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We present experimental kinetic-energy-release distributions in the asymmetric fission processes Cqy?*
HC%(‘I’I)*+C2+ and C70‘”HC68(‘1’1)++C2+ for highly excited mother ions in charge states g=4—8. We find
that the distributions for C5,7* are considerably narrower and peak at lower energies than for Cqy" in the
corresponding charge state when ¢>4. Further, semiempirical values for C," fission barrier heights were
extracted for g=4-6 by means of a statistical approach and the measured intensity ratios between fission and

C, evaporation.
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I. INTRODUCTION

A vast number of collision studies involving fullerenes
have been performed (see, e.g., Refs. [1,2] and references
therein). Typical issues then concerned electron- and energy-
transfer processes, fragmentation of fullerene ions with and
without charge separation, and interrelations between these
phenomena. Further, it has been realized that fullerenes may
also serve as excellent model systems for radiation damage
(fragmentation) studies of much less regular biomolecular
systems (cf. [3,4]). When fullerenes collide with slow highly
charged atomic ions several electrons may be transferred, to
leave behind multiply ionized and, sometimes, intact
fullerenes. Collisionally excited fullerene cations in charge
states ¢ up to 10 have been observed [5,6] with highly
charged ions as projectiles, while the theoretically predicted
stability limits are g=14 and 17 for C¢, and Cy, in their
ground states, respectively [7,8].

Recently, Martin et al. [9] demonstrated by direct decay-
channel-selective measurements of the energy deposition that
the competition between different fullerene fragmentation
channels depends on the charge state and the total internal
excitation energy. This study, which relies on the population
of single bound states in negative ions, also confirmed that
excitation energies of the order of 40 eV or above are needed
for C, emission on typical experimental time scales of mi-
croseconds [10]. In general, however, these internal excita-
tion energies cannot be readily determined, at least not in
experiments with highly charged ions, for which it often has
been assumed that internal excitation energies mostly are
much lower due to large impact parameters for multiple elec-
tron transfer [11-14].

Kinetic-energy-release distributions (KERDs) in unimo-
lecular fragmentation processes may possibly provide valu-
able and so far missing information on the electron and en-
ergy transfer mechanisms, as their positions and shapes are
governed by the potential-energy surfaces describing the in-
teractions of the separating fragments in the exit channel. In
the case of neutral C, evaporation,
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CI" - CI*, +C, (n=60,70), (1)

kinetic-energy-release distributions have been measured ear-
lier [15-17]. On the other hand, much less is known about
the C," emission process (asymmetric fission)

CH — C 4 C5 (n=60,70). (2)

A single experimental KERD for asymmetric fission has
been reported by Senn et al. [18] in 1998, but the more
recent results [6,19] are given as single (typical) values only.
There are also no theoretical studies that could suggest a
functional form for the KERD of (2). The processes (1) and
(2) are most likely independent processes, well separated in
time from the collision and controlled by activation energies
and fission barriers, respectively [19-21]. For low g (g<4),
evaporation is normally the dominant fragmentation process,
while first asymmetric fission and then multifragmentation
(breakup into several small charged fragments) takes over as
q increases [13,22]. The latter process is even more impor-
tant in high-energy, heavy-ion, collisions where many elec-
trons may be removed and large energies deposited in close
collisions with the fullerenes [23].

In this work, we present a systematic study of experimen-
tal KERDs for asymmetric fission (2) of C¢,"" and C;,?" with
g=4-8. Somewhat to our surprise, we find that the KERDs
for asymmetric fission from Cg,?" are considerably wider and
have larger most likely values than the C,,7* distributions in
the corresponding charge states. The present results will be
discussed together with recent theoretical results [7] and in
view of the different properties of multiply charged Cg, and
C; ions including their overall sizes, shapes, charge distri-
butions, isomers, and vibrational modes. Further, we use the
measured branching ratios between (1) and (2) and a statis-
tical approach to deduce semiempirical values for the fission
barrier heights which are in excellent agreement with high-
level transition state calculations for Cg," [7].

II. EXPERIMENT

For the present study, we have developed a linear recoil-
ion-momentum spectrometer which has been optimized for
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FIG. 1. (Color online) Schematic of the experimental setup.

measurements of KERDs for fragmenting complex mol-
ecules such as fullerenes or biomolecules. The spectrometer
(see, Fig. 1) consists of an acceleration region with 19 ring
electrodes in a grounded housing with a small aperture for
the collinear target jet, a field-free drift region, and a
position-sensitive detector with two microchannel plates
(MCPs), 40 mm in diameter and a resistive anode. The di-
mensions of the spectrometer are chosen such that first-order
time focusing for different trajectory starting points is
achieved, i.e., the field-free drift region is twice as long as
the distance between the beam-jet crossing and the end of the
acceleration region. The ring electrode closest to the interac-
tion region is covered with a wire mesh and connected to a
separate voltage supply for pulsed extraction. Together with
the 18 remaining ring electrodes, which are connected to a
common dc-voltage supply through a resistor chain inside
the vacuum, we define homogeneous acceleration fields of
6.0 and 9.0 V/mm.

Fullerene target jets are produced in a temperature-
regulated sublimation oven (600 °C), which is carefully
cleaned before changes between powders of Cg, (Hoechst,
purity 99.9%) and C,, (MER Corp., purity >99%). After
collimation, the target jet enters the spectrometer along its
axis where it crosses a pulsed (2 kHz, 5 us pulse length)
beam of 57 keV Xe!°* ions (v=0.4 a.u.) from a 14.5 GHz
electron cyclotron resonance ion source. An electrode at a
constant potential of +20 V in front of the last jet-
collimation aperture prevents positive ions from the fullerene
oven (at ground potential) to reach the interaction region.

Intact ionized fullerenes and charged fragments are ex-
tracted toward the detector directly after the passage of the
ion beam pulse by the negative extraction voltage pulse
(100 us long) on the first ring electrode. The ion flight times,
as deduced from the time differences between the extraction
pulses and signals from the MCP, and the corresponding four
anode corner signals yielding the position on the detector are
stored in list mode on an event-by-event basis. The time of
flight may be converted to the ions’ mass-to-charge ratios,
resulting in a spectrum like the one shown in Fig. 2 for the
Cyp target.

In Fig. 3, we show a series of detector images for multiply
charged Csg fragments (left column) and multiply charged
Cgg fragments (right column), identified through their time of
flight. Such two-dimensional distributions have contributions
from both types of processes—evaporation of one neutral C,
unit [Eq. (1)] from a mother ion in the same charge state, and
asymmetric fission, i.e., emission of one C," ion [Eq. (2)]
from a mother ion in the next higher charge state. The evapo-

PHYSICAL REVIEW A 78, 043201 (2008)

yield [counts]
o]
|

Ceo*

0 Al

100 200 300 400 500 600 700
mass / charge [amu]

b
) 1200 4~ g Cgs™
CSO C 5+

1000 — N
— Ceq™] C..84
£ a0 |\ i o
o 54
= 600
g C523+ C583+
> 400 - CSOS+ \ C563+

WL WL

O
100 120 140 160 180 200 220 240
mass / charge [amu]

FIG. 2. Mass-to-charge ratio spectrum of ionized Cg, and
charged fragments produced in collisions with 57 keV Xe!%*. In (a),
the full spectrum is shown with labels on the most prominent intact
peaks. In (b), a zoom-in on the multiply charged heavy fragments is
displayed (the intensities of most of the intact peaks are out of
range).

ration processes mostly contribute to the spots close to the
detector center due to the small KER values (typically a few
tenths of an eV [24]). Fragments from the fission processes,
however, have much wider position distributions as kinetic
energy releases for two charged separating fragments range
from a few eV up to several tens of eV as will be shown
below. The (total) kinetic energy release, €, is partitioned on
both fragments but can be calculated from the kinetic energy
(in the center-of-mass frame) of one fragment through mo-
mentum and energy conservation for two-body breakup.

II1. DATA ANALYSIS

For, e.g., a Csg or a Cgg fragment, the radial displacement
r (in mm) from the spectrometer axis is

Einl .
r=4« — sin 3 + 1. (3)
3q'|E|

Here, Ey;, is the kinetic energy in the laboratory frame in eV,
L=592 mm is the distance from the beam-jet crossing to the
detector, ¢’ is the charge state of the fragment ion in atomic

E| is the acceleration field strength in V/mm, ¢ is the

units,
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FIG. 3. (Color online) Two-dimensional detector images for
multiply charged Csg (left column) and Cgg ions (right column) due
to fragmentation of Cg and C7o mother ions, respectively (see text).

angle between the ion velocity vector and the spectrometer
axis, and ry (in mm) is the distance from this axis before
extraction. The parameters « and & are corrections due to
lens action in the fringe field between the acceleration and
drift regions. For k=1 and 8=1, Eq. (3) describes the ideal
case of a spectrometer without such a lens effect. In our case,
the values are obtained through SIMION 7.0 simulations yield-
ing k=1.274 and (the magnification) 6=0.944. In the follow-
ing, we will use these values and perform simulations of the

radial distributions of the heavy fragments (ngqu, and

CGS‘”), taking into account the actual initial conditions and
the time delay between fragmentation and extraction.

The initial velocity and spatial distributions of the neutral
fullerene molecules before ionization were calculated from
the known thermal distribution of fullerenes in the oven, the
angular distribution of the effusive beam (following Ref.
[25] and using the present actual oven-nozzle geometry), the
jet collimation, and the finite volume of the overlap between
the fullerene jet and the ion beam. Measurements and simu-
lations of the radial distributions for the intact (i.e., nonfrag-
mented) fullerene ions confirmed these calculations on a
level appropriate for the present experiment. In this step, and
in the following simulations of fragment energy distribu-
tions, we have assumed that recoil energies from the electron
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transfer process may be neglected due to large impact param-
eters, short interaction times, and large target masses. We
further assume that the fission and evaporation processes are
isotropic in the rest frame of the mother ion, as the present
fragmentation processes (the time scale ranges up to the or-
der of microseconds) are slow in relation to the collision and
fullerene rotations.

Two-dimensional detector images are simulated indepen-
dently as functions of assumed probability distributions of
the kinetic energy releases for evaporation, P,(e€), and fis-
sion, P/(€), and are subsequently converted to radial distri-
butions. Under real experimental conditions, there is an al-
most uniform background on the detector, which is
accounted for by a radial background intensity linear in r.
For the different assumed analytical forms of the KERDs, the
simulated total radial distributions are fitted to those obtained
from the experiment by nonlinear regression. Data from the
two different acceleration field settings (6.0 and 9.0 V/mm)
are fitted together. Finally, the (P,(€),P/(€)) combinations
that give the best fit to our measured radial distributions are
taken to be the present semiempirical results.

For the evaporation distributions we use the “model-free”
approach by Klots [26]:

P(e)=aé exp(—li), (4)
€

where a is a normalization factor, € is the position of the
maximum of the distribution, i.e., the most probable KER
value, and / is a parameter related to the interaction potential
between the separating fragments (0</=<1). Equation (4)
has been used earlier to fit evaporation KERDs [16,17,24].
Following Gtuch et al. [16] and Climen et al. [17], we take
[=0.5 for the evaporation KERD, corresponding to a
Langevin-like long-range interaction between C, and the
heavier, charged fragment. This interaction potential scales
with the center-center distance d between the two fragments
as d~* due to polarization effects.

For fission, the reverse activation barrier and the dynam-
ics of the separation of charged products lead to difficulties
in establishing proper theoretical descriptions [27]. As men-
tioned above, there are no theoretical studies of KER distri-
butions for asymmetric fission and we have tried various
assumptions for P((e), like simply shifting a KERD similar
to those for evaporation by the amount of the reverse activa-
tion barrier. This could not describe the experimental data,
which was also the case for a symmetric, bell-shaped distri-
bution, like, for example, the ones obtained with the maxi-
mum entropy method for specific reactions with a reverse
barrier without charge separation [28,29].

In a first tentative effort to describe the present fission
data we again use Eq. (4). The overall best fits to our experi-
mental data are then obtained with [=8.5 (Cy,) and [
=10.0 (C;) but for the moment we refrain from an attempt
to interpret these results and only regard the resulting func-
tions P/(€) as efficient ways to parametrize the experimental
data. In this context we note that the only previously pub-
lished KERD for fullerene fission, by Senn et al. [18] for
Cyo’" fragmentation, also is well described by Eq. (4) with
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FIG. 4. (Color online) Experimental radial distributions of ng5+
(lower panel) and C685+ (upper panel) with simulated and fitted
distributions. Here, Cq,>* (C,,°%) ions decaying via neutral C,
evaporation give rise to the peaks at smaller radii. Fragments origi-
nating from C,* emission from Cg,™*, or C;,%*, respectively, con-
tribute with broader peaks at larger radii. The background is as-
sumed to be uniform (intensity linear in r) up to r=16 mm (see
text). The radial distributions of intact C605 + (C705+) ions are indi-
cated by dashed lines (not to scale).

[=8.5. This result [18] was obtained with a different type of
ionizing collision (electron impact) and a different experi-
mental technique, the mass-analyzed ion kinetic energy
(MIKE) technique, in which an electrostatic energy analyzer
voltage is scanned to give the kinetic energy distribution of a
preselected fragment from a given decay process.

In Fig. 4, the experimental and fitted radial distributions
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are shown for Css”* and Cgg™*. The fit parameters are € and
€,, the ratios between the intensities for fission and evapora-
tion and the background intensity. Similar fits were made
also for the other charge states. Events with r>16 mm
(shaded area in Fig. 4) are disregarded as the images are not
perfectly centered on the detector. The reduced y? values for
the fits in Fig. 4 are y>=2.2 in both cases, and between 1.2
and 2.6, and between 1.3 and 3.9 for the other charge states
of C¢g and Csg, respectively.

IV. RESULTS AND DISCUSSIONS
A. Kinetic-energy-release distributions

The fission KERDs P((¢) yielding the best fit results are
presented in Fig. 5. For both C," and C,,7" the width of the
distributions increases with g. We find that the KERDs for
Ceot " —Csg +C," and C,y** — Cyg**+C," are very similar
(see the left panel of Fig. 5). For higher charge states g of the
mother ions, however, the distributions for C,, are narrower
and shifted toward lower energies.

The total internal energy (after completion of electron
transfer processes) E* should be quite small for the majority
of mother ions (large impact parameters), but may also range
up to several tens of eV or above [9,30]. It is usually as-
sumed that the electronic excitation energy is efficiently con-
verted to vibrational energy. Very recently, Rentenier et al.
[31] concluded that, in the specific case of the He?*+Cg,
system, such high excitation may be due to electron capture
from inner w orbitals producing electronically excited
fullerene ions also at large impact parameters. However, such
excitation mechanisms are typical for projectiles of lower
charge states for which densities of electron capture states on
the projectile are limited. Electronic excitation of the
fullerene ion might also be due to close collisions [32], but at
the moment the mechanisms behind the substantial excitation
that some of the multiply ionized fullerenes obviously obtain
during the electron transfer process (which basically are

dominated by large impact parameters) are not clear. In any
case, the highly excited fullerene ions may decay by emis-
sion of a C,* or a C, unit within the present experimental
time frame of a few us when a sufficiently large energy (B
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FIG. 5. Kinetic-energy-release distributions in asymmetric fission reactions of multiply charged Cg (solid curves) and C, (dashed
curves), as functions of charge state ¢. The distributions shown are optimized to reproduce the experimental data in the simulation and fit

procedure described in the text.
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FIG. 6. Schematic of the two different decay channels and pos-
sible ways of partitioning the excess energy in the asymmetric fis-
sion reaction. The zero of the energy scale is the ground state of the
mother ion. ESis and Ej‘lis denote the dissociation energies for C, and
C," emission, respectively. By is the fission barrier height, and E* is
the total initial excitation energy of the mother ion. To the right: the
present experimental KER distribution.

or Egis, respectively) is concentrated in a particular dissocia-
tive mode. A schematic description of the competition be-
tween evaporation and fission is depicted in Fig. 6.

The fission process (2) proceeds through a transition state
[7], for which the reverse activation barrier (equal to €Y in
Fig. 6) would always be released as kinetic energy if the
reaction coordinate were completely separated from the other
modes. However, a non-negligible coupling of the reaction
coordinate to the other rovibrational modes may lead to a
situation in which the reverse activation barrier may partially
be transformed to internal energy. Such a scenario is mindful
of the one observed for the fragmentation of multiply
charged fullerene dimers [33,34] in two intact, charged,
monomers, where it was found that only about 50% of the
potential energy at the equilibrium dimer distance was re-
leased as kinetic energy. The rest was converted to internal
energy of the fullerenes. As can be seen in Fig. 6, where we
show the present KERDs for asymmetric fission of C604+ (to
the right), we also measure KER values higher than €7,
This may possibly be due to the existence of several local
minima and transition states with different (higher) energies
in the electronic ground state [21,35] (not shown in the sim-
plified picture of Fig. 6). Another explanation could be that
the high € values are due to transition states related to re-
maining nonthermalized electronically excited states as dis-
cussed by Chen et al. [30]. The presently observed increases
of distribution widths with g appear to be linked to increases
(with g) of the reverse activation barrier heights.

The measured differences in the kinetic energy releases
for C¢,"* and C,,?" may be attributed to differences in mo-
lecular properties like polarizability, size, and shape—Cg is
spherical while C5, is not. A further aspect, which may be
important, is the less homogeneous charge distribution on
C,, ions compared to Cg,. Zettergren et al. [36] found that
multiply charged C,, fullerenes have some essentially neu-
tral bonds (the central bonds in the pyrene motifs) regardless
of the charge state. The larger C;y molecule, and the Cgg
product, also have higher numbers of vibrational degrees of
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FIG. 7. (Color online) Comparison of the present most probable
KER values for asymmetric fission of Cg** and C,,* with (a)
results from DFT calculations [7] (with lines to guide the eye) and
an electrostatic model [6,38]; (b) other experiments on Cg yielding
single typical values by Scheier et al. [39], Tomita et al. [19], Senn
et al. [18], and Jensen ez al. [6]. (c) The difference between the &
values for Cg"* and C,7".

freedom which possibly may favor that more energy is kept
as internal energy in the fragmentation process than for the
Cgo case. In forming Ceg products we probably also effec-
tively have higher fission dissociation energies, E;“, in com-
parison to what we would get if the lowest Cgg isomer were
formed. There are many more isomers for Cgg than for Csg,
and such effects would give lower reverse barriers resulting
in lower measured kinetic-energy releases. Finally, it has
been suggested [37] that isotopic effects (it is more likely to
find one or several 1>C atoms in C, than in Cy,) and related
anharmonic behavior may account for the observed differ-
ences between Cgy and Cy.

In Fig. 7, the most probable values of our kinetic-energy-
release distributions for fission of Cyy"" and C,*", €, are
shown as functions of g. In the case of Cg, these values
agree almost perfectly with high level density functional
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theory (DFT) transition state calculations [7] [see Fig. 7(a) in
which the DFT results of [7] are connected by solid lines].
The theoretical values are for the molecules in their ground
states only (cf. Fig. 6) and do not include excitations, de-
excitations, or possible isomeric transformations during the
separation process. It is thus surprising, and perhaps also to
some extent fortuitous, that the agreement between experi-
ment and the transition state calculations of [7] is so good in
the case of Cg,.

There are several earlier measurements of kinetic energy
releases for fission from multiply charged fullerenes, but
with the exception of [18] they report only “typical values”
and not the full distributions. Comparing our results for Cg,
to such single-valued KER results [Fig. 7(b)], we note that
our most likely values are in agreement with the results of
Tomita et al. [19] for g=4-8. The results by Scheier er al.
[39], obtained with the MIKE technique, also agree with the
present ones except for their highest charge state (g=7). The
same technique was used also by Senn er al. [18], who, how-
ever, report values significantly above the present results,
except for g=6, whereas the results by Jensen et al. [6] are
significantly lower in all cases. The technique used by Jensen
et al. [6] was similar to the present one but was not fully
optimized for measurements of details in the KERDs due to
smaller detector images and much larger spectrometer fringe
fields. Further, the results in Ref. [6] for g=4 and 5 are much
too low due to unresolved contributions from evaporation.
Taking the differences between most likely € values for Cg,
and Cyg, A&=€{Cqp)—€ACy), we find that the present re-
sults follow a trend opposite to the one by Senn et al. [18],
whereas the data by Jensen et al. [6] do not show a clear
trend at all [see Fig. 7(c)]. The observed difference has a
similar behavior as a function of ¢ as a simple electrostatic
model [6,38] but is a factor of 2-3 larger than the model
prediction. The model takes the different polarizabilities of
Cgo and C,, due to their overall difference in size into ac-
count but ignores the fact that C; is not spherical and has a
less homogeneous charge distribution than Cg,.

The most probable KER values for evaporation, €,, are
measured to range between approximately 70 and 80 meV
for g=4-6. For g > 6, the evaporation yield was too small to
contribute significantly to the total experimental radial distri-
bution. This is about 50% smaller than values reported from
MIKE experiments [16]. However, the present experiment is
optimized for the much larger € values in the fission pro-
cesses (2). Thus, detector images for evaporation are very
small.

B. Branching ratios and fission barrier heights

In Table I we show the present experimental fission
branching ratios, obtained from the fits and defined as the
number of mother ions of a given charge state g decaying by
emission of one (and only one) C,* unit, divided by the total
number of mother ions decaying via emission of either one
C," or one C,. Branching ratios deviating significantly from
zero and 100% are observed for g=4-6. For C,, these ratios
are lower than for Cg in the corresponding charge states. As
the branching ratio is very sensitive to the difference be-
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TABLE I. Experimental branching ratio (in percentage) for fis-
sion (C," emission) relative to evaporation (C, emission) as ob-
tained by the fits of the radial intensity distributions (see text). The
statistical errors are about *1.0.

Charge state ¢

4 5 6
Ceo™ 18.9 87.5 98.2
Cool 48 64.5 96.1

tween fission barrier height (B) and the dissociation energy
for evaporation (EZ*), we tentatively use a simple statistical
model to extract semiempirical values for the fission barrier
heights for g=4—6. Here we rely on theoretical E* values
(considering the most stable isomers) for Cygy70"" — Csgs”
+C, from Dfiaz-Tendero et al. [21] and Zettergren et al. [8],
whereas the fission barriers are free fit parameters. This is a
reasonable approach since it is much easier to calculate Ejls
than By, which requires calculation of the transition states.

We use classical Rice-Ramsperger-Kassel theory [40,41]
and for ionized C,, (n=60,70) fullerenes with a total excita-
tion energy E* distributed on the vibronic degrees of free-
dom (see Fig. 6), the probability of locating at least the en-
ergy By in one of the s=3n—6 modes is (1-B,/E*)"".
Hence, the rate constants for fission and evaporation, kf and
k,, become [40,41]

gA(l-BJE*)"" if E*=B,,

k= 5
o if E* < B, .
gA(l — ESE*)1if B* = B,
ke = . dis (6)
0 if E* < E%,

where A is a common frequency factor and g, and gy are
degeneracy factors. Here, we use the recent results on evapo-
ration from singly charged fullerenes by Concina et al. [42]:
A=12X10?" s7! for C¢ and 8.5% 10" s7! for C,. Further,
as there is no independent information on fission frequency
factors in the literature, we assume that the values are the
same as for evaporation.

In the case of Cq ions, the g positive charges are equally
“distributed” on all 90 bonds but it is the removal of one of
the 60 C, units shared by a hexagon and a pentagon that
leads to the most stable Csg isomers [21]. For evaporation
from Cg ions we thus take g,=60—(60/90)g, and for fission
we assume g;=(60/90)q. For the less symmetric C;, case
there are many more isomers and possible transformations
involved, resulting in a larger number of ways to remove a
C, unit, and the most stable multiply charged Cgg isomer,
referred to as C,-I in Ref. [8], can only be reached indirectly,
i.e., by isomerization. In order to estimate the reaction de-
generacy, we therefore consider the lowest Cg¢g isomer that
can be formed directly by C, or C," extraction from a C,,7"
isomer. In Ref. [43] this C4g geometry, which is about 0.3 eV
higher in energy than C,-I [8], is referred to as C, (SW), and
the type of bonds in the C, associated with its formation are
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labeled SW1 and SW2 (due to the preceding Stone-Wales
transformation [44]). There are 20 such bonds and we as-
sume that the charge is equally distributed on all 105 bonds
in Cy, except for the central bonds in the five pyrine motifs,
which are not charged [36]. Thus, we assume g,=20
—[20/(105~5)]q for evaporation and g,=[20/(105-5)]q for
fission.

Assuming exponential decay, the probability for decay
within the time 7 is

p=l-e*)7=p, +p, (7)
where
pe=[k(k, +k)1p (8)
and
pr= [kf/(ke + kf)]P ©)

are the probabilities for decay via evaporation and fission,
respectively. Note that p, k,, ks, p,, and py are functions of
E*. Here, we have used 7=3 us, which is the average time
between ionization and extraction in the experiment
(5-us-long ion beam pulses and a short delay between the
end of the pulse and extraction). We neglect the influence
from decay processes during acceleration and drift in the
field-free region of the spectrometer, which, for the case of

Co and |E|=6 V/mm, takes about 25 us. This is, to some
extent, supported by the absence of significant tails on the
peaks in the time-of-flight spectra.

After single C,* or C, emission, the Csg and Cgg frag-
ments may still be highly excited and, therefore, we also take
the possibility of subsequent decay within 7=3 us into ac-
count. This gives changes in shapes and decreases of integral
intensities of p, and p;. In this second step, the internal en-
ergies of the Csg and Cgg fragments are reduced by (E%s
+¢€) or (E‘fhs+ €) from E* and we use A=2X 10" s~! for both
Csg and Cgg [42]. Finally, the fission ratios R are determined
through

__ JpdE
f(pf+ pe)dE* ’

where p, and p; now are the probabilities for emitting just
one C, or just one C,", respectively. As the same internal
energy range contributes to both processes (see Fig. 8 for an
example), the actual distributions of initial excitation ener-
gies E*, which are not exactly known for the present experi-
ment, hardly affect the ratio R. Further, R is insensitive to the
absolute value of the A factors and to changes in 7 on the
level of a few microseconds.

For each ¢, the fission barrier height, and thus k;, was
adjusted such that R agrees with the experimental result in
Table I. The semiempirical By values are shown in Fig. 9
with estimated uncertainties. Our results for Cg, are in agree-
ment with high-level DFT transition state calculations [7].
This very favorable comparison is a bit surprising given the
simplicity of the present statistical approach. The B values
obtained for C,, are lower than the theoretical results by
Zettergren et al. [8], which, however, are based on the as-
sumption of equal reverse barriers for C4y and C,. Thus, the

(10)
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intact C,. 4+ S
W W I further decay

0.5 a2

probability

039 40 60 70

FIG. 8. Modeled probabilities for C604+ mother ions with inter-
nal excitation energy E* to stay intact (dotted gray curve), decay via
emission of one C, (dash-dotted black curve), or one C,* (solid
black curve), or further decay to smaller fragments (gray dashed
curve) within 7=3 us.

results in Fig. 9 indicating lower fission barriers for C;, than
for Cg are in principle consistent with the present measure-
ments of smaller kinetic energy releases for Cy, although the
differences in By values in Fig. 9 are too small to fully ex-
plain the observation.

V. CONCLUSION

In this work, we have presented a systematic experimental
study of kinetic-energy-release distributions for single C,*
emission from multiply charged Cg, and Cs fullerenes (in
charge states ¢g=4-8). Further, based on measured branching
ratios between C, and C," emission and a simple statistical
approach, we have deduced semiempirical fission barrier
heights for Cy, and C; ions in charge states g=4—-6. We find
large, unexpected differences between the KERDs for Cg
and C,, where the former are wider and peak at significantly
larger values when g>4. We believe that the lower C,, fis-
sion barriers, the larger C,, polarizability (size), and the fact

10.0 | ' ' ' ' ]

95}
9.0 8 _
85| i\ |

8.0 | E
(] Ceo present experiment i

75L W C70 present experiment i
—O— Gy theoty Diaz-Tendero et al. 1

O
7-O'n | | | [

3 4 5 6 7
charge state, q

fission barrier, B; [eV]

FIG. 9. Semiempirical fission barriers with estimated errors for
Cgo* (filled circles) and C,,7" (filled squares). Results for Cq)?*
from theory (DFT) [7] are shown by open symbols and are con-
nected by lines to guide the eye.
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that it is likely that the ground state Cqg isomer is not formed
in C,, fragmentation contribute to this difference, although
they do not fully explain it. Additional effects may concern
the inhomogeneous charge distribution on C5, its nonspheri-
cal shape, and isotope effects. The peak positions of the
present KERDs for Cg, coincide with high-level transition
state calculations for ground state fragments by Diaz-
Tendero et al. [7] and, further, our semiempirical fission bar-
rier heights agree perfectly with the results from the same
calculation. The wide experimental distributions show that
kinetic energy releases may be both smaller and larger than
the reverse activation barrier. The lower energies may be
explained as due to couplings of the reaction coordinate with
other internal degrees of freedom, while the larger values
possibly may relate to higher-lying transition states for the

PHYSICAL REVIEW A 78, 043201 (2008)

electronic ground state or remaining electronic excitations
with larger reverse barriers. Our experiment and analysis
again shows that substantial internal excitation energies—of
the order of 50 eV or above—are involved in fragmentation
of fullerene ions on the microsecond time scale. At the mo-
ment, the mechanism behind this substantial excitation is not
clear and this intriguing and very important problem needs to
be studied in further detail.
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