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We have studied collisions between slow highly charged ions and pure C70 and C60 molecular targets, and
report on measurements of target ionization and fragmentation in electron transfer processes. The intensity
distributions in the fragmentation spectra for C60 and C70 are rather similar, indicating that similar roles are
played by evaporation(neutral C2 emission) and fission processes(charged particle emission) in the two
systems. For C70, intact molecular ions are formed in charge states up to 10+, while the maximum charge state
for C60 molecules is 9+ following collisions with Xe23+ at 69 keV. The kinetic-energy releases measured for
asymmetric fission of C70 ions sC70

r+→C68
sr−1d+C2

+d are mostly close to the corresponding ones for C60,
while both sets of results are significantly lower than those reported for electron-impact ionization studies of
C60 and C70. Kinetic-energy releases and fission barrier heights are estimated for C60 and C70 ions using an
electrostatic model. An increased intensity of the higher charge states of C70 ions is observed compared to the
C60 case, which most likely is due to a larger number of degrees of freedom on which the internal excitation
energy may be distributed.
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I. INTRODUCTION

Over the past decade a vast number of collision experi-
ments using C60 molecules as targets and different types of
projectiles have been carried out[1–15]. The creation of
multiply charged C60 ions and the investigation of the sub-
sequent decay processes have been used to probe fullerene
stabilities and dynamics. Fragmentation of collisionally ex-
cited fullerenes depends on their internal energies, the mo-
bility of the valence electrons, and the couplings of elec-
tronic and vibrational degrees of freedom. The energetics and
dynamics of dissociation reactions of neutral and charged
C60 have been studied extensively using different experimen-
tal methods. In particular, the energy deposition in clusters
has been analyzed through the kinetic-energy releases(KER)
[4,5,7,9–15] in the various dissociation processes, and by
investigations of the balance in the production of intact and
fragmented C60 ions [3,14,15].

Collisions involving higher fullerenes, such as C70, have
been studied to a much smaller extent. One may ask what
happens as the number of atoms and thus the number of
degrees of freedom over which the internal energy can be
distributed increase, and how does the response to the exter-
nal perturbation change? The ionization and fragmentation of
the C70 molecule have mainly been investigated using elec-
tron bombardment[2,9,10,13,16–20] and photon irradiations
[1]. There are a few studies on ion formation and degradation
of C70 by gas-phase fast-atom bombardment using keV neu-
tral atoms[21,22], and there are also some collision studies
using C70 ions as projectiles investigating fragmentation and
electron capture[23–26]. However, experiments in which
atomic ions collide with C70 are scarce, and then only mixed

C70/C60 targets have been used, obscuring the picture of the
C70 fragmentation processes. Jinet al. [27] found that C60

r+

with r up to 9 is formed in collisions between Bi44+ and C60
at 500 keV. As a mixture of C60 and C70 was used, also
several peaks corresponding to intact C70 ions in charge
states up to 6+ were observed[27]. This is also, to our
knowledge, the highest charge state of C70 found in electron
bombardment studies up to this date[10,16].

Multiply charged cluster ions are produced efficiently in
slow sv!1 a.u.d collisions between highly charged ions and
clusters[3,28,29]. At low collision energies, electron capture
dominates the interaction, and the capture process occurs al-
ready at large distances, and only limited amounts of ener-
gies are transferred to internal nuclear motion and electronic
excitations[28]. In collisions with projectiles in lower charge
states, the interaction processes are dominated by smaller
impact parameters leading to higher target electronic and vi-
brational excitations.

In this work, we present, to our knowledge, the first ex-
perimental results on the ionization and fragmentation fol-
lowing slow collisions between highly charged ions and a
pure C70 target. This will be compared with results for C60.
The multiply charged C70, or C60, ions are produced in
Xeq++C70/C60→Xesq−sd++C70

r+/C60
r++sr −sde− collisions at

3q keV by electron capture processes. Here,q is the projec-
tile charge state(q=8, 16, and 23), r is the number of elec-
trons removed from the fullerene, ands is the number of
electrons stabilized on the projectile.

In Sec. II, we describe the experimental technique, while
we present fragmentation intensity distributions and KER
values for C70 and C60 in Sec. III. The present experimental
results for asymmetric fission(C2

+ emission) are qualita-
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tively explained in Sec. IV by an electrostatic model[30,31]
in which we assume that C70, C60 and their fragments may be
treated as conducting spheres. In Sec. IV we also discuss
evidences for the production of C70

10+, while there is no
indication of intact C60

10+ ions under identical experimental
conditions. We will argue that the higher stability for C70 is
due to the possibility to distribute the internal energy on a
larger number of vibrational modes.

II. EXPERIMENT

The experimental method is described in detail elsewhere
[14,15], and only a brief description is given here. The
highly charged atomic projectiles(Xe8+, Xe16+, and Xe23+)
were produced in the 14.5 GHz Electron Cyclotron Reso-
nance(ECR) ion source at the Manne Siegbahn Laboratory,
Stockholm University. The ions had energies of 3q keV and
the ion beam was collimated before entering the experimen-
tal setup shown in Fig. 1. The beam crossed collimated C70
or C60 jets, effusing from a small oven. The temperature of
the oven was set to 600°C for both targets. The C60 and C70
powders had purities of 99.9% and 99.4%(Hoechst), respec-
tively (0.4% of the C70 powder consist of C60, and 0.2%
consist of higher fullerenes). The oven was carefully cleaned
between target changes. The interaction region lies in the
extraction stage of a linear time-of-flight mass spectrometer,
and the fullerene jets point in the direction of the spectrom-
eter axis.

Projectile ions exiting the collision chamber in thesq
−sd+ charge state(i.e., stabilizings electrons) were selected
by means of a 180° electrostatic cylindrical analyzer fol-
lowed by a position sensitive detector(PSD1). A fast signal
from the projectile detector triggered a transverse electric
field, which extracted fullerene recoil ions towards the drift
region of the time-of-flight spectrometer with a position sen-
sitive detector(recoil detector with 50 mm diameter, PSD2).
The multiply charged fullerenes and their fragments were
analyzed with respect to their time of flights, determined by
the “start signals” from the projectile(which also triggered
the extraction) and the “stop signals” from the recoil detec-
tor. Note that this method gives a delay—the time it takes the
projectile to reach its detector(roughly 1ms)—between the
ionization of a target molecule and its extraction. The data
were stored event by event in list mode using a multihit
time-to-digital converter . However, due to limited fullerene
detection efficiencies(the front of PSD2 was floated on
−3 kV) only few multiple hits were registered. The time-of-
flight spectra shown in the following are thus dominated by
single-hit events. One example is shown in Fig. 1 where
charged fragmentation products and ions of C70 were re-
corded in coincidence with two electrons stabilized on Xe23+

projectiles. Time-of-flight peaks are associated with position
distributions(on PSD2) characteristic for kinetic-energy re-
leases in the postcollisional fragmentation processes. The
method to extract KER values has been discussed in detail
earlier [14,15].

III. RESULTS

A. Mass spectra

For the C60 target it has been demonstrated[28,32,33] that
the fragmentation depends on the energy deposited in the C60
molecule. By increasing the internal energy of C60 above a
certain threshold the initially dominating fragmentation
channel, loss of C2 molecules, is overtaken by breakups of
the cage into linear chains and rings of carbon atoms[32].
The internal fullerene energy resulting from a collision varies
as a function of the impact parameter which can be selected
roughly through the number of electrons removed from the
fullerene targetsrd. Thus the fragmentation pattern depends
on r [34]. In addition, there is a correlation(although less
strong) between impact parameter and the number of stabi-
lized electronsssd. A correlation between the number of ac-
tive electrons from a C60 target and the number stabilized on
the projectile has been observed[35,36].

In Fig. 2 we compare mass spectra for 24 keV Xe8+ col-
lisions with C70 (left) and C60 (right). The spectra were taken
in coincidences with one(s=1, upper spectra) and two (s
=2, lower spectra) stabilized electrons on the projectiles.
First, we note that the C60

3+, C60
4+, and C60

5+ peaks in the
C70 spectrumss=2d are due to fragmentation of C70 ions, and
not to impurities in the C70 jet. This is seen by comparing
two-dimensional position distributions on the recoil detector
for, e.g., C60

3+ (see insets of Fig. 2). The C60
3+ ions coming

from the fragmentation of C70 ions have wider distributions
than C60

3+ ions created directly by soft electron removal

FIG. 1. A schematic of the setup used for coincidence registra-
tion of final projectile and target charge states and the fragment
kinetic energies. An example of 69 keV Xe23+ ions colliding with
C70 is shown. The analyzer voltage is set such that only Xe22+ and
Xe21+ ions hit the position sensitive detector(PSD1). The corre-
sponding image on the detector is shown as an inset. The time-of-
flight distribution of the recoil ions coincident with the outgoing
Xe21+ ions ss=2d are also shown and for each one of the peaks in
this spectrum there is a corresponding image on PSD2. Examples
are displayed for C70

5+ and C68
5+.
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from neutral C60 molecules. Similar observations are made
for C60

4+ and C60
5+ ions. The strong C60 fragment production

for the C70 target, where fragmentation processes given by
asymmetric fission and evaporation dominate, is due to the
exceptional stability of the C60 molecule as compared to,
e.g., C58 or C62. This means that sequential evaporation
and/or fission processes are likely to result in C60 ion pro-
duction. The C60

2+ contribution in the C70 ss=2d spectrum is
extremely small and consistent with the 0.4% C60 content of
the C70 powder. In addition, they show a narrow distribution
on the recoil detector, characteristic for intact ions. The C60
and C70 mass spectra are similar, except for an enhanced
production of C70

5+ ss=1d compared to C60
5+ ss=1d as

shown in the upper two spectra. The intensity ratios between
the highest observed charge states, 5+ and 4+, is 0.14±0.01
and 0.08±0.01 for C70 and C60, respectively. Also, C70

5+

seems to be stronger than C60
5+ in the s=2 spectra. The

present 24 keV Xe8+-C60 spectra are almost identical to the
results reported for 24 keV Ar8+-C60 collisions as can be
seen from a comparison with Figs. 1 and 22 in Ref.[3] and
[28], respectively. This indicates that direct vibrational exci-
tation from distant elastic collision processes(which should
be different for Ar and Xe projectiles at the same energy) is
relatively unimportant at the present velocities, impact pa-
rameters, and projectile charge states.

Going to higher projectile charge states, the critical dis-
tances for electron transfer increase. This leads to colder tar-
get ions yielding less fragmentation and higher charge states
of intact C70 and C60. In Fig. 3, we show the ionization and
fragmentation patterns of C70 and C60 recorded in coinci-
dence with outgoing projectiles stabilizing one, two, and
three electrons ss=1–3d in collisions with 69 keV

Xe23+-projectile ions. Fors=1, mainly intact C70 and C60
ions in charge state up to seven are seen. Events withs=1
are mostly associated with large impact parameters, where
several electrons are gently extracted from the target in over-
the-barrier electron capture processes, and finally only one of
them is stabilized while the others are lost through autoion-
ization from the projectile. This leads to the creation of com-
paratively cold and stable target molecular ions.

For outgoing Xe21+ ss=2d mostly intact molecules with
charge states up to 9+ are observed, but the fragmentation
increases slightly(as compared to thes=1 cases) as seen in
the sequences of peaks to the left of C70

3+, C70
4+, and C70

5+

in (a), and C60
3+, C60

4+, and C60
5+ in (b). These peaks stem

from the break-ups of C70
r+ and C60

r+ ions with r ù3. The
corresponding heavy fullerene fragments(C70−2m and
C60−2m) with rather low intensities are thus produced in
charge states larger than or equal to three and with even
numbers of carbon atoms(70−2m=68,66,64, . . ., or 60
−2m=58,56,54, . . .). Theses=2 events are mainly due to
fullerene ions produced in intermediate impact parameter
collisions resulting in internal energies, such that light neu-
tral, or charged, small fragments are emitted.

The amount of fragmentation increases for coincidences
with outgoing Xe20+ ions ss=3d, and light singly charged
fragments become competitive in intensity with the heavier
fragments. The increased multifragmentation indicates that
intact C60 and C70 of higher charge states than observed di-
rectly in the mass spectra may be produced to larger extents
[35,36] (but with short lifetimes), as multifragmentation is
important for the destruction of C60 whenr .6 [34]. Events
with s.3 are on the average associated with smaller impact
parameters where the projectile passes close to the cage lead-

FIG. 2. Mass spectra from 24 keV Xe8+-C70 collisions (left) and 24 keV Xe8+-C60 collisions (right). The upper spectra are taken in
coincidence with one electron stabilized on the projectilesss=1d, and the lower with two stabilized electronsss=2d. Position distributions on
the recoil detector of the C60

3+ ions are shown as insets. The dimensions of the detector images are 16316 mm2, which are only smaller
parts of the whole detector area(50 mm in diameter).
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ing to higher internal energies and possibly to destruction of
the fullerene cages into even and odd numbered light frag-
ments. Fors=4 (not shown) we do not detect any intact C60
or C70 ions.

In Fig. 4(a), we show the Xe23+-C70 ss=3d spectrum ex-
tended inm/q up to r =1, demonstrating that there is only a
small contamination due to multiple collision events involv-
ing capture of one and two electrons from C70 (r =1 andr
=2). For s=2 there is no contamination at all fromr =1
events. Figure 4(b) shows the Xe23+-C70 ss=3d spectrum in
more detail. Doubly charged carbon clusters are now also
clearly visible, as well as intact C70 molecular ions in charge
states up to(at least) 9+. The intensity distribution of singly
and doubly charged light fragments(i.e., Cn

+ and Cn
2+) is

almost identical for the C70 and C60 targets(the latter ones
are not shown).

In Fig. 4(d) we discriminate between hits on the position
sensitive recoil detector corresponding to intact and frag-
mented fullerene ions. As the fragmented C70 ions have
much broader position distributions than the intact ones[see
Fig. 4(c)], we obtain a mass spectrum almost free of frag-
ments by selecting central hits on the recoil detector. This
indicates the production of intact C70

10+ ions. No such clear
indication of intact 10+ ions was found for C60 under exactly

the same conditions(Xe23+ projectiles at 69 keV) or with
other highly charged Xe ions[15]. Brenacet al. [37] have,
however, reported indications of intact C60

10+, using slow
highly charged ions, but under somewhat different experi-
mental conditions. In Table I, we show measured
C70

9+/C70
8+ and C60

9+/C60
8+ intensity ratios for one through

three stabilized electronsss=1–3d. These ratios are signifi-
cantly higher in all three cases for C70 than for C60. These
observations signal a higher stability for C70

9+ than for C60
9+

and it is thus not surprising that the C70
10+ ions survive the

time-of-flight to much larger extents than C60
10+ (i.e., en-

hanced intensity of C70
10+ ions in accordance with Fig. 4). In

Fig. 5, we show apparent production cross sections for intact
C60 and C70 ions. The relations between thes=1, s=2, and
s=3 curves have been established through the measured pro-
jectile charge state distributions. Except for the noted differ-
ence at highr, the recoil charge state dependencies are strik-
ingly similar.

B. Kinetic-energy releases

Fullerene fragments which are due to C2
+ ion emission

from C70 or C60 have a broader position image on the recoil
detector than their nondissociative counterparts due to the

FIG. 3. The mass distribution of recoiling intact and fragmented fullerene ions measured in coincidence withs=1–3electrons stabilized
on 69 keV Xe23+ projectile ions after collision with(a) C70 and (b) C60.
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substantial energy release in the dissociation process[14,15].
From the widths of the fragment ion peaks it is possible to
deduce the kinetic recoil energies of, e.g., C58 (from C60) and
C68 (from C70) ions, and to use simple kinematics to obtain
the corresponding kinetic-energy releases. The method to ex-
tract KER values, including the calibration method using
room-temperature Xe target gas, is described in detail in ear-
lier work [14,15]. The resulting resolution for the KER mea-
surements using this method is,0.1 eV(see Ref.[15]). The
present KER results are shown together with some literature
values in Fig. 6 for the processes in which C70

r+ or C60
r+

emits a single C2
+ molecule as a function of the initial

fullerene charge stater. Also shown are KER values ob-

tained by the present technique for the process where C60
r+

emits a single C2
+ molecule after collision with 50 keV

Xe17+ ions [15]. In Table II we summarize the present
kinetic-energy release measurements for asymmetric fission
of C70 ions following Xe16+ and Xe23+ collisions. The KER
values increase as functions ofr, and they are similar for the
two projectiles and the C60 and C70 targets.

The results shown in Table II and Fig. 6 are those for
which r ù5 and where we find that asymmetric fission(C2

+

emission) dominates strongly over neutral C2 emission. For
lower rsø4d we find significant and even dominating contri-
bution from neutral C2 emission. The KER values corre-
sponding to the latter processes are indeed measured[14]
(and found to be much lower than for C2

+ emission) but are
not the topic of the present paper. In the few cases where the
contributions from C2 and C2

+ emission are similar, separate
position distributions on the recoil detector(PSD2) may be
distinguished.

TABLE I. Ratios between charge states 9+ and 8+ produced by
69 keV Xe23+ projectiles for C70 and C60 as functions of the number
of stabilized electronss. Shown are also the corresponding ratios
for the total charge state distribution.

s=1 s=2 s=3 Total

C70
9+/C70

8+ 0.13±0.05 0.20±0.03 0.42±0.07 0.19±0.04

C60
9+/C60

8+ 0.08±0.04 0.13±0.02 0.20±0.05 0.12±0.02

FIG. 5. Apparent cross sections for producing intact C60 (above)
and C70 ions (below) with 69 keV Xe23+ ions.

FIG. 4. (a) The mass spectrum fors=3 in Xe23+-C70 collisions.
(b) Details of the mass spectrum in(a), where the C70

9+ peak is
clearly seen.(c) Position distributions on the recoil detector for
C70

9+, C8
+, and C15

2+ ions. The dimensions of the detector images
are 16316 mm2. (d) This spectrum is obtained after selecting(cen-
tral) hits on the recoil detector corresponding mainly to intact C70

ions exposing a significant C70
10+ contribution. The intensity axis in

(b) and (d) are 50% of the one in(a).
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IV. DISCUSSION

A. Other experimental results on KER

In this section we will compare the present experimental
results on kinetic-energy releases with earlier measurements
using partly different techniques and fullerene ion production
methods. In the MIKE scan technique(mass-analyzed ion
kinetic energies) [9,10], the energy distributions of the heavy
fragments(C58 and C68 ions) are measured by means of an
electrostatic analyzer yielding KER values following elec-
tron impact ionization of C60 and C70. In those measurements
(Sennet al. [10] and Mattet al. [9]), the selected dissociation
process is that of pure asymmetric fission, of the types
C60

r+/C70
r+→C58

sr−1d+/C68
sr−1d++C2

+. We note that the re-
sults of Sennet al. [10] and Mattet al. [9] (for which no
error bars are given) are several standard deviations larger
than the present results.

At present, the reason for this deviation is not clear, but a
few differences between the experiments should be noted.
First, the excitation methods are different yielding possible
differences in internal temperatures just after the ionization
process. Most likely the initial fullerene ions are colder after
electron capture, but on the other hand, the decay is mea-
sured after delays of the order of 10ms (depending on the

charge state) in the MIKE experiments[9,10], and during
this time cooling may occur[38]. In our experiment, the time
delay between ion creation and extraction of the resulting
fission fragments is typically of the order of 1ms. Thus, the
internal energies of the fullerene ions are quite different in
the two experiments. However, this should influence the fis-
sion rate but should have less or no effect on the kinetic-
energy release[4]. Second, while asymmetric fission and
evaporation are unambiguously separated in the MIKE ex-
periments we are only able to extract separate values with
high confidence if the two channels have markedly different
intensities(which most often is the case) [14]. The compari-
son with the MIKE data is further complicated by the fact
that some earlier MIKE measurements on C60 [4] are consis-
tent with our present result but in disagreement with the
MIKE result shown in Fig. 6. We also note that the KER
results for C60 by Tomitaet al. [12] and Chenet al. [7], using
electron capture to highly charged ions(and prompt excita-
tions of the cluster ions as in the present experiments). yield
results consistent with the present C60 data and Ref.[15].

B. Comparisons with KER model results

An understanding of the mechanisms for asymmetric
fragmentation processes has been developed by assuming
that the internal energy is statistically distributed among all
the degrees of freedom. A dissociation channel is open when
a critical energy is accumulated on the associated reaction
coordinate [33,39]. Here a simple statistical evaporation
model, the so-called RRK theory developed by Rice, Ram-
sperger, and Kassel[40,41], was used. In addition, Märket
al. [4,5] have presented a dynamical picture for asymmetric
fission of C60

r+ and other fullerene ions. To interpret the
observed energy release of the fission channels C60

r+/C70
r+

→C58
sr−1d+/C68

sr−1d++C2
+, Märk et al. [4] proposed a two-

step reaction sequence for the loss of a C2
+ ion initiated by

the unimolecular C2 evaporation followed by a charge trans-
fer from the neutral outgoing C2 to the residual fullerene ion.
This is known as the autocharge transfer(ACT) process. Re-
cently, it has, however, been argued[12,15] that KER values
for asymmetric fission of C60

r+ ions may be understood with-
out the ACT mechanism(at least for higher charge states).
Instead it appears that evaporation and asymmetric fission in
general are independent processes governed by activation en-
ergies for neutral C2 emission and fission barriers for C2

+

emission.
In the model calculation(the results are shown in Fig. 6)

we have assumed that the two separating fragments are con-
ducting and rigid spheres and we calculate KER values fol-
lowing Zettergrenet al. [30] (see also Näheret al. [42]). As
this model also yields critical distances for over-the-barrier
electron transfer between the fragments[30], we conclude
that the ACT process most likely is inactive for the fission of
C70 (which was also concluded earlier for the C60

r+ case
[15]). It is interesting to note that this simple model predicts
close KER values for C60 and C70 as observed in the present
experiment and in the one based on the MIKE technique
using electron bombardment. In fact, the latter experimental
results are very close to the present model values. We be-

FIG. 6. Comparison between experimental KER values for pro-
cesses where C70

r+ and C60
r+ emit a single C2

+ ion as functions of
the initial charge state. Some earlier measurements are based on the
MIKE technique by Mattet al. [9] and Sennet al. [10]. The C60

data by Cederquistet al. [15] are obtained using the present tech-
nique and Xe17+ projectile ions. Also shown are calculated KER
values for the fission process where a C70

r+ (full curve) or C60
r+

(dotted curve) ion emits a single C2
+ ion. The model results are

based on the interaction between two polarizable spheres of finite
radii (see the text).

TABLE II. Experimental KER values(given in eV) for the
asymmetric fission process C70

r+→C68
sr−1d++C2

+ using Xe16+ and
Xe23+ projectiles.

r =5 r =6 r =7 r =8 r =9

Xe16+ 4.4±0.5 5.7±0.5 9.6±0.9 10.5±1.4 15.6±2.7

Xe23+ 3.4±0.4 4.2±0.4 8.6±0.9 10.8±1.0 15.9±2.0
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lieve, however, that this agreement to some extent is fortu-
itous as the model is extremely simple ignoring, e.g., effects
of changes in the finite internal excitations of the fragments;
that is, the possibility that charge separation(fragmentation)
is accompanied by simultaneous internal excitations(i.e.,
fragments taking up some of the energy released) has to be
taken into account[43]. This results in the final(excited)
states having higher energies yielding smaller differences in
relations to the maxima of the barriers, and a thereby smaller
KER values. Still, the present simple model clearly gives the
correct trend.

The model kinetic-energy releases in Fig. 6 are considered
to be the differences between the interaction energies for
infinite separation(assumed to be zero), and the maxima of
the barriers of the potential-energy curves for the sphere-
sphere interaction. The model potential energyUintsRd for the
spheres, at the center-center distanceR.aH+aL, whereaH is
the radius of the heavy(C68 or C58) andaL the radius of the
light fragmentsC2d, is given by

UintsRd =
1

2
FqHsq0

H − qHd
aH +

qLsq0
L − qLd
aL G , s1d

whereqH andqL are the net sphere charges of the heavy and
light fragments, respectively, whileq0

H andq0
L are their center

chargesf30,31g. The center charges depend on the infinite
number of image charges induced in the spheres and are
functions of both net charges, the sphere radii, andR f30g.
We have assumed the same surface density for C68 as for
C60, yielding aH=aC68=aC60s1+8/60d1/2=7.66a0. The C60

radius aC60=7.2a0 was obtained by fittingIrsC60d=W+sr
−1/2d /aC60 to the experimental ionization potential for C60

f30,44g, yielding also a value for the work functionW
=5.7 eV. The radiusaL =aC2=2.38a0 of the C2 fragment is
deduced fromI1sC2d=W+1/s2aC2d using the accepted ex-
perimental I1 value 11.4±0.4 eV f45g. For C70 we get
aC70=aC60s1+10/60d1/2=7.8a0. The ratio between this ra-
dius and the one for C60 is in accordance with recent mea-
surements on the static polarizabilities of C70 and C60 f46g.
Furthermore, calculating the first five ionization potentials
for C70, IrsC70d=W+sr −1/2d /aC70, we find good agree-
ment with experimental resultsf19,47g. This shows that
this simple surface density scaling and basic electrostatics
describe sizes, polarizabilities, and ionization potentials
rather well. The model energy releases for C60

r+ are ob-
tained using a radius for the C58 ions of 7.1a0 f14,15g.

C. Estimated fission barriers for C70 and C60 ions

The detection of intact multiply charged fullerene ions
requires low internal energies of the ionized fullerenes and
short experimental time windows, so that the fullerene ions
can survive the analyzing time of several microseconds. A
zero fission barrier height leads to immediate “Coulomb ex-
plosion”, but a fullerene ion with nonzero fission barrier may
also undergo fragmentation on the experimental time scale,
even though it remains stable over many vibrational periods
(picosecond time scale). The lower the internal energy is, the
lower the fission barrier can be for a system avoiding frag-

mentation during the time of flight. The measured mass dis-
tributions are thus sensitive to lifetimes for intact fullerenes,
which of course are related to their stabilities.

The kinetic-energy releases,EKER, in asymmetric fission
depend on fission barriersBfis

r for emission of C2
+, through

[12,15,31]

Bfis
r = EKER + Ea

r−1 + I1sC2d − IrsC70/C60d, s2d

under the assumption that the internal excitation is un-
changed during the fragmentation process. The activation en-
ergies for neutral C2 emissionsevaporationd from C70

sr−1d+ or
C60

sr−1d+ are denotedEa
r−1. In order to obtain information

on the stability of C70
r+ and C60

r+ ions reliable data are
needed forEa

r and the ionization potentialsIr for C2 and
C70/C60 ions f15g. The activation energy for the emission
of neutral C2 from C60 has been the subject of many stud-
ies ssee, e.g., Ref.f48g and references thereind, where the
more recent ones indicate a value of,10 eV f38,48g. For
C70 there have been only a few studiesf38,49,50g, where
the most recent measurementf38g indicates aEa value for
neutral C70 close to the one for C60 si.e., ,10 eV, or
maybe slightly lowerd. However, activation energies are
charge state dependentf15,31g, but no data are available
beyond those for doubly charged ionsf38g. Information on
ionization potentials for C70 and C60 are available up to
r =5 f19g.

In Fig. 7 we show model fission barriers for C2
+ emission

from C70
r+ and C60

r+ as functions ofr as calculated through
Eq. (2). Here, we have assumed that the C2 activation energy
is independent ofr [15], and have used the neutral values of
C60 and C70, which are EasC60d=10.3 eV and EasC70d
=9.5 eV [38]. These values were obtained from the activa-
tion energies of singly charged C70/C60 ions and by taking
into account the differences in ionization energy between
C70/C68 and C60/C58, respectively. KER values were calcu-
lated by Eq.(2) and were shown in Fig. 6. The ionization
potentials for C70 and C60 used in Eq.(2) were given in Sec.
IV B as Ir =W+sr −1/2d /a. The resulting stability limit for
C70sr =13d is slightly larger than the one for C60sr =12d, due

FIG. 7. Model fission barriers for the processes C60
r+/C70

r+

→C58
sr−1d+/C68

sr−1d++C2
+. The horizontal lines show the activa-

tion energy for neutral C2 emission from C60 and C70 (here assumed
to be independent ofr).

IONIZATION OF C70 AND C60 MOLECULES BY SLOW… PHYSICAL REVIEW A 69, 053203(2004)

053203-7



to the somewhat larger model radius for C70.
The highest charged intact C60 ions observed experimen-

tally are C60
12+, C60

10+, and C60
7+ produced by multiphoton

absorption[51], slow highly charged ions[37], and electron
bombardment[4], respectively. The most highly charged in-
tact C70 ion observed is C70

10+ from the present study using
69 keV Xe23+ projectile ions. There are no theoretical predic-
tion for the C70 stability limit, but the ones for C60 spread
from r =10 [52] to r =13 [53] and r =16 [54]. Emission of
C2

+ appears to dominate forr .4 in the case of C60 as seen
in Fig. 7 and in accordance with observations[5,34,55]. The
model results(see Fig. 7) show that the C70 fission barriers
fall below the C2 activation energy at slightly higherr values
than in the C60 case (i.e., evaporation should appear for
slightly higher charges for C70 than for C60), in accordance
with recent experimental observation[56]. In a recent article
by Zettergrenet al. [31] the possible influence of direct C4

+

emission on the stability limit of multiply charge fullerenes
is discussed using the present electrostatic fragmentation
model. It is, however, hard to draw firm conclusions from
such an analysis as it is very sensitive to the choice of the C4
model radius.

D. Estimates of lifetimes

We assume a statistical distribution of the internal ener-
giesEn of the ionized fullerenes among thef =3n−6 internal
vibrational modes(considered to be a collection of indepen-
dent harmonic oscillators). The classical expression for the
probability of localizing enough internal energy in a single
mode of ann-atom system and to overcome an energy bar-
rier B is s1−B/End f−1. The rate of dissociation then becomes
[40,41]

k = t−1 = AS1 −
B

En
D f−1

, s3d

wheret is the dissociation lifetime andA is the preexponen-
tial factor related to a frequency or a characteristic time for
the energy equilibration in the system.

The internal energies for C60
9+ and C70

10+ ions surviving
the relevant experimental time scales are estimated through
Eq. (3) with B given by Eq.(2) (assuming that C2

+ emission
dominates). We useA=231019 s−1 which has been used for
the evaporation process of C60 and C70 [38]. This value is,
however, disputed and suggestions range over several orders
of magnitude(see, e.g., Refs.[48,57] and references therein).

In order to be observed as an intact fullerene ion(with a
certainm/q), the ion must not fragment before leaving the
extraction zone. Here the extraction time istsCn

q+d
<0.8În/q ms and the fission rateksCn

q+d has to satisfy the
condition ksCn

q+d&1/tsCn
q+d, and we thus obtain typical

maximum internal energies ofEn<29 eVsC60
9+d and En

<30 eVsC70
10+d for ions surviving to the end of the extrac-

tion zone. This means that most hotter ions in the initial
temperature distribution(with En.30 eV) have already de-
cayed. The lifetimes of C60

10+ and C70
11+ (which has lower

barriersB according to Fig. 7 than C60
9+ and C70

10+) will be
in the nanosecond range assuming similar internal energies
s,30 eVd. For a C60

10+ ion to survive only an energy of

20 eV would be allowed, that is, the maximum internal en-
ergy for surviving in charge state 10+ is higher for C70 than
for C60. When using Eq.(3) it should be noted that a sub-
stantial part of the internal energyEn is the zero-point or
ground-state energy of the fullerene molecules and the re-
maining part is excitation energy. The zero-point energy can
be estimated from the vibrational frequencies for neutral C60
calculated by Stanton and Newton[58] with a reduction by
10% [59] yielding 10 eV for C60 and 12 eV for C70 (scaled
from C60).

The estimated maximum excitation energies(C60
10+:30

−12=18 eV, C60
9+:29−10=19 eV) for surviving the extrac-

tion time should be compared to the average excitation en-
ergies of C60 and C70 due to their initial temperature and
collisional heating. At the oven temperature of 600°C the
average excitation energies are 5.9 eV and 7.0 eV for C60
and C70, respectively, as calculated with the vibrational fre-
quencies given in Ref.[58] (with a reduction of 10%) and
the Einstein crystal relation. The energies transferred directly
in the collision process(through electronic and nuclear en-
ergy loss) are estimated to be less than 10 eV even for cases
when ten electrons are removed by 69 keV Xe23+ ions [28].
In addition, the fullerene ions are indirectly heated when
electrons are removed since the fullerene radii increase
slightly with increasing charge state. For C60

12+ this has been
estimated to be 3.5 eV[51] and we expect slightly lower
valuess,3 eVd for C70

10+ and C60
9+.

Note that the internal energies most likely are larger than
B for most values ofr shown in Fig. 7. The factorA in Eq.
(3) might be slightly different for the two fullerenes, but the
exponential dependence on the number of internal degrees of
freedom should always dominate. Collisional induced exci-
tation energies are rapidly distributed over the vibrational
degrees of freedom and are most likely similar for C70 and
C60 ions produced with the same projectiles and at the same
impact parameter ranges. We thus conclude that the lifetime
of a C70

r+ ion is longer than for a C60
r+ ion with the same

internal excitation due to the larger number of vibrational
modes for C70 on which the excitation energy may be dis-
tributed.

V. SUMMARY

In this work, we have presented experimental results on
mass spectra for C70 and C60 fullerenes ionized by slow
highly charged ions. This is the first such experimental study,
to our knowledge, using a pure C70 target, and we report on
the so farhighestcharge states10+d of an intact (on the
microsecond time scale) C70 ion. Comparison with the C60
mass spectra produced under identical conditions strongly
indicates that C70 ions are inherently more stable than C60
ions. The most important evidence for this is the observation
of a prominent peak of intact C70

10+ ion following 69 keV
Xe23++C70 collisions, while the C60

10+ peak is insignificant
using the same production method. The apparent production
cross section of C70

9+ is larger than that of C60
9+ in collisions

with Xe23+ regardless of the number of
(s=1, 2, or 3). It should also be mentioned that the produc-
tion cross section for C70

5+ is larger than that for C60
5+ when
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Xe8+ projectiles are used. The intensity distributions in the
fragmentation spectra for C60 and C70 are rather similar in-
dicating that excitations and following decay processes are
quite similar.

KER’s for asymmetric fission(C2
+ emission) are found to

be similar for the decays of C70
r+ and C60

r+ ions. This be-
havior is reproduced by a simple electrostatic fragmentation
model in which the fragments are treated as conducting
spheres. The present experimental KER’s are found to be
close to previous experimental results for C60 ions using
slow highly charged ions, while important differences remain
in comparison with some results using electron-impact ion-
ization and the MIKE technique[9,10].

The observed larger stability for C70
r+ ions is rationalized

as due to its larger number of internal degrees of freedom(as
compared to C60). Estimates of the internal energies for
C70

10+ and C60
9+ yield results around 30 eV. Assuming the

same internal energies for C60
10+ and C70

11+, we arrive at
lifetimes in the nanosecond-range, which readily explains
why these ions are not observed in the present experiment in
spite of their(estimated) finite fission barriers.
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