in this case most likely
are charge induced, i.e. from the increased production of fullerene ions in
high charge states with very short lifetimes. Still the processes are associated
with impact parameters to large for thermally induced multi-fragmentation,
as e.g. seen in Ar++C60 collisions [51]. However, the s=3 events are from
closer impacts compared to the s=2 events and thus the internal energies of
the fullerenes are on the average higher. This leads to an increased production
of large fragments, but also in combination with the high target charge, to
the total destruction of the fullerene cage.

In search for the stability limit under the present experimental conditions,
we show a detailed view (2.5≤ m/q ≤ 13) of the Xe23++C70 (s=3) spectra
in the lower part of Fig. 3.7. Singly and doubly charged small fragments
are clearly visible together with intact ions up to 9+. The fragment time-
of-flight peaks are wider than the intact peaks, reflecting the kinetic energy
releases in the fragmentation processes. The same effect is also seen by
analyzing the recoil detector distributions corresponding to a certain peak
in the mass spectrum, as displayed in the middle part of Fig. 3.7. The
upper part shows the mass spectrum when only central hits on the recoil
detector are selected, which clearly discriminate against the fragmentation
events. The m/q=7 peak, now becomes more pronounced compared to the
small fragment peaks. From this we conclude that C10+

70 ions are produced,
which to our knowledge is the highest charge state of C70 observed so far. In
the C60 case, we only observe intact ions with charges up to 9+ under the
same experimental conditions. These observations should be compared with
the indications of the production of C10+

60 ions by slow Xe25+ ions with the
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Figure 3.7: A zoom-in on the spectrum recorded in coincidence with three
electrons stabilized on the projectile (s=3) in 69 keV Xe23++C70 collisions
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8 ions
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s=1 s=2 s=3 Total
C9+

70 /C8+
70 0.13±0.05 0.20±0.03 0.42±0.07 0.19±0.04

C9+
60 /C8+

60 0.08±0.04 0.13±0.02 0.20±0.05 0.12±0.02

Table 3.1: The intensity ratios between the C9+
70/60 and C8+

70/60 ions produced

in collisions where s=1-3 electrons are stabilized on the Xe23+ projectiles. In
addition, the corresponding ratios for the total charge state distribution are
displayed.

aid of a slightly different experimental technique [52]. The present results
indicate that the produced highly charged C70 ions are somewhat more stable
than the corresponding C60 ions, as concluded from the direct comparison of
the intensity ratios between the charge states 9+ and 8+ (s=1-3) displayed
in Table 3.1. This is consistent with the fact that intact 10+ fullerene ions
are observed in the C70- but not in the C60-case.

As a final comparison between the Xe23++C60 and Xe23++C70 s=3 spec-
tra, we show zoom-ins of the small fragment distributions in the upper part
of Fig. 3.8. The rather strong doubly charged fragment peaks of the multi-
fragmentation patterns are clear indications for high charge state productions
as the charge is highly mobile in the fullerenes and thus would be evenly dis-
tributed among the fragmentation partners in the decay. In the lower part
of Fig. 3.8 we show the ratios between small fragments produced in colli-
sions with C70 and C60. We note that there is a preference for production of
large singly charged fragment in the Xe23++C70 case, while there is higher
tendency for the production of doubly charged fragments in the Xe23++C60

case. This effect will be discussed in detail below in connection with the cor-
responding results when four times charged projectiles (Xe4+ and Kr4+) are
used (Section 3.3). It should be noted that the small fragment distributions
are strongly suppressed in our spectra compared to the s = 2−3 spectra mea-
sured in Xe25++C60 collisions as reported by Tomita et al [53]. Although this
indicates that the transmission through our spectrometer is limited for the
small charged fragments, the conclusions drawn from the present comparison
between the two targets (C60 and C70) are still valid.

3.2.2 Kinetic energy releases

It is well established through experimental studies that the emission of a
neutral C2 unit (evaporation) is the dominating decay channel in the frag-
mentation of Cr+

60 ions (r <4) [54, 55, 56]. For, r=4 asymmetric fission
processes (mainly emission of C+

2 ) become competitive, and dominate when
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2 . The present re-
sults are compared with earlier results obtained using the MIKE technique
[57, 58].

r ≥4 [54, 55, 56]. From this point of view it seems reasonable to further
investigate the asymmetric fission processes regarding the kinetic energy re-
leases and fission barriers, as they appear to be the channels which dictates
the ultimate stability limit [16]. The large similarities between the spectra
in Fig. 3.6 indicate that the fragmentation of highly charged Cr+

70 ions most
likely are governed by the same processes.

In Fig. 3.9 we show the experimental kinetic energy releases for the asym-
metric fission process where Cr+

70 or Cr+
60 emits a C+

2 molecule. We exhibit
results for 69 keV Xe23+C60/70, 48 keV Xe16+C70, and 50 keV Xe17+C60 col-
lisions. In addition, we show earlier results obtained by the Innsbruck group
[57, 58] using the Mass-Analyzed Ion Kinetic Energies (MIKE) technique. In
this method, the fullerene ions are produced by electron bombardment and
the kinetic energy release values of the fragmentation products are deduced
from the energy distributions of the C58 ions by means of an electrostatic
analyzer. It should be noted that in the present technique, it is not possible
to distinguish between two competitive fragmentation processes (e.g. evapo-
ration and fission) resulting in the same heavy fragment ion, i.e. to separate

Cr+
60/70 → Cr+

58/68+C2 from C
(r+1)+
60/70 → Cr+

58/68+C+
2 processes. However, for

high parent-ion charge states (>5), the evaporation processes are strongly
suppressed and should only have small (if any) influences on the widths of
the fragment detector distributions. This is consistent with the TOF results
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Figure 3.10: The theoretical and experimental kinetic energy release values
for the asymmetric fission processes Cr+

60 →C
(r−1)+
58 +C+

2 . The present exper-
imental and model results are compared with Density Functional Theory
calculations [16], and experimental results obtained using the MIKE [58, 61]
and TOF techniques [59, 62].

reported by Tomita et el. [59] where the processes are unambiguously sep-
arated (the values are shown in Fig. 3.10). Nevertheless there is a large
discrepancy between the results for the two methods (MIKE and TOF). The
reason for this is still puzzling and it is therefore worth to discuss a few
additional differences between the experimental techniques. The ionization
methods are different, which influence the internal energies of the produced
fullerene ions. Furthermore, the decay is measured about ∼10µs after the
ionization in the MIKE experiments to be compared with ∼1µs (depending
on the projectile velocity) in the present experiments. In this time window,
the molecules may be cooled [60]. Thus the internal energies of the decaying
fullerene ions are most likely different in the two methods. This should affect
the fission rates, but probably not the kinetic energy releases.

As mentioned in Section 2.3, high level Density Functional Theory (DFT)
calculations of ionization energies, kinetic energy releases, and fission barriers
for C60 have recently been performed [16, 17]. However, such calculations
of the corresponding properties of C70 have not yet been reported. We will
therefore in the following focus on the C60 concerning the comparison between
the experimental and the theoretical results (the DFT calculations and the
present simple electrostatic model). The conclusions drawn will then be
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applied to the C70 molecule. This seems reasonable as the experimental
kinetic energy releases within each method are similar for the C60 and C70

(see Fig. 3.9), which indicates that the separation processes are governed by
similar physical mechanisms.

The kinetic energy release values for processes where Cr+
60 emits a single

C+
2 ion are shown in Fig. 3.10. We see that the DFT calculations are in very

good agreement with the experimental values, although slightly lower than
the MIKE results reported by Senn et al. [58]. This is rather surprising as
the calculations concern cold molecules and thus give an upper limit for the
kinetic energy release values as the fragmentation products may be excited in
the fragmentation processes. Note however that the earlier MIKE measure-
ments [54] are consistent with the DFT results. The present model values
are slightly higher than the DFT values, but still in good agreement with the
experimental results. As the model also treats cold fragmentation products it
seems to be good for upper bound predictions of the kinetic energy releases.
It is important to the remember that the model parameters (radii of the con-
ducting spheres) are deduced from a linear fit to the ionization energies of
the C58 and C2 molecules calculated within the DFT framework (see Section
2.3). These calculations, however, are much less computational demanding in
comparison with the transition state (TS) calculations that directly yield the
fission and fusion barriers [16]. Thus it appears as the present model is excel-
lent for systems where TS calculations have not been performed, but where
the sequence of ionization energies is linear and well-defined (experimentally
or theoretically).

The good agreement between the theoretical and experimental kinetic
energy release values shows that the concept of a reaction barrier is valid
and thus the fragmentation process can be explained without introducing
the Auto Charge Transfer (ACT) mechanism. This fragmentation reaction
was proposed by Scheier et al. in 1995 [54, 61] as their measured experimen-
tal kinetic energy release values for the decay of multiply charged fullerene
ions were to small to be explained by a simple Coulomb interaction between
the fragments. In the ACT process the fragmentation process starts out
with a neutral C2-emission followed by an electron transfer to the charged
heavy fragment. The fragmentation products are then separated due to the
Coulomb repulsion. However, in the present model the polarization in both
fragments are taken into account, which evidently is important for reproduc-
ing the kinetic energy release values within the reaction barrier concept.

The kinetic energy release values for the decay, Cr+
60 →C

(r−1)+
56 +C+

4 , have
also been determined experimentally [58, 59]. Although this channel is weak
and not important for the prediction of the ultimate stability limit [16], the
system is well-suited for an additional comparison with the present electro-
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Figure 3.11: Kinetic energy release values for processes where Cr+
60 emits a

single C+
4 ion. The present model values are compared with experimental

results obtained using the MIKE [58] and TOF techniques [59].

static model. The results are shown in Fig. 3.11, where the model radii
also in this case have been determined from a linear fit to the DFT ioniza-
tion energies by Dı́az-Tendero et al. [63]. This gives the following values
for the C4 and C56 radii, 27.21/(I2(C4)-I1(C4))=3.96 a0 and 27.21/(I2(C56)-
I1(C56))=8.10 a0, respectively. We see that our model even in this case is in
good agreement with the experimental results, just above the TOF values
[59] and slightly lower than the MIKE values [58]. According to the above
discussion, the model values should mark the upper limit. This indicates
that we perhaps overestimate the C4 radius and thus its polarizability value.
Nevertheless the model appears to catch the essentials regarding the mutual
interactions between the fragmentation products in the separation process.

3.2.3 Barriers for asymmetric fission

The recently reported ab-initio studies on the Coulomb stability of multiply
charged fullerene ions [16, 17] show that the evaporation of a neutral C2 mole-
cule is the dominating decay pathway for Cr+

60 ions when r ≤3, while charged
species are predominantly emitted for higher fullerene charge states. These
findings are in good agreement with the experimental results [54, 55, 56].
The height of the fission barrier confining the charged fragment determine
the stability of the system, i.e. the lower the barrier the more unstable is
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the charged fullerene ion. This is illustrated in Fig. 3.12, where the fis-
sion barrier (Bfis) is lower than the dissociation energy (DE(C2)) for the
neutral C2-evaporation process (Cr+

60 →Cr+
58 +C2). Thus the asymmetric fis-

sion process is the dominating decay pathway in this scheme. Furthermore
the fragmentation is an exothermic process (i.e. the parent ion is thermo-
dynamical unstable), which according to the DFT calculations is the case
for r ≥6 [16] and thus supports the idea of a reaction barrier (as we and
several other authors report metastable intact fullerenes with charge states
considerable higher than r ≥6). In the DFT-calculations [16] the fission bar-
riers are directly determined from the transition states found by exploring
the multidimensional potential energy surfaces. Alternatively one can use
the expression Bfis=EKER+DE(C2)+I1(C2)-Ir(C58), which give the relation
between the fission barrier (Bfis), the kinetic energy release (EKER), the dis-
sociation energy (DE(C2)), and the difference in energies of the two final
states (Ir(C58)-I1(C2)). This expression can be used to determine the fission
barriers without the TS energy, i.e. by replacing EKER with experimental
values or the present model results. Instead, however, this approach requires
experimental or theoretical values of the dissociation energy (DE(C2)) as
function of the charge state and the sequence of ionization energies for C58.
Before the DFT calculations were reported in 2005 [16, 17], the most com-
mon assumption was that the charge dependence of DE(C2) was weak and
therefore often set to a constant value, which turned out to be a rather crude
assumption as variations up to 3 eV (∼ 30 %) where found for r=0-10 in
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Figure 3.13: Theoretical and experimental fission barriers for the processes
Cr+

60 →C
(r−1)+
58 +C+

2 . The present experimental and model results are com-
pared with Density Functional Theory (DFT) calculations performed by
Dı́az-Tendero et al. [16], and experimental results reported by Senn et al.

[58], Scheier et al. [61], Chen et al. [62], and Tomita et al. [59].

the DFT calculations. Still, the previous predicted experimental and model
fission barriers were in reasonable agreement, although the results were more
sensitive to the choice of model parameters than in the corresponding com-
parison between the kinetic energy release values.

A third approach can also be used to determine the fission barriers,
namely from the expression Bfis=EKER+DE(C+

2 ) (see Fig. 3.12). The dis-

sociation energy for the process Cr+
60 →C

(r−1)+
58 +C+

2 have also been calculated
within the DFT framework [16, 17] and were found to be nearly linear with
r, DE(C+

2 )=0.6622-0.1162r a.u.. In Fig. 3.13 we show the present model
and experimental fission barriers deduced from the kinetic energy release
values shown in Fig. 3.10 and the expression for DE(C+

2 ). Shown are also
the theoretical values given directly by the TS energy [16]. It should be
noted that these calculations predict the emission of two atomic species for
r ≥9. The barriers are however of the same order as for C+

2 emission and
should therefore not influence the conclusions drawn from Fig. 3.10. The
relations between the data sets are of course similar as for the kinetic energy
release values. Still it is interesting to see the predictions of the Coulomb
stability limits (the highest charge state for which Bfis >0) for the different
cases. The DFT calculations predicts r=14, while the present model gives
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a slightly higher value (r=17). The experimental fission barriers are lower
than the theoretical ones, which indicate that the fragmentation products
are excited in the fragmentation process. This simply means that some of
the energy available at the top of the fission barrier is converted to internal
energies not to kinetic energy for the fragments center of mass.

Even though the theoretical fission barriers are nonzero for the high
charge states, it is not necessarily possible to detect the fullerene ions due
to the rapidly decrease in lifetime of the systems associated with a lower-
ing of the barrier. In addition, the excitation of the fullerene ions due to
their initial temperature and collisional heating should influence the lifetime.
It should be noted that the highest charge state observed so far is 12+,
produced by multiphoton absorption [64]. There, the internal energy is con-
trolled by timing femtosecond laser pulses with the vibrational periods of the
molecule, which means that about 50 % of the energy deposited in the C12+

60

ions can be removed by a control pulse timed to work against the dominant
mode. In the present technique, the fullerene ions are not cooled after the
ionization process, which might explain the absence of these species in our
measurements. Furthermore the fullerenes are excited due to their initial
temperature (∼600 ◦C). In order to investigate how this contribution affect
the charge state distribution, a cluster aggregation source for production of
clusters of fullerenes (C60)n (which under certain conditions also serve as a
cold monomer source) could be used in future experiments. A more detailed
description of this source is presented in Chapter 5.

Earlier in this section we concluded that the detected Cr+
70 ions are more

stable than the corresponding Cr+
60 ions. One possible reason for this is that

the fission barriers are higher for the former ones. However, the experimen-
tal kinetic energy releases are similar, which indicates that the differences in
dissociation energies ∆DE(C+

2 )=E(C
(r−1)+
58 )-E(Cr+

60 )-E(C
(r−1)+
68 )+E(Cr+

70 ) de-
termine the fission barrier differences. For a definite answer, high level calcu-
lations for C+

70 ions similar to the ones performed for Cr+
60 [16, 17] are required.

A reasonable assumption is that the difference is not so large and could at
least not alone explain the experimental results. Instead, we believe that
the difference in the number of vibrational degrees of freedom is a more im-
portant parameter. The collisional induced excitation energies are similar in
both cases but have more vibrational degrees of freedom to be distributed on
in the C70 case. As a consequence, the probability for decay is significantly
lower, which means that the lifetimes for Cr+

70 ions are much longer than the
Cr+

60 ions and thus to a larger extent survive to the end of the extraction
region in the time-of-flight spectrometer.
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Figure 3.14: The total recoil-ion mass spectra of the collision products from
12 keV Xe4++C70 (upper left) and 12 keV Xe4++C60 collisions (upper right),
and from 7.6 keV Kr4+C70 (lower left) and 7.6 keV Kr4+C60 collisions (lower
right).

3.3 Ion-induced fragmentation and ionization

of C60 and C70 by Xe4+- and Kr4+-ions

So far, we have only treated the fate of multiply charged C60 and C70 ions
created in distant collisions with highly charged atomic ions. In this section
we focus on the fragmentation and ionization processes following collisions
with Xe4+ and Kr4+ projectiles at v=0.06 a.u. Here, the critical distances
for electron transfer are significantly smaller. As a consequence, reactions
occurring in glancing and frontal hits with the fullerene cage become rela-
tively more important and the fragmentation is thus to larger extents ther-
mally activated. In this impact parameter region the collision dynamics is
more complex to describe compared to the distant collisions where the simple
over-the-barrier model catches the essentials of the ionization processes and
the fragmentation is (mainly) charged induced.

3.3.1 Mass spectra and fragment detector images

In Fig. 3.14 we show the total recoil-ion mass spectra of the collision products
from 12 keV Xe4+ ions colliding with C70 and C60, and from 7.6 keV Kr4+ ions
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colliding with C70 and C60. The spectra were recorded under identical ex-
perimental conditions regarding beam pulsing and spectrometer settings (for
details see Section 3.1.1). We see that the intensities of the intact fullerene
ions are rather similar, where up to five times charged fullerenes are clearly
seen in all cases. The differences in the fragmentation patterns indicate a
stronger projectile than target dependence on the ionization and fragmen-
tation processes. However, there seems to be a preference for high charge
states and the intact to fragment ratios appear to be larger in the C70 cases,
which suggests that the produced Cr+

70 ions are colder than the corresponding
Cr+

60 ions. The C3+
60/70−2m distributions are significantly different for the Xe4+-

and Kr4+-projectiles, while the target dependence is rather weak for a given
projectile (Xe4+ or Kr4+). That is, the intensity distributions for C3+

60−2m and
C3+

70−2m are very similar as functions of m for a given projectile species.

In Fig. 3.15 we show detailed views of the small fragment distributions
(C+

3 -C+
12) in the total mass spectra of Fig. 3.14. Except for some minor

differences, the distributions are remarkably similar in all four cases. In the
top panel, there is only a slight increase of the C+

11 peak in the Xe4++C70

compared to Xe4++C60 case, otherwise the patterns are more or less identical.
Note that these distributions are rather different compared to the multi-
fragmentation patterns recorded using Xe23+-projectiles (cf. Fig. 3.8) which
were target dependent and contained significant distributions from doubly
charged fragments (supporting the idea of charge-induced total destruction
of the fullerene cage). Thus the suppression of doubly charged fragments
using Xe4+- and Kr4+-projectiles indicates that the multi-fragmentation of
C60/C70 to larger extents are thermally induced, where the energy deposited
per internal degree of freedom is similar for the C60 and C70 as the singly
charged fragment distributions are similar in this case.

In the second panel of Fig. 3.15 we also note large similarities between the
singly charged fragments created in Kr4++C60 and Kr4++C70 collisions. In
the former, however, there are additional contributions from doubly charged
fragments (C2+

15 -C2+
23 ), where even-numbered doubly charged fragments most

likely explain the broadening of peaks with mass-to-charge ratios (m/q=8-
11) in the Kr4++C60 spectrum. This also explains the small differences in
the distributions for Kr4++C60 and Xe4++C60 shown in the third panel of
Fig. 3.15. Furthermore we observe C6+

70 in the Kr4++C70 spectrum (see e.g.
the lower panel), which clearly shows that Kr4+-projectiles are more efficient
than Xe4+-projectiles in creating intact fullerenes in high charge states. Thus
the enhancement of the doubly charged fragments in the Kr4++C60 case is
most likely associated with the increased probability for high charge state
production using Kr4+- compared to Xe4+-projectiles, while the absence of
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Figure 3.15: Zoom-ins of the small fragment distributions in the total mass
spectra shown in Fig. 3.14. The m/q=12 peaks have contributions from C5+

60

in the Kr4++C60 and Xe4++C60 cases and the large peaks for m/q<5 in the
Kr4++C70 and Xe4++C70 cases are due to collisions with background gas
(not fullerenes).
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v=0.078 a.u. normalized to the results at v=0.06 a.u.

the doubly charged peaks in the Kr4++C70 case is a consequence of the larger
number of atoms (70 compared to 60) for the charge to be distributed on.

The large similarities between the C+
3 -C+

11 distributions in Fig. 3.15 are
rather surprising since multi-fragmentation events usually originate from
frontal and glancing collisions where the projectile mass at a given veloc-
ity should have significant influence on the (nuclear) energy transfers. Thus
one would intuitively expect strong projectile dependencies on the C+

3 -C+
11 in-

tensity distributions. For higher projectile velocities, on the other hand, the
intensities of the lower mass peaks increase significantly. This is illustrated
in Fig. 3.16, which shows the relative intensity distribution for Xe4++C60 at
v=0.078 a.u. normalized to the corresponding distributions at v=0.06 a.u.
The enhancement indicates that the contribution from electronic stopping
increases with increasing projectile velocity, in accordance with earlier ob-
servations in e.g. Ar++C60 (v=0.04-0.55 a.u.) [51] and He++C60 collisions
(v=0.1-1 a.u.) [47].

Additional information regarding the fragmentation and ionization pro-
cesses is given from the coincident recoil-ion mass spectra for three of the
present four collision systems, Xe4++C70, Xe4++C60, and Kr4++C60. When
one electron is stabilized on the projectile (s=1) the spectra are very sim-
ilar and contain only intact ion peaks with charge states up to three. The
corresponding s=2-3 spectra are shown in Fig. 3.17, which show minor but
important differences. For s=2 the spectra are strongly dominated by intact
ions with charge states up to 4 with limited contributions from evapora-
tion from doubly charged fullerenes for all three cases and also from triply
charged fullerenes for Kr4++C60. It thus appears as the major part of the
s=2 events are associated with transfer ionization processes (A4++C60 →
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(A(4−r)+)*+Cr+
60 → A2++Cr+

60 +(r-2)e−) that take place at rather large im-
pact parameters, where small amounts of energy are transferred to the target.
Nevertheless, the shapes of the distributions are unexpected as the fragment
peaks usually appears from the highest target charge states in coincidence
spectra (at least for high projectile charge states, cf. Fig. 3.6) reflecting
the increased heating of the target ions with the degree of ionization. Going
to s=3 we note that there are significant contributions from fragmentation
processes (fission and evaporation), where the shapes of the distributions
are strongly dependent on the projectile species (i.e. Xe4+ or Kr4+) but only
slightly dependent on the target size (i.e. C60 or C70). The triply and quadru-
ply charged fragment peaks are narrow in all cases. From this observation
we conclude that the C3+

60 evaporates and decays by fission, while C3+
70 only

evaporates. The quadruply charged intact ions evaporate and most likely also
fission where the contributions to the triply charged fragments are to weak
to give significant broadenings of the C3+

60−2m/C3+
70−2m peaks. The C5+

60 and
C5+

70 peaks are almost absent in the s=3 spectra while they are pronounced
in the total spectra (cf. Fig. 3.14). We thus conclude that these species are
mainly produced in collisions where the projectiles are fully neutralized. For
the same reason, the small singly charged fragments (C+

3 -C+
12) are obviously

only produced in collisions in which the Xe4+- and Kr4+-projectiles are fully
neutralized.

Beside the total and coincident mass spectra, the kinetic energy release
measurements can be used to determine dominating fragmentation pathways.
The widths of the detector distributions of the fragment peaks (C

r+
60−2m/

C
r+
70−2m) in the total spectra are shown in Fig. 3.18 together with a few of

the two dimensional (2D) detector images. For C
2+
58 /C

2+
68 (m=1) we note that

the 2D images are narrow and only slightly larger than the corresponding in-
tact peaks (not shown). Thus the m=1 widths correspond to the kinetic
energy release for the purely evaporative decay from C2+

60 . With the assump-
tion that each step along a sequence of evaporative decays give an equal
amount of kinetic energy release, we calculate the corresponding widths for
a [mC2]-sequence from the relation ∆(mC2)=

√

m(∆(C2))2. Here we used
the fact that the experimental response function is Gaussian, where ∆(C2)
labels the width of the deconvoluted Cr+

58/68 fragment peak (cf. Section 3.1)

which corresponds to the kinetic energy release in the Cr+
60/70 → Cr+

58/68+C2

evaporation process. The results are shown in the lower solid curves. In
comparison with the experimental results it is thus evident that the C2+

56/66

ions are due to a two-step evaporation sequence in all three cases. For m=3
only the C2+

64 follows the [mC2]-curve, while the C2+
54 peaks have significant

contributions from fission processes. The latter is also true for m ≥4, in
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accordance with the conclusions drawn from the total and coincident spectra
shown in Fig. 3.14 and Fig. 3.17, respectively. However, conclusions regard-
ing which species (C+

2k) that are involved in the fission processes can only
be extracted from the fragment distributions. For this purpose, we show the
calculated sequences where one step is a fission process, i.e. [(m−1)C2+C+

2 ],
[(m − 2)C2+C+

4 ], and [(m − 3)C2+C+
6 ]. Here, we have assumed that the ki-

netic energy release in the fission step is similar for all k and used the Density
Functional Theory value (1.8 eV) [16] for the process C3+

60 → C2+
58 +C+

2 (cf.
Fig. 3.10) to determine the distribution widths. In comparison with these
curves we note that the doubly charged fragments with m ≥3 (Xe4+) and
m ≥5 (Kr4+) most likely are associated with fission of one charged fragment
C+

2k (k ≥2) in the sequences of C2 evaporation, which is consistent with the
absence of two charged fragments in correlation studies of the asymmetric
fission of C3+

60 [65, 66]. For the triply charged fragments, we note that the
contributions from fission are much weaker as all except one of the exper-
imental values lie below the [(m − 1)C2+C+

2 ]-sequence. Furthermore, it is
well-established through several experimental studies that evaporation and
fission are competitive processes in the C4+

60 decay, with a slight preference
for C2-evaporation [67]. In addition, the dominating fission channels for
m ≥ 3 involves C+

4 - and C+
6 -emission [65], which would give significantly

larger widths of the fragment detector images. We thus conclude that the
major part of the triply charged fragment peaks in the total spectra stem
from sequential evaporation ([mC2]) of C3+

60 . The same is true for the quadru-
ply charged fragments except for the C4+

54 ions created in Kr4++C60 collisions,
where fission of C5+

60 gives a significant distribution.

In Fig. 3.19 we compare the widths of the detector distributions for
the triply charged fragments in the total (also shown in Fig. 3.18) and in
the s=3 coincident spectra. Following the arguments given above, we con-
clude that all triply charged fragments are due to sequential evaporation
when three electrons are stabilized on the Xe4+-projectiles, i.e. Xe4++C60→
Xe++C3+

60−2m+mC2. For the Kr4+-projectiles there are only minor contri-
butions from fission of C4+

60 which allows us to make a direct comparison
of the evaporation series for the two projectiles. These are shown in Fig.
3.20 together with the corresponding distributions for the Xe4++C70 case.
We note that there are stronger projectile than target dependences and all
three distributions deviate from the typical monotonic decrease in intensity
with increasing m [68]. This clearly shows that true three electron capture
events (r=s=3) are associated with close encounters where the projectile
mass/structure play important roles for the target excitation.
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Figure 3.19: The recoil widths of the triply charged fragments produced
in Xe4++C60 (left part) and Kr4++C60 collisions (right part). The solid
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66

3.3.2 Distant and close collisions

As a basis for discussion, we use the critical over-the-barrier model and
Monte Carlo calculations for the description of distant and close (frontal and
glancing) collisions, respectively. The large similarities between the s=1-2
coincident spectra where intact fullerene ions dominate, indicates that the
ionization processes are associated with large impact parameters where the
over-the-barrier concept may be applied. Although the present static over-
the-barrier model is less accurate for intermediate charge state projectiles as
the quasi-continuum condition not necessary is fulfilled, it still gives upper
limits for the critical distances for electron capture from C60. If we assume a
point charge projectile, the model gives R1=23.6 a0, R2=20.5 a0, R3=17.8 a0,
and R4=15.1 a0. As only minor contributions from quadruply charged intact
ions are seen in the s=2 spectra (cf. Fig. 3.17) we conclude that the s=1-2
spectra are strongly dominated by collisions far outside the fullerene cage
(& 15.1 a0). On the other hand, the s=3 spectra in Fig. 3.17 display pro-
jectile dependent ionization and fragmentation events and thus probe closer
encounters.

For frontal and glancing collisions we performed Monte Carlo calcula-
tions of atom-fullerene collisions using the method described in [31]. In this
model a screened Bohr potential is used to describe the interactions be-
tween the projectile atom and the nuclei of 60 individual carbon atoms in
the C60 geometry, while Firsov’s formula [69] is used to calculate the en-
ergy loss to the electronic systems of the 60 atoms. The simulations were
carried out for a large number of randomly generated impact parameters
and orientations of the fullerene cage. This simplified picture has certain
limitations. The carbon atoms are fixed in position which thus leads to an
overestimate of the nuclear energy transfers, especially for impact parame-
ters corresponding to close binary atom-carbon encounters. Furthermore the
electron density is more strongly located to the cage surface than in reality
as the electronic system is described by 60 individual carbon atoms. As a
consequence, the electronic energy transfer in frontal collisions has a rather
strong maximum for impact parameters close to the cage surface in contrast
to the nearly independent energy transfer as function of impact parameter
(inside the fullerene cage) in Ar++C60 collisions (v=0.45 a.u.) calculated
by means of non-adiabatic quantum molecular dynamics simulations [46].
However, detailed comparisons between the present Monte Carlo method for
Ar+C60 collisions and the results reported in [46] suggest that the simple
Monte Carlo simulations still describe the general trends for the electronic
and nuclear contributions correctly, although it is limited in accuracy for
absolute estimates of the energy transfers.
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Figure 3.21: Calculated electronic and nuclear stopping in frontal (b=0-7 a0)
and glancing (b=7 a0-bmax) A + C60 collisions (A=7.6 keV Kr, 12 keV Xe,
20 keV Xe, and 30 keV Xe).



68

C3-C11, s=4
(projectile mass independent)

+ +

C60-2m, s=3                
(projectile mass dependent)

3+

Figure 3.22: Schematic displaying the collision regions corresponding to the
observed (projectile mass independent) multi-fragmentation and (projectile
mass dependent) sequential evaporation processes. These processes are as-
sociated with the stabilization of s=3 and s=4 electrons on the projectile,
respectively.

In Fig. 3.21 we show the nuclear and electronic stopping power for two
impact parameter intervals corresponding to frontal (b=0-7 a0) and glancing
collisions (b=7 a0-bmax). The upper limits for glancing collisions (bmax) were
defined as the maximum impact parameter for which direct knock outs of car-
bon atoms are possible. We used the values bmax=9.8 a0 (Xe) and bmax=9.3
a0 (Kr) calculated following Larsen et. al. [70] as the distance where 13.5
eV is transferred in binary projectile- carbon atom collisions [70]. In frontal
collisions we note that both the nuclear and electronic energy transfers are
very sensitive to the projectile mass and velocity and are typically associ-
ated with energy transfers in the keV range (cf. left part of Fig. 3.21). From
this point of view it appears unlikely that our measured C+

3 -C+
11-distributions

are created in frontal collisions, as one would expect these violent collisions
to yield projectile mass dependent multi-fragmentation patterns at v=0.06
a.u.. Instead, it seems more reasonable that they originate from glancing
collisions where the calculated energy distributions are almost mass inde-
pendent (at v=0.06 a.u.) as is evident from the right part of Fig. 3.21.
In this impact parameter region (7 a0-bmax) the electronic stopping increase
with increasing velocity, indicating that the velocity dependent shape of the
C+

3 -C+
11-distributions we observe is mainly governed by the electronic excita-

tion, in accordance with the results from He++C60 collisions (v=0.1-1 a.u.)
reported by Schlathölter et. al [47].

Although the major part of the experimental observations could be ex-
plained within the above analysis, the energy transfer mechanisms are not
fully understood. This is concluded from the fact that the multi-fragmentation
events we measure are associated with four electrons stabilized on the pro-
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Figure 3.23: The left part displays the relative cross sections for producing
Cr+

60 and Cr+
70 ions which are stable on the time scale of the measurement.

The cross section are normalized to the Xe4++C60 results. The right part
displays the corresponding distributions before fragmentation, reconstructed
from the information given by the fragment distributions. Lines are drawn
to guide the eye.

jectile (s = 4) and thus stem from collisions closer to the fullerene cage than
the collisions resulting in sequential evaporation of triply charged fullerenes
(C3+

60/70−2m), as shown schematically in Fig. 3.22. It is thus evident that
the observed mass independent fragmentation for the s=4 events is not con-
sistent with mass dependent fragmentation for the s=3 events within the
present simple Monte Carlo simulations of energy transfers. One possible
clue in this puzzle is that electronic excitations due to the ionization pro-
cesses, i.e. the charge-induced contribution to the multi-fragmentation is not
taken into account in such simple stopping power calculations.

Finally we use the information from the peaks in the total mass spectra
and their fragment distributions to deduce the relative charge state distribu-
tions for C70 and C60 before and after the fragmentation processes. These
are shown in Fig. 3.23, where the distributions before fragmentation were
reconstructed by analyzing the widths of the fragment distributions from
which the dominating fragmentation pathway could be determined. We note
that there is a significant enhancement for high charge state productions us-
ing Kr4+- compared to Xe4+-projectiles and C70 is in this respect the most
favorable target. This is in good agreement with the present observations of
C6+

70 using Kr4+-projectiles and the indications of high charge state produc-
tions in glancing collisions manifested as an enhancement of doubly charged
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small fragments in the multi-fragmentation processes.

3.4 Summary of collisions with fullerene monomers

We have investigated the ionization and fragmentation of C60 and C70 fol-
lowing slow collisions with intermediate and highly charged ions using two
complementary methods. The measured kinetic energy releases (KERs) for

the dominating fragmentation process (Cr+
60/70→C

(r−1)+
58/68 +C+

2 ) were found to

be similar for the decays of Cr+
70 and Cr+

60 ions with a larger stability for the
produced Cr+

70 ions. The latter was explained by the larger number of the vi-
brational degrees of freedom for which the internal energy may be distributed
in C70 compared to C60. The present KER values from these processes were
found to be in good agreement with earlier results from (highly charged)
ion-fullerene collisions, while there are unexplained differences in comparison
with electron bombardment studies [57, 58]. The corresponding model results
were found to be in rather good agreement with the experimental and high
level Density Functional Theory (DFT) results, but also in comparison with

earlier measurements [58, 59] of the KERs in Cr+
60 →C

(r−1)+
56 +C+

4 processes,
for which no DFT results have been reported so far. This shows that the
present model indeed is useful for first order estimates of KER values. The
deduced experimental fission barriers are lower than the DFT results and
the present model results, which seems reasonable as possible excitations in
the fragmentation processes are not considered in the theoretical approaches.
From this point of view the DFT results appears to give excellent results as
the ultimate stability limit of Cr+

60 is predicted to r = 14, which is only
slightly larger than the highest observed charge state (so far) r=12 [64]. The
present model give a somewhat unrealistically high stability limit (r=17),
which clearly exposes the importance of high level calculations for accurate
predictions. Nevertheless, the simple model may be useful for estimates for
complex systems where high level calculations still are too computational
demanding.

For intermediate charge state projectiles (Xe4+ and Kr4+), we used the
fragment kinetic energy release measurements and the coincidence informa-
tion on the final projectile charge states to deduce details regarding the
fragmentation pathway histories. We found that the distributions of triply
charged fragments from evaporative sequences (C3+

60/70 → C3+
60/70−2m +mC2)

depend strongly on the projectile species while the target size has less influ-
ence on the shapes of the patterns, i.e. the pattern does not change much by
replacing C60 with C70 while it does change significantly by replacing Xe4+

with Kr4+. In the more violent (and closer) collisions resulting in the total
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destruction of the fullerene cage, we found a remarkable similarity of the
multi-fragmentation distributions (C+

3 -C+
11) for the Xe4++C60 and Xe4++C70

collisions. The observed velocity dependent multi-fragmentation patterns
showed that the distributions are mainly dictated by the electronic stopping,
which was supported by Monte Carlo simulations of glancing impacts sug-
gesting that frontal collisions are strongly suppressed in the experiments. In
addition, the multi-fragmentation patterns were found to be basically target
insensitive for a given projectile. From this, we concluded that the excitation
energy per internal degree of freedom are similar for C60 and C70 in these
collisions where the shapes of the patterns are dictated by the binding energy
per atom for the small fragments.

The multi-fragmentation processes yielding C+
3 -C+

11 fragments were shown
to be associated with glancing collisions in which the projectile is fully neu-
tralized, while the C3+

60−2m/C3+
70−2m evaporation sequences were found to be

associated with impact parameters giving stabilization of three electrons
(s=3). The fact that a projectile mass dependence shows up in the more
distant collision (s=3) leading to evaporation and not in collisions leading
to multi-fragmentation (s=4) does not show up in the simple Monte Carlo
calculation of stopping power. It is likely that a correct account of this ob-
servation would have to include full quantum mechanical calculations of the
type performed by Kunert and Schmidt [46].
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Chapter 4

Fullerene-fullerene collisions

Fullerene-based material have recently been studied extensively with focus
on applications within nanotechnology. One of the major obstacles towards
a controlled production of nanoscale electrical devices is the problem of han-
dling the electrical contacts between the materials. For example, rectifying
diodes consisting of a metal-semiconducting junction of nanotubes have been
produced [71], but the wiring between these devices are yet to be managed
in a controlled way. In addition, the production of the materials has to be
improved for successful industrial applications. In this context, the recent
breakthrough of a new technique for fast production of meter-long (5 cm
wide) nanotube sheets [72] appears to be very promising.

The simple method to produce fullerenes in the gas phase has opened up
for the production of multiply charged fullerene beams with sufficient current
for detailed studies of multiple charge transfer processes in slow collisions
between two individual fullerenes [9]. To some extent these collision systems
may be viewed as model systems for investigations of the conditions for which
electrical contact is established in fullerene-based materials.

The experimental results regarding electron transfer in collisions between
fullerenes and slow multiply charged carbon- or fullerene ions [9] were the
initial source of inspiration in developing the classical static over-the-barrier
model for interacting spheres. In this chapter we will first briefly describe
the experimental setup used in these studies and then rationalize some of the
results within the framework of the present model.

4.1 Experimental setup and method

In Fig. 4.1 we show a schematic of the experimental setup at the AIM
(Accélérateur d’Ions Multichargés) facility at CEA (Commissariat l’Énergie

73
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Figure 4.1: A schematic of the experimental setup at the AIM facility at CEA
in Grenoble used for studies of electron transfer processes in ion-fullerene and
fullerene-fullerene collisions.

Atomique) in Grenoble. The projectile ions exiting the energy analyzer pass
through the interaction zone where they cross the fullerene jet effusing from
an oven kept at 500 ◦C. In contrast to the setup at Stockholm University
described in the preceding chapter, the fullerene jet points perpendicular
both to the projectile direction and to the spectrometer axis. Two similar
techniques are however used for measuring the recoil ion mass spectra. Here,
the total spectra are recorded by pulsing the extraction at typically 10 kHz
with 35 µs pulse-duration time. The pulse also starts the time measurements
which is subsequently stopped by a hit on the micro-channel plate detector
at the end of the spectrometer. In the other method, the projectile charge
state after the collision is registered by a high-resolution energy analyzer not
shown in Fig. 4.1. Thus the recoil ion mass spectrum after stabilization of
s electrons can be recorded by letting a hit on the projectile detector serve
as a start signal for the time-of-flight measurements. For a more detailed
description of the two methods and a schematic of the projectile energy
analyzer see [73].
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60 +C60 collisions (q=2-5

from top to bottom). Adapted from [9].
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q 2 3 4 5
R1 20.9 a0 21.7 a0 22.3 a0 24.2 a0

R2 20.2 a0 20.8 a0 21.6 a0

R3 20.2 a0

Table 4.1: Critical distances for electron transfer in Cq+
60 -C60 collisions.

q 2 3 4 5
R1 18.1 a0 20.3 a0 22.1 a0 23.7 a0

R2 14.7 a0 17.2 a0 19.1 a0 20.7 a0

R3 14.3 a0 16.5 a0 18.2 a0

R4 13.9 a0 15.9 a0

R5 13.5 a0

Table 4.2: Critical distances for electron transfer in Cq+-C60 collisions.

4.2 Relative electron transfer cross sections

and excitation energies

The total spectra shown in Fig. 4.2 resulting from Cq+
60 +C60 (q=2-5) col-

lisions [9] are surprisingly free from fragments compared to what is found
when atomic carbon projectiles with the same charge states are used [9]. In
addition, the initial fullerene projectile charge is at the most equally divided
between the target and the projectile fullerenes, while the fullerene target can
be ionized up to the initial charge state of the projectile when atomic carbon
projectiles are used. As seen in the preceding chapter, atomic ions with the
same charges (in that case Kr4+ and Xe4+) give rather similar recoil ion mass
distributions, indicating that the charge of the projectile rather than its mass
and velocity play a more important role for the ionization and fragmentation
processes at least for the more distant collisions. The lack of fragmentation
products in [9] from multi-fragmentation and evaporation using fullerene ions
as projectiles is explained by the low probability for detection of these events
at the experimental conditions, thus only events from rather distant colli-
sions are selected. In the case of atomic projectiles, on the other hand, the
lower mass allows for closer encounters without the total destruction of the
fullerene cage (c.f. the discussion in Section 3.3), but sufficient amounts of
energy is transferred to induce C2 evaporation in these collisions.

In the simple picture where the fullerene molecules are modeled as con-
ducting spheres, the observed charge division effect is a consequence of the
symmetric system. Thus for even initial projectile charges the charge will in
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Figure 4.3: The experimental and model relative charge state fractions in
nonfragmenting Cq+

60 +C60 (left column) and Cq++C60 collisions (right col-
umn).
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sufficiently close encounters be equally distributed on the two collision part-
ners, while there is a probability of one half that the remaining charge end
up on the target when odd projectile charge states are used. We define the
total cross section for electron removal without fragmenting the target mole-
cule as, σtot = π(R2

1 − b2
max), where bmax is the maximum impact parameter

for target fragmentation and R1 is the critical distance for the first electron
transfer. In like manner, the cross section for removing r electrons is defined
as σr = π(R2

r − R2
r+1). In Fig. 4.3, we show the model and experimental [9]

relative cross sections (σr/σtot) from Cq+
60 +C60 (v=0.01

√
q a.u.) and Cq++C60

(v=0.06
√

q a.u.) collisions. Here, the critical distances were calculated using
the model described in Chapter 2. The results for fullerene and carbon pro-
jectiles are shown in Tab. 4.1 and Tab. 4.2, respectively. In the calculations,
the fullerene radius was set to 8.37 a0 deduced from the relation between the
radius of a conducting sphere and the ionization energy (see Section 2.3). For
the atomic carbon projectiles, we set the projectile radius to zero. For the
odd fullerene projectile charge states shown in Fig. 4.3, we have taken the
charge division effect into account by dividing the cross section by two for
the last electron transfer (r = rmax), thus σrmax = π(R2

rmax − b2
max)/2. As a

consequence, the cross section for removing rmax-1 electron increases by the
same amount. The maximum impact parameter for target fragmentation was
determined semi-empirically by fitting the σrmax values for q=5 in each case,
yielding bmax=19.7 a0 for fullerene projectiles and bmax=12.9 a0 for carbon
projectiles. This choice is based on the assumption that the fragmentation
is not charge-induced, which seems well-founded as the experimental and
model results in Fig. 4.3 are in reasonable agreement.

In another experimental study, recoil ion mass spectra were recorded in
coincidence with one and two electrons stabilized on the projectile from 10
keV C4+

60 +C60 collisions. The spectra are shown in Fig. 4.4 together with the
corresponding results from 7.6 keV Kr4++C60 collisions presented in Section
3.3. We see that there is a clear difference for the two cases. For s=1,
only singly charged recoil ions are produced when fullerene projectiles are
used, while up to triply charged recoil ions are clearly seen for the Kr4+

projectiles. Thus no transfer ionization events occur in the former case, i.e.
the formation of a doubly or triply excited state followed by electron loss.
The doubly charged peaks for s=2, on the other hand, originate from true
electron capture (s = r). Note that in the fullerene-fullerene case, the absence
of higher charge states is due to the charge division in the symmetric system.
At a first glance, the absence of transfer ionization events is very surprising,
as these processes are often pronounced in slow collisions as e.g. seen in the
lower right panel of Fig. 4.4. However, the differences between the spectra
can be rationalized within the framework of the present model. The total
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Figure 4.4: Recoil ion mass spectra registered in coincidence with one (upper)
and two (lower) electrons stabilized on the projectile in 10 keV C4+

60 +C60 (left)
and 7.6 keV Kr4++C60 collisions (right).

excitation energy after the two electron transfer is Eex
tot=7.8 eV (Eq. (2.18)),

which is smaller than the ionization energy for a doubly charged fullerene,
I3=16.9 eV [16]. Thus the transfer ionization channel is closed for energetic
reasons.

4.3 Summary of fullerene-fullerene collisions

The experimental and model relative charge state fractions of intact fullerene
ions created in Cq+

60 +C60 and Cq++C60 (q=2-5) collisions were shown to be in
qualitative agreement. This confirms that the observed high charge mobility
on isolated charged fullerenes on the time scales down to the electrical contact
time (∼10−16 s) may be rationalized within the framework of the present
classical static-over-the-barrier model, which suggest that an electric contact
is established at center-center distances larger than 20 a0. Furthermore the
model explain the absence of transfer ionization events in C4+

60 +C60 collisions
as the calculated excitation energy (Eex

tot) of the captured electrons are not
sufficient for ionization to occur, i.e. Eex

tot < I3.
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Chapter 5

Collisions involving clusters of
fullerenes

In 1993, T. P. Martin et al presented the first experimental investigation
on the structures of singly and doubly charged (C60)n and (C70)n clusters
[5]. In contrast to the strongly bound constituents, the clusters of fullerenes
were found to be weakly bound by van der Waals forces. A detailed analysis
showed the presence of geometrical shell effects, where the observed magic
numbers such as n=13 and n=55 correspond to closed shells with icosahe-
dral structure. After this discovery, these systems have been the subject of
several experimental as well as theoretical studies. Experimentally, it has
been shown that the magic numbers depend on the cluster temperature [74].
This was explained by a structural transition from icosahedral structures to
other configurations such as close-packed and decahedral [74]. Furthermore
the same study showed that the size distribution is independent of charge
state (-/n/+), which indicates that the presence of a long range Coulomb
force does not influence the cluster structure. In another experiment [75] it
was found that the binding of mixed clusters (C60)k(C70)l is independent of
the number of C70 constituents (l=0-3, k+l=6-9). This shows that there are
no significant differences between the two species regarding the formation of
the clusters of fullerenes.

Several theoretical studies have been devoted to the weak intermolecular
interactions between neighboring C60 molecules in fullerene based materials.
Many of the potentials used in these studies are based on Lennard-Jones (LJ)
interactions, where the binding distance (minimum of the interaction energy)
is about 10 Å (18.9 a0). At this distance, the electronic overlap between the
two C60 molecules is small. As a consequence, the two molecules keep their
individuality in the dimer system. In the simplest approaches, the mutual
orientation of the molecules are not considered. Very recently, however, the
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Figure 5.1: The cluster aggregation source used to produce clusters of
fullerenes (C60)n .

first ab-initio study of these loosely bound systems was performed within
the Density Functional Theory (DFT) in the Local Density Approximation
(LDA), which showed that several orientations are very close in energy [76]
with binding distances only a few tenths of an a0 lower than the results from
the descriptions based on Lennard-Jones type interactions. Thus it seems as
the simpler models catch the essentials for predicting the binding distances,
whereas high level quantum chemical calculations are required in order to
describe the mutual orientation correctly.

In this chapter we present the first experimental results concerning the
charge mobility and stability of multiply charged fullerene clusters (cf. Paper
IV). First we describe the experimental setup and method for the production
and analysis of these clusters. The results are then discussed and rationalized
within the present simple model, were we describe the mutual attraction in
the neutral systems using a Lennard-Jones type potential [77].

5.1 Experimental setup and method

The experimental setup is similar to the one used in Grenoble and described
in the preceding chapter. The main difference is the target production. For
this purpose, a cluster aggregation source developed for the production of
alkali metal clusters is used [78]. A schematic of the source is shown in Fig.
5.1. The source consists of an oven from which monomer fullerenes effuse and
enter the condensation region of cold He-gas (T∼77 K) typically at a pressure
of ∼1 mbar. In this region the condition for cluster formation is fulfilled, i.e.
the monomer constituents are in their vibrational ground state. A thermal
heat bath isolated by a teflon adapter is mounted at the end of the source,
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Figure 5.2: Schematic of the time-of-flight spectrometer used to mass-analyze
clusters of fullerenes and cold monomer fullerenes.

which makes it possible to increase the temperature up to 50 ◦C without
increasing the temperature in the condensation region. The produced clusters
of fullerenes exit through a 2 mm aperture and are transported to the collision
region via stages of differential pumping. Here, the clusters interacts with ion
beams produced in an ECR ion source. The collision products are analyzed
by means of a linear time-of-flight spectrometer pointing perpendicular to
the projectile and target beams, as shown schematically in Fig. 5.2. The
total recoil ion mass spectra are recorded by pulsing both the projectile and
the extraction field, synchronized such that the entire ion bunch has passed
through the target beam before the recoil ions are extracted. Simultaneously
the time-of-flight measurement is started by sending a signal to a multi-hit
TDC (Time-to-Digital Converter). The recoil ions are transported through a
field free drift region of about 1 m before they are post accelerated toward a
conversion plate kept at -25 kV. The emitted secondary electrons are focused
on a channel plate (CP) detector by a weak magnetic field, where a hit on
the detector serves as a stop signal to the TDC, which allows for registration
of several stops per start.
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Figure 5.3: Total time-of-flight spectrum of intact and fragmented fullerenes
and clusters of fullerenes, produced in collisions with 400 keV Xe20+-ions.

5.2 Appearance sizes and charge mobility

The size distribution of the clusters of fullerenes (C60)n depends on the tem-
perature of the C60-oven (Toven), where the average cluster size (< n >)
increases with increasing target density (oven temperature). At Toven=525
◦C, singly and doubly charged clusters of fullerenes consisting of up to n=8
and n=16 fullerenes, respectively, are created in collisions with 400 keV Xe20+

ions. These are displayed in the time-of-flight spectrum shown in Fig. 5.3. At
this relatively low temperature, the major part of the target consists of cold
monomer fullerenes, which contribute to the strong C+

60-peak and the distri-
bution on the left hand side of this peak. In this region intact C60 monomers
with charge states up to r=7 are clearly seen in accordance with the results
for collisions between monomer C60 and highly charged ions, as presented
in Section 3.2. However, strong evaporation series of Cr+

60 (r=1-2) are seen
in Fig. 5.3, indicating that fragmentation products from the break-ups of
clusters of fullerenes also contribute to the distributions in this region.

In Fig. 5.4, a zoom-in of the size distribution for a higher oven tem-
perature, Toven=560 ◦C, is shown. We see that the average cluster size has
increased due to the higher target density. Furthermore clusters consisting of
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Figure 5.4: Zoom-in of the recoil ion mass spectra at an oven temperature
of 560 ◦C. The notation (k,l) stands for a (C60)k(C70)l cluster.

r (C60)
r+
n (C60)n−1C

r+
70 Arr+

n Nar+
n

2 5 5 91 25
3 10 11 226 49
4 21 22 - 72
5 (33) (33) - 92

Table 5.1: Appearance sizes for (C60)
r+
n and (C60)n−1C

r+
70 (present values),

Arr+
n [80], and Nar+

n [78].

both C60 and C70 molecules are also visible, as the powder used in the oven
is a mixture of these species. From the analysis of this spectrum, up to five
times charged clusters were found. This is the highest charge state for clus-
ters of fullerenes (C60)n observed so far. Earlier, singly and doubly charged
clusters have been observed in laser ionization experiments [5, 75, 79]. Thus
the present ionization technique is softer in the sense that the electrons are
more gently removed.

The fragmentation of multiply charged finite systems has attracted con-
siderable attention during the last century. In this context, the appearance
sizes (the smallest size for a given charge state) is an often discussed funda-
mental property. In Tab. 5.1, we show the present results for (C60)

r+
n and

(C60)n−1C
r+
70 clusters together with the results for two other systems (Arr+

n

and Nar+
n ). The appearance sizes are significantly lower in the present case,
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which we explain by the larger building blocks, polarizabilities, and binding
energies of the fullerene constituents compared to the other systems. The
large similarities between the pure (C60)

r
n clusters and the mixed ones indi-

cates that the cluster formation is nearly the same, regardless if the building
blocks are C60- or C70-molecules.

In the laser ionization experiments [5, 75, 79], the size distributions of
the formed singly and doubly charged clusters of fullerenes show increased
intensities for certain peaks. The observed magic numbers is a fingerprint for
geometrical shell effects characteristic for neutral van der Waals clusters. In
the present case, the effect is only seen for the highly charged clusters. For
r=4, the magic numbers are n=13, 19, 23, 25, and 29, in accordance with
the results for r=1 and 2 in [5, 75, 79]. Thus it appears that the internal
energy is low and increases with increasing charge states in the present case,
where the less stable structures to a larger extent fragments when the clusters
become hotter. This seems reasonable in comparison with collisions between
monomer fullerenes and highly charged ions, where the deposited energy in
the fullerene increases with the degree of ionization (see Chapter 3). We
thus conclude that the multiply charged clusters have similar structures as
the neutral van der Waals clusters.

Once this is concluded, the question whether the charge is localized or
mobile within the van der Waals cluster arises. In order to clarify this is-
sue, detailed studies of the time-of-flight spectra are required. The present
multi-coincidence technique opens up for the possibility to analyze spectra
corresponding to one or several stop signals, which reflect different types
of collision events. This is illustrated in Fig. 5.5, where the single-stop
spectrum from Xe25++C60 collisions (a) is compared with the corresponding
single-stop spectrum from Xe30++(C60)n collisions (b). The spectra are very
similar and the strong evaporation series in Fig. 5.3 is now absent. This
indicates that the major part of these events origin from collisions between
cold monomer fullerenes (which are present in the jet) and Xe30+. In the two
stop spectrum shown in Fig. 5.5c, the multiply charged intact fullerenes are
suppressed and the remaining intact peaks are wider than in the single stop
spectrum. This signals contributions from fragmentation products (in this
case the decay of clusters of fullerenes) where the peak widths are related
to the kinetic energy releases in the fragmentation processes. In the 9 stop
spectra displayed in Fig. 5.5d, the small fragments clearly dominates, but
still some singly and doubly charged intacts remain. Additional information
is given when the correlation between the fragments in the multi-stop spec-
tra is investigated. This shows that the nearly intact molecules or the small
fragments are strongly correlated when the cluster are ionized r times (r ≥9
in this case), which means that the clusters preferentially emit r nearly intact
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Figure 5.6: The two-dimensional time-of-flight correlation spectra between
charged fullerene monomers and charged clusters of fullerenes. The first ion
(to arrive at the detector) is shown on top of each spectrum, while the second
ion is shown in the right part.

singly charged fullerenes or r small singly charged fragments. Furthermore,
the small fragment distributions reminds to a large extent to the one dis-
played in Fig. 5.5e, recorded in slow Ar++C60 collisions [51]. The latter is
thermally induced, whereas charge induced fragmentation spectrum is domi-
nated by C+-emission, as observed in Xe25++C60 collisions [53]. This together
with the correlation information give a strong indication that the charge is
highly mobile and evenly distributed among the fullerene constituents.

This observation is further supported by the analysis of the two stop
spectrum regarding the correlation between charged fullerene monomers and
charged clusters of fullerenes. In the two-dimensional time-of-flight spectra
displayed in Fig. 5.6, we see that the C2+

60 , C3+
60 , and C4+

60 ions are only
correlated with other singly or multiply charged monomers, while the singly
charged ions are strongly correlated with clusters of fullerene ions. From this
we conclude that the major part of the multiply charged fragments origin
from the fragmentation of dimers, while the clusters predominantly decay by
emitting a C+

60-ion in line with the results for higher multiplicities showing
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Figure 5.7: The correlation time-of-flight spectra for two small fragments,
where one is a singly (upper), doubly (middle), and triply (lower) charged
monomer.

again that the charge is efficiently distributed on the clusters of fullerenes.

The two particle correlations between small fragmentation products (Cr+
60 ,

r=1-4) are shown in Fig. 5.7. The three spectra display the fragmenta-
tion partners correlated with one singly (upper), doubly (middle), and triply
charged C60 (lower). We see that the C+

60-ions are correlated with singly
and doubly charged fragments, while the distributions are shifted toward
higher charge states in correlation with the C2+

60 - and C3+
60 -ions. Thus the

total charge most likely are equally divided amongst the two molecules in
the dimer. In the decay of (C60)

4+
2 , for example, the symmetric fragmen-

tation pathway (→2C2+
60 ) is a factor 20 times stronger than the asymmetric

pathway (→C+
60+C3+

60 ). Another interesting aspect concerns the charge divi-
sion in mixed clusters. For odd total charges, the C70 fragment carries the
larger part of the charge, which means that the charge is equally divided
in all dimer systems with the larger molecule prioritized. This explains the
absence of the C+

70 and C2+
70 peaks in the middle and lower part of Fig. 5.7,

respectively. Note also that the evaporation peaks are more pronounced for
the higher fragment charge states, thus when the initial charge of the parent
dimer is roughly twice as large. This again shows that the clusters become
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hotter with the number of removed electrons.

The charge mobility in the multiply charged clusters of fullerenes may
be rationalized within the framework of the present static over-the-barrier
model. For simplicity, we treat the dimer system which in first order also
model two neighboring molecules in larger clusters. In the extreme case,
where all electrons are captured from only one of the constituents, we have a
similar system as described in Chapter 4, i.e. Cr+

60 -C60 (r=1-5). The critical
distances for one electron transfer between these molecules are 20.2 a0, 20.9
a0, 21.7 a0, 22.3 a0, and 24.2 a0. As mentioned in the beginning of this
chapter, the binding distance for the neutral dimer system is about 18.9 a0,
which is well inside the critical distances for all charge states. Thus in this
picture, the charges are mobile as soon as the electrons are removed from
an individual fullerene in the initially neutral cluster. This clearly contrasts
to the recent observation of charge localization effects in collisions between
highly charged ions and small argon clusters [81].

5.3 Kinetic energy releases in the fragmenta-

tion of multiply charged dimers

In the preceding section we concluded that the charge is evenly distributed
amongst the constituents when the clusters are multiple ionized. As a conse-
quence, singly charged monomers are emitted in the fragmentation processes
where large clusters are involved. For the dimers, on the other hand, intact
fragments with up to four charges are observed in correlation with triply
charged intact monomers thus originating from the break-up of (C60)

7+
2 (see

Fig. 5.7). However, only singly charged dimers are stable, at least on the
time scale of the experiment. The dimer decays as soon as more than one
electron is removed from the target and the charge is mostly equally dived
on the two molecules. The kinetic energy releases associated with the frag-
mentation processes, give rise to a significant broadening of the time-of-flight
peaks corresponding to the fragmentation products. In a similar way as for
the study of asymmetric fission of monomers discussed in Section 3.2, the
present model can be used to determine the kinetic energy releases by calcu-
lating the interaction energy between the two individual molecules (Eq. 2.9).
In this case, however, the model fails to reproduce the bonding between two
neutral spheres as there is no displacement of the charge distribution, which
is required for the presence of attractive forces in the overall neutral system.
For this purpose, we use the commonly adapted Girifalco potential [77], which
is based on an empirical Lennard Jones interaction between carbon atoms
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Figure 5.8: The model interaction energies for two isolated fullerenes
(2C60)

r+, r=0-2 (left) and r=3-5 (right). The dotted lines display the pure
Coulomb energy for the corresponding systems.

uniformly distributed on two spheres.

In Fig. 5.8 we show the sum of the Girifalco energy [77] and the inter-
action energy (given by Eq. 2.9) for two isolated fullerenes with the total
charge r=0-5. The neutral system displays the pure Girifalco contribution.
Here, the two molecules are bound by 0.277 eV at a center-center distance
of 19.0 a0, in very good agreement with the experimental activation energy,
0.275±0.08 eV [74]. When one electron is removed from one of the con-
stituents, the polarization of the other fullerene leads to an attractive force.
Thus the system becomes more tightly bound, i.e. the energy minimum is
deeper (-0.362 eV) and located at a slightly shorter center-center distance
(18.9 a0). This binding energy is also in good agreement with the corre-
sponding experimental results, 0.372±0.08 eV [74].

Going to the doubly charged system, we know from the discussion above
that the charge transfer mechanism will give a charge symmetric system.
The corresponding interaction energy curve in Fig. 5.8 shows that the mutual
interaction due to the charging becomes more pronounced, manifested by the
presence of only an extremely weakly bound metastable configuration (the
barrier height is ∼0.05 eV). For the higher charge states, no bound states
exist. This explains why only singly charged C60-dimer systems are observed
in the experiments. It should be noted that if the total charge was localized
on one of the two molecules, the system would be more and more tightly
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bound with increasing charge states, in analogy with the effect seen for the
singly charged compared to the neutral system. The absence of more highly
charged C60-dimers in the spectrum thus further supports the idea that the
charge is rapidly distributed on the dimers once it has been ionized.

From the interaction energy curves shown in Fig. 5.8 it is possible to
determine the kinetic energy releases in the fragmentation processes. We
assume that the charge division effect is fast, such that all systems (r>1) start
to repel from the equilibrium distance for the neutral system. This means
that the kinetic energy release is given by the value of the interaction energy
at this distance (19 a0). In Fig. 5.9, we show the energy values together
with the corresponding experimental data, deduced from the peak widths
in the 2 stop time-of-flight spectra. The model and experimental values are
in good agreement for the low charge states, but the experimental values
are significantly lower when more electrons are removed. This indicates that
the product ions are in vibrational excited states after fragmentation, which
might be due to deformations in the fragmentation process itself and/or due
to the increased heating of the parent system with the degree of ionization.

Another interesting aspect regarding the fragmentation of dimers is illus-
trated in Fig. 5.10. This shows the C2+

60 peaks for three different oven tem-
peratures, thus for different target densities. In this case, the monomers and
clusters are ionized by O5+ projectiles. At low oven temperatures, the peak
is dominated by a narrow component due to collisions with monomer tar-
gets. With increasing temperature this contribution become less pronounced
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(target densities).

in comparison to the wider structures. This signals fragmentation processes
and are mainly due to dimer fragmentation, as concluded from the correla-
tion spectrum measured in Xe30++(C60)n collisions shown in Fig. 5.7. The
shape of the peaks are characteristic for limited transmission of ions ejected
perpendicular to the spectrometer axis. This also explains the asymmetry of
the distributions at the highest oven temperature, as there is a smaller ac-
ceptance for the high energy fragments ejected away from the detector. The
widths of the narrow components are similar in the three cases (∼ 70 meV),
while the widths of the wider components and thus the fragment energies,
are in the eV range and appear to increase with increasing oven tempera-
ture. The latter is somewhat surprising and might indicate that the binding
conditions are different in the case of high oven temperatures. In order to
clarify this issue, a detailed correlation study is required.

5.4 Summary of fullerene cluster collisions

We have studied multiply charged clusters of fullerenes following collisions
with slow highly charged ions. The appearance sizes for these systems were
found to be small compared to other clusters as a consequence of the larger
building blocks, polarizabilities, and binding energies of the fullerene con-
stituents. The multi-coincidence technique made it possible to study the
correlation between two or several charged fragments. From these studies
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we conclude that the Van der Waals clusters become conducting as soon as
they are charged, which was explained by the (over-the-barrier) charge trans-
fer mechanism between neighboring fullerenes. In addition, we have mea-
sured the kinetic energy releases in the fission of multiply charged dimers,
(C60)

r+
2 →Cr1+

60 +Cr2+
60 (r=r1+r2=2-7), which are in rather good agreement

with the present model calculations for low parent charge states (r), while a
large discrepancy is found for r ≥4. This indicates that the constituents do
not remain cold in the ionization and/or fragmentation process when more
than three electrons are removed from the dimer. However, the picture is fur-
ther complicated as we have recently observed that the kinetic energy release
for a doubly charged (C2+

60 ) fragment appears to depend on the clustering con-
ditions (oven temperature). This clearly shows that additional experimental
and (high level) theoretical studies are required for a deeper understanding
of the intrinsic properties of these complex fullerene species.



Chapter 6

Conclusions

In this work we have studied electron transfer and fragmentation processes in
collisions involving fullerenes and clusters of fullerenes with the aid of coin-
cidence mass spectrometry. Many of the experimental results have been ra-
tionalized within the framework of a classical electrostatic model for electron
transfer and fragmentation processes in which the collision/fragmentation
partners are modeled as conducting spheres.

In collisions between highly charged ions (as e.g. Xe23+) and monomer

fullerenes (C60 and C70), the dominating processes (i.e. ionization with-
out fragmentation of the fullerene target) are rather well understood within
the classical static over-the-barrier model for slow collisions as concluded
from comparisons with experiments and more advanced quantum mechani-
cal and semiclassical approaches [10, 11]. The decay of the multiply charged
fullerenes (Cr+

60 and Cr+
70 ) is dominated by C2-emission (evaporation) for low

charge states (r < 4) of the parent ions, while C+
2 -emission dominates for

higher charge states (r > 4). Further, the emission of two charged carbon
atoms may become important for r ≥ 8 according to recent Density Func-
tional Theory (DFT) calculations [16]. The ultimate stability limit (i.e. the
highest charge state for which a cold metastable intact ion exist) predicted by
the DFT study [16] is r=14, while the present experimental stability limits
were found to be r=9 (Cr+

60 ) and r=10 (Cr+
70 ), indicating that the created

metastable intact ions are excited (i.e. not cold after fragmentation). This is
further underscored by the fact that C12+

60 have been observed by femtosec-
ond laser ionization [64], where part of the target excitation was removed
by means of a second, tailored, laser pulse. The target dependent stability
limit was explained by the difference in the deposited energy per internal vi-
brational degree of freedom for the two cases (leading to different life-times)
rather than a higher fission barrier for Cr+

70 than for Cr+
60 at a given charge

state r.

95
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Before the DFT calculations were reported in 2005 (partly inspired by the
present experimental results), we had to rely on fitting procedures to deduce
information regarding the ionization and dissociation energies as functions
of the parent ion charge states in order to determine classical model and
semi-empirical fission barriers. As a consequence, the fission barrier predic-
tions were rather crude. The present model kinetic energy releases, on the
other hand, which are only given by the radii of the spheres (representing the
polarizabilities of the molecules) and the corresponding charges are not that
sensitive to the choice of parameters. The measured increasing kinetic energy
with increasing charge state was found to be well-reproduced by the model,
where the deviation was explained by excitation of the fragmentation prod-
ucts. This indicates that the classical model indeed catches the essentials of
the mutual interaction during the separation processes.

The present electrostatic model was developed in order to interpret the
experimental results from slow Cq+

60 +C60 collisions (q=2-5) [9], one of the few
studies of fullerene-fullerene collisions performed so far. We found that the
results could be rationalized within the framework of the model, although
the determination of the largest distance for interactions where the target
remains intact on the time-scales of the experiment (∼ µs) is rather crude.
These results showed that positively charged monomer fullerenes are con-
ducting and the timescales for the charge mobility on the surfaces of the
target molecules are very short (. 10−16 s).

We found that multiply charged clusters of fullerenes, (C60)
q+
n (q = 2−5),

are weakly bound by van der Waals forces. The observed appearance sizes
were smaller than for other systems, which was explained by the larger build-
ing blocks, polarizabilities, and binding energies of the constituents for the
fullerene clusters as compared to, e.g., inert gas clusters. The correlation be-
tween charged fragments showed that the charge is equally distributed among
the individual fullerenes and thus the clusters become conducting once they
are charged, which could be explained by the over-the-barrier charge transfer
mechanism as described by the present classical model. This result clearly
contrasts to the insulating behavior of other van der Waals type clusters
and fullerene crystals (fullerite). The correlation between two charged frag-
ments (i.e. from dimer fragmentation) showed that up to seven electrons
can be removed from (C60)2 without inducing fragmentation of the monomer
constituents. The kinetic energy releases associated with the fragmenta-
tion processes, (C60)

r+
2 → Cr1+

60 +Cr2+
60 , were found to be in good agreement

with the present electrostatic model for low charge states of the parent ions,
while there is a significant discrepancy for higher charge states. This is most
likely due to an increased excitation of the product ions with the degree of
ionization, indicating that significant amounts of energies are stored in the



CHAPTER 6. CONCLUSIONS 97

fragments. However, more detailed experimental and theoretical studies are
required in order to clarify this issue.

In the case of collisions between monomer fullerenes (C60/C70) and slow
ions at intermediate charge states (Xe4+/Kr4+), the reaction dynamics are
more complicated and we found that significant parts of the mass spectra
originate from collision processes where the validity of the over-the-barrier
model is strongly limited. The triply charged fragment distributions (C3+

60−2m

and C3+
70−2m) are mainly due to three-electron transfer to the projectile fol-

lowed by successive C2-emission from C3+
60/70 and depend strongly on projectile

species (mass) but are rather insensitive to the original target size. That is,
the distributions as functions of m are similar for C3+

60−2m and C3+
70−2m. How-

ever, the C+
3 -C+

11 distributions originating from multi-fragmentation processes
are basically projectile and target independent, and are associated with four
electrons stabilized on the projectile. This effect was to some extent ratio-
nalized by simple Monte Carlo simulations of frontal and glancing collisions,
suggesting that the present experiment predominantly selects events from the
latter category. Nevertheless it is still puzzling that there is a projectile-mass
dependence in the C3+

60−2m/C3+
70−2m-distributions for collisions further outside

the fullerene cage (three stabilized electrons on the projectile) than for the
glancing and mass independent collisions leading to C+

3 -C+
11. This observa-

tion could not be understood within the framework of the simplified picture
of stopping power in collisions with a rigid C60 model target. Still the re-
sults from such an approach agreed rather well with more advanced quantum
molecular dynamic calculations of frontal and glancing collisions with singly
charged Ar-projectiles [46]. We conclude that such a simple description of
the energy transfer processes is insufficient for multiply charged projectiles as
the contribution from the excitation associated with the ionization processes
at large distances is not taken into account.
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Chapter 7

Final remarks and Outlook

The classical static over-the-barrier model has been used to rationalize the
following phenomena:
i) The large critical distances for multiple electron transfer in collisions be-
tween highly charged atomic ions and fullerenes.
ii) The barriers for asymmetric fission in Cr+

60/70→C
(r−1)+
58/68 +C+

2 fragmentation
processes.
iii) The fullerene target charge state distributions in distant Cq+

60 +C60 colli-
sions.
iv) The binding energy of the (C60)

+
2 dimer.

v) The charge mobility in highly charged (C60)2 dimers and larger clusters
of fullerenes.
vi) The kinetic energy release in (C60)

r+
2 fragmentation.

To our knowledge the electrostatic potential experienced by an electron be-
tween two conducting spheres was solved for the first time (Paper VII) in
connection with the development of this model. Despite its simplicities, the
model is useful for first order estimates where high level ab-initio calculations
are computationally demanding or not feasible. One example is the descrip-
tion of electron transfer in collisions involving roughly spherical biomolecules
such as Lysozyme and Ubiquitin [82, 83]. We have also shown that the
model can be used for other systems such as cluster-surface collisions. Fur-
thermore the applicability of the present model is not only limited to com-
plex molecules, but could also be applied for any (micro- or macroscopic)
spherical objects. In particular, the extension of the model to consider two
dielectric spheres immersed in a dielectric medium appears to be promising
for applications within colloidal chemistry. One possible further extension
of the model would be to consider localized charges (holes) on the spheres
(instead of homogeneously surface charges), where the time dependent evo-
lution of the charge localization during the collision is simulated by means
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of Monte-Carlo methods.
It is rather surprising that such a simple and classical electrostatic model

as the one presented in Paper VII and in this thesis, can be used to describe
inherently complex quantum mechanical systems and their mutual interac-
tions. However, we have learned that there are still unexplained processes
like the energy transfer for which further theoretical and experimental in-
vestigation are needed. In this context, fullerenes serve as excellent model
systems for achieving a deeper understanding of molecular processes involv-
ing energy transfer and radiation damage in more complex systems such as
e.g. biomolecules.

From the experimental point of view, the new research facility DESIREE
(Double ElectroStatic Ion Ring ExpEriment) at Stockholm University will
open up for studies of collisions involving vibrationally cold(er) molecules of
e.g. the type used in the present thesis work. Further single-pass studies of
the clusters of fullerenes also appear appealing, especially with a well-defined
target - in terms of well-defined numbers of fullerenes in the (C60)n clusters
which may be partly realized by post-heating the clusters until only the most
stable ones (magic numbers) remain.



Chapter 8

Comments on the contribution
from the Author

This thesis is based on 7 articles (Papers I-VII) published in (and submitted
to) international journals. My contribution to the experimental work con-
cerning ion-fullerene collisions (Papers I,II,V,VI) at Stockholm University,
has gradually evolved in time, from being actively involved in the preparation
and data-taking to carrying the main responsibility in all stages of the exper-
imental work. This includes planning and setting up experiments, analysis of
the experimental data, and authoring of papers. I was also heavily involved in
the experimental studies of clusters of fullerenes (Paper IV) at CIRIL (Centre
Interdisciplinaire de Recherche Ions Lasers) in Caen, France, although there
the main responsibility was carried by the local research group.

In parallel to the experimental work I have developed an electrostatic
model described in Papers III and VII which has been succesfully used for
interpretation of the experimental results (Papers I,II,IV,V,VI). Very recently
I have extended this model to the case of electron transfer between dielectric
spheres in a dielectric medium (cf. Section 2.4).

Part of my PhD studies has also involved fast ion-atom/molecule collision
experiments at the CRYRING facility at the Manne Siegbahn Laboratory,
and studies of biomolecules at the electrostatic storage ring ELISA at Aarhus
University, Denmark. This work is however not included in the thesis but is
related and has resulted in 15 additional publications in international journals
and refereed conference proceedings (see below).
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Additional articles not included in this thesis

Peer-reviewed articles

I Two-center interference in fast proton-H2 electron transfer and
excitation processes
K. Støchkel, O. Eidem, H. Cederquist, H. Zettergren, P. Reinhed, R. Schuch,
C. L. Cocke, S. B. Levin, V. N. Ostrovsky, A. Källberg, A. Simonsson, J.
Jensen, and H. T. Schmidt, submitted to Physical Review Letters (2005).

II Recoil-ion momentum distribution for transfer ionization in fast
proton-He collisions
H. T. Schmidt, J. Jensen, P. Reinhed, R. Schuch, K. Støchkel, H. Zettergren,
H. Cederquist, L. Bagge, H. Danared, A. Källberg, H. Schmidt Böcking, and
C. L. Cocke, Physical Review A 72, 012713 (2005).

III Ion beams of carbon clusters and multiply charged fullerenes pro-
duced with electron cyclotron resonance ion sources
L. Maunoury, B. Manil, J. Rangama, H. Lebius, B.A. Huber, J.Y. Pacquet,
R. Leroy, U. V. Pedersen, P. Hvelplund, J. Jensen , S. Tomita, H. Zetter-
gren, H.T. Schmidt and H. Cederquist, Review of Scientific Instruments 76,
053304 (2005).

IV Photodissociation of protonated amino acids and peptides in an
ion storage ring. Determination of Arrhenius parameters in the
high-temperature limit
J.U. Andersen, H. Cederquist, J.S. Forster, B.A. Huber, P. Hvelplund, J.
Jensen, B. Liu, B. Manil, L. Maunoury, S. Brøndsted Nielsen, U.V. Ped-
ersen, J. Rangama, H.T. Schmidt, S. Tomita, and H. Zettergren, Physical
Chemistry Chemical Physics 6, 2676, (2004).

V Power-law decay of collisionally excited amino acids
J.U. Andersen, H. Cederquist, J.S. Forster, B.A. Huber, P. Hvelplund, J.
Jensen, B. Liu, B. Manil, L. Maunoury, S. Brøndsted Nielsen, U.V. Pedersen,
H.T. Schmidt, S. Tomita, and H. Zettergren, The European Physical Journal
D 25, 139 (2003).

VI Electron capture and loss by protonated peptides and proteins in
collisions with C60 and Na
P. Hvelplund, B. Liu, S. Brøndsted Nielsen, S. Tomita, H. Cederquist, J.
Jensen, H.T. Schmidt, and H. Zettergren, The European Physical Journal
D 22, 75 (2003).
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Articles not included in this thesis (contd.)

VII Double-to-single target ionization ratio for electron capture in fast
p-He collisions
H. T. Schmidt, A. Fardi, R. Schuch, S. H. Schwartz, H. Zettergren, H.
Cederquist, L. Bagge, H. Danared, A. Källberg, J. Jensen, K.-G. Rensfelt,
V. Mergel, L. Schmidt, H. Schmidt-Böcking, and C. L. Cocke, Physical
Review Letters 89 163201 (2002).

VIII Stabilization of electrons on Arq+ after slow collisions with C60

A. Langereis, J. Jensen, A. Fardi, K. Haghighat, H.T. Schmidt, S.H. Schwartz,
H. Zettergren, and H. Cederquist, Physical Review A 63, 062725 (2001).

Peer-reviewed conference contributions

IX Fragmentation of charged fullerene dimers: Kinetic energy release
B. Manil, L. Maunoury, J. Jensen, H. Cederquist, H. T. Schmidt, H. Zetter-
gren, P. Hvelplund, S. Tomita, and B. A. Huber, Nuclear Instruments and
Methods in Physics Research B 235, 419 (2005).

X Transfer ionization in p+He collisions
H.T. Schmidt, A. Fardi, J. Jensen, P. Reinhed, R. Schuch, K. Støchkel, H.
Zettergren, H. Cederquist, C.L. Cocke, Nuclear Instruments and Methods
in Physics Research B 233, 43 (2005).

XI Collision induced fragmentation of fullerene clusters (C60)n

B. Manil, P. Boduch, A. Cassimi, O. Kamalou, L. Maunoury, J. Rangama, J.
Jensen, H. Zettergren, H. Cederquist, and B.A. Huber, International Journal
of Modern Physics B 19, No. 15-17 (2005).

XII Stability and fragmentation of highly charged fullerene clusters
B. Manil, L. Maunoury, B.A. Huber, J. Jensen, H.T. Schmidt, H. Zettergren,
H. Cederquist, S. Tomita and P. Hvelplund, Latest Advances in Atomic
Cluster Collisions, eds. A. Solovyov and J-P. Connerade, Imperial College
Press, 301 (2004).

XIII Kinetic energy releases of exploding C60-ions produced by slow
highly charged ions
J. Jensen, H. Zettergren, A. Fardi, H.T. Schmidt, and H. Cederquist, AIP
Conf. Proc. 680, 763 (2003).
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Articles not included in this thesis (contd.)

XIV Transfer ionization in MeV p-He collisions studied by pulsed recoil-
ion-momentum spectroscopy in a Storage Ring/Gas Target exper-
iment
H. T. Schmidt, C. L. Cocke, A. Fardi, J. Jensen, H. Schmidt-Böcking, L.
Schmidt, R. Schuch, H. Zettergren, and H. Cederquist, AIP Conf. Proc.
680, 44 (2003).

XV Transfer ionization in fast p-He collisions
H. T. Schmidt, H. Cederquist, A. Fardi, R. Schuch, H. Zettergren, L. Bagge,
A. Källberg, J. Jensen, K.-G. Rensfelt, V. Mergel, L. Schmidt and H. Schmidt-
Böcking. Photonic, Electronic and Atomic Collisions (XXII ICPEAC) Pro-
ceedings, ed. J. Burgdörfer, J. Cohen, S. Datz, and C. Vane, Rinton Press
Inc. Princeton, USA, 720 (2002).
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ergy gain in collisions of highly charged ions with C60. Physical Review A,
56(6):4799–4806, 1997.

[23] B. Walch, C.L. Cocke, R. Voelpel, and E. Salzborn. Electron capture from
C60 by slow multiply charged ions. Physical Review Lettters, 72:1439–1442,
1994.



BIBLIOGRAPHY 109

[24] U. Thumm. Charge exchange and electron emission in collisions of highly
charged ions with C60. Journal of Physics B: Atomic, Molecular and Optical

Physics, 27:3515–3532, 1994.

[25] W. Thomson. Papers on Electrostatics and Magnetism. MacMillan, 1882.
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