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We report on measurements of the branching ratios of emission of small Cn
+ fragments in asymmetrical

fission of highly charged C60
r+ ions �r=4–6�. For the channels corresponding to the emission of one fragment,

only small fragments with an even number of carbon atoms are observed. For the channels with the emission
of two fragments, successive emission of small fragments with an odd number of carbon atoms has been
observed with a surprisingly high branching ratio �30%�. In order to reproduce the experimental branching
ratios in the framework of a statistical evaporation model, the height of fission barriers for the emission of one
odd numbered fragment has to be reduced at higher temperature in order to allow the opening of these channels
that are forbidden at lower temperature
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The fragmentation of complex systems has been first stud-
ied both experimentally and theoretically using multicharged
metallic clusters �1–3�. The repulsive Coulomb force is a
source of instability for such systems leading to the so-called
asymmetrical fission process; i.e., the relaxation of the clus-
ter by the loss of one or several small charged fragments. For
a given initial charge state, the asymmetrical fission barrier
decreases with the decreasing sizes of the cluster. At the
critical size, when the fission barrier is comparable to the
dissociation energy for the emission of a neutral fragment,
the asymmetrical fission competes with the evaporation pro-
cess. The classical droplet model �4� has been used success-
fully to interpret qualitatively some trends observed in fis-
sion processes, for example, smaller parent clusters emit
preferentially a smaller fragment.

Since its discovery, the C60 fullerene has been used as a
model system for studying the dynamics of excitation and
relaxation in complex systems with a large number of de-
grees of freedom. In spite of intense experimental and theo-
retical investigations carried out during the last decade on the
fragmentation of C60, the dissociation energy, the asymmetri-
cal fission barriers and the critical charge state for different
fragmentation schemes of C60 are still a matter of contro-
versy �5–7�. The main difficulties in studying a relatively
complex system in general such as clusters or large mol-
ecules arise from the determination of the excitation energy
of the system. A theoretical investigation using molecular
dynamics calculations has illustrated the existence of several
phases of C60 as a function of the temperature �8�. At low
temperature �T�2400 K�, the C60 is in a solid phase and
stays intact. In the range of 2400 K�T�4000 K, the C60 is
in a flexible phase �the carbon pentagons and hexagons tilt
easily� and forms during a short time a metastable state with
two or more adjacent pentagons leading to the well-known
emission of carbon dimers. Starting from T�6000 K, the
multifragmentation process, i.e., complete breakup of the
fullerene cage, occurs resulting mainly in smaller ring and
chain carbon fragments. Details of the structure of C60 at
different temperatures can be found in a paper of Marcos et

al. �9� from the molecular dynamics simulations. The calcu-
lations show that isomers with many dangling bounds exist
in the range of 3500 K�T�4500 K from which the ejection
of odd-numbered fragments like C3 seems to be possible.

Up to now, few experimental works have been reported
on fragmentation of C60 with selectively controlled excita-
tion energy �10–12�. Commonly employed time of flight
�TOF� spectra provide information on the fragmentation pat-
terns of C60 with excitation energy in a large range leading to
a variety of products from cool intact C60, heavy fullerenes
C60−2n, to light fragments resulting from multifragmentation
of hot C60. This transformation of fragmentation patterns as a
function of the excitation energy has been studied in detail
and is now well established for neutral and singly charged
fullerenes �10�. The series of C60−2n fullerenes observed in
the TOF spectra have been explained mainly by successive
evaporation of C2 neutrals and the number of observed
fullerenes depends strongly on the initial temperature. More
recent experiments �13–17� have shown that the commonly
assumed dimer C2 is not the only specie associated to
fullerene partners C60−2n. Larger fragments C2n

+ �n�1� with
an even number of carbons as well as fragments C2n−1

+ �n
�1� with an odd number of carbons have been observed in
coincidence with charged fullerenes C60−2n. In the above ex-
periments, the temperature of C60 fullerenes is not really un-
der well control and the fragmentation spectra are the result
of various fragmentation channels due to a wide distribution
of excitation energy. Fullerenes with an odd number of car-
bon atoms like C59 have been reported for particular collision
systems like C60

− on He �18�, but the intensity of the corre-
sponding peak is very weak.

The fragmentation scheme of a cluster is also determined
by its initial charge state. By analogy with the critical size of
metallic clusters at a given charge, a critical charge around
4+ has been already observed for the C60 �17�. For C60 with
a charge higher than 4+, the asymmetrical fission dominates
with respect to the evaporation process. Dynamical informa-
tion on fragmentation processes has been obtained by study-
ing the asymmetrical fission of C60

5+. Fission channels with
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the emission of two small charged fragments have been ob-
served. It offered the opportunity to study the relaxation of
systems for which all fragmentation products could be ana-
lyzed. Direct experimental evidences for the successive
emission of small fragments have been provided without am-
biguity �16�.

The relaxation of internal excitation energy of C60 by the
evaporation of C2 has been well described using the statisti-
cal model based on the Ruderman-Kittel-Kasuya �RRK�
theory �19�. Three parameters are needed to calculate the
decay rate of a specific channel by this model: the pre-
exponential factor, the dissociation energy or the fission bar-
rier for the decay channel, and the excitation energy of the
parent. In recent works of Aarhus group �20�, the pre-
exponential factor has been determined precisely for neutral
and monocharged fullerene. Combining this model and ex-
perimental branching ratios of different fission channels for a
given parent ion C60

r+, it is possible to determine one of the
other two parameters: the asymmetrical fission barrier in a
specific channel, C60

r+→C60−m
�r−1�++Cm

+ , or the initial excitation
energy �14,17�. In general, the fission barrier for a given
decay channel is considered as a parameter independent of
the excitation energy.

In this paper, we attempt to apply the RRK model to
fission processes of highly charged C60

5+ and C60
6+ ions pro-

duced in collisions with Ar8+. The puzzling point here is the
observation of the successive emission of two small odd-
numbered fragments with high abundance, while the channel
for the emission of one odd-numbered fragment is forbidden.
It is then a challenging work to reproduce experimental
branching ratios in the framework of a multicascade model
combined with the statistical evaporation model RRK. In or-
der to explain the fact that the channel for the emission of an
odd-numbered small fragment from a charged C60 is forbid-
den at lower temperature but is opened at higher tempera-
ture, reduced effective fission barriers will be discussed
when the excitation energy of C60 parents is high enough.
The estimated effective fission barriers will be compared to
those obtained with a quasidroplet model.

The experimental setup is similar to that used in our pre-
vious coincidence studies �14�. A C60 powder is evaporated
in an oven at a temperature of �500 °C. The C60 neutral jet
interacts with the beam of Ar8+ �about 100 pA�. The charged
reaction products are extracted from the interaction zone by
means of a high extraction field of 800 V over 8 mm �E
=1000 V/cm� to ensure a good collection efficiency for ions
and electrons. The C60 ions and fragments are analyzed with
a time of flight tube of 320 mm in length. The particles are
post accelerated with a voltage of 5 kV towards a detector
equipped with two multichannel plates and a multianode of
61 pixels linked to 61 individual discriminators. This device
is useful for detecting two identical ions �for instance, C+

and C+� arriving at the same time on the detector but at
different positions. The ejected electrons coming from the
extraction region are detected with a semiconductor detector.
The electron signal pulse height analysis provides the num-
ber n of emitted electrons in a collision event. Outgoing pro-
jectiles Ar6+ with two stabilized electrons are selected with
an electrostatic analyzer. The charge of the target C60

r+ after

the collision and before fragmentation is estimated by the
relation r=n+2 according to the electron number conserva-
tion law. Multicoincidence measurements are performed in
an event-by-event mode.

Table I gives the measured event counts and the relative
branching ratios Rb associated to fission channels involving
one light fragment, C60

r+→C60−m
�r−1�++Cm

+ �r=4–7; m
=2,4 ,6 ,8 ,10� and two light fragments C60

r+→C60−m
�r−2�++Cn1

+

+Cn2
+ �r=6,5; m=2,4 ,6 ,8 ,10; m=n1+n2; n1 from 1 to �m

−1�; n2=m−n1�. They are referred in the following as one-
step and two-step fission channels respectively. Details about
the data analysis can be found in the paper �14�. Two-step
fission populations associated to C60

7+ and C60
4+ parent ions are

not given here because of the low statistics for C60
7+ and a

dominant evaporation process on the second step for C60
4+

ions. The branching ratios for the emission of doubly
charged light fragments are very low for these charge states
and can be neglected in this study. The population distribu-
tions of fission processes with successive ejection of three
charged fragments are not presented here and will be given
in a forthcoming paper. The ratio of event counts for all
two-step channels over the total count number including one-
step and two-step channels has been estimated to be 42% and
26% for C60

6+ and C60
5+ parent ions, respectively. One-step fis-

sion channels involving a light fragment with an odd number
of carbon atoms is not observed at all. However, the branch-
ing ratio of events with two odd-numbered light fragments
over the total event number of two-step channels is found to
be surprisingly high, around 30% for C60

5+ and C60
6+ ions.

The measured branching ratios Rb for one-step channels,
noted in the following by Rm, are plotted in Fig. 1 as a
function of the number m of carbon atoms in the light frag-
ment Cm

+ for C60
r+ parent ions �r=4–7�. A population shift

towards lighter fragment C2
+ is noted as the charge of the C60

r+

parent ions increases. Following the same method as in pa-
pers �14,17�, the theoretical relative population distribution
as a function of m has been estimated using the RRK model.
The fission barrier for each reaction channel is calculated
from the energy difference �m

r of the initial and final states of
the reaction. The atomization energies of the fullerene and
the light fragments are estimated using the density function-
nal theory �DFT� �see paper �14� for details�. Knowing all
fission barriers, the excitation energy remains the only ad-
justed parameter in order to match the theoretical and experi-
mental branching ratios. The agreement between the theoret-
ical branching ratios obtained with this model and the
experimental distributions �Fig. 1� is rather nice. The ob-
tained excitation energy of around 45±5 eV corresponds to a
temperature of about 2400 K, which is considered here as a
low temperature.

It is noteworthy that due to the instability of fullerenes
with an odd number of carbon atoms, the atomization energy
of an odd-numbered fullerene is lower than the neighboring
even-numbered fullerenes. Higher fission barriers are there-
fore found for fission channels with the ejection of an odd-
numbered light fragment. As an example, the fission barrier
for the ejection of a C+ is about 3 eV higher than the one for
the ejection of a C2

+ �B�C2
+�=8.4 eV and B�C+�=11.1 eV for

C60
6+�. The theoretical branching ratios for the emission of one
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odd-numbered fragment is then found three orders of mag-
nitude lower than the channels with an even numbered frag-
ment. It is consistent with the fact that the experimental
branching ratios of these channels are negligible.

Figure 2 presents the experimental and calculated branch-
ing ratios for the two-step fission channels of C60

6+ and C60
5+

parent ions. In this figure, the two numbers associated to
each point represent the number of C atoms in the emitted
fragments. Let us start by analyzing the even-even channels,
i.e., asymmetrical fission channels involving two even-
numbered light fragments. The dominant channels are the
2-2 and 2-4 emission for C60

6+ and the 2-4 emission for C60
5+.

To ensure the successive emission of two fragments, higher
initial temperature of the C60 parent ions is needed which is
estimated to be about 3800 K. Calculated branching ratios
Rn1,n2 for the emission of Cn1

+ and Cn2
+ are obtained with a

multicascade model corresponding to the successive fission
processes. Although the theoretical decay rates vary with the
temperature after the RRK model, the relative branching ra-
tios remain nearly constant in the present energy range
�2400–3800 K�. The experimental branching ratios Rn1 and
Rn2 measured for one-step channels C60

r+→C60−n1
�r−1�++Cn1

+ and
C60

�r−1�+→C60−n2
�r−2�++Cn2

+ are therefore used in the calculation. A
careful analysis of Fig. 2 shows that all experimental branch-
ing ratios of even-even channels are not well reproduced by
the calculation, especially for 2-6, 4-6, and 2-8 channels. It is
explained by the fact that for the second step, the parent ion
is C60−n1

�r−1�+ instead of C60
�r−1�+. The fission barrier for the ejec-

tion of a fragment Cn2
+ from a lighter fullerene C60−n1

�r−1�+ parent
ion should be slightly different from that of a fullerene
C60

�r−1�+. The one-step branching ratio Rn2 used in the calcu-
lation is then an approximation as poor as the value n1 is
large.

For fission processes involving two odd-numbered light
fragments, the dominant channels are the 1-1 and 1-3 chan-
nels for C60

6+ and 1-3 and 3-3 channels for C60
5+. Generally, the

channels involving heavier light fragments like 5-3 and 7-3
from C60

5+ ions have higher branching ratios than those from
C60

6+ parent ions. The possibility that the parent C60
r+ decays by

emission of an excited doubly charged fragment, which itself
undergoes a fragmentation into two singly charged fragments
is excluded for two reasons. Firstly, the barrier for the ejec-
tion of a doubly charged fragment is comparable to that for
the ejection of a singly charged odd numbered fragment;
consequently its emission probability should be as low as
that for one odd-numbered fragment. Secondly, experimental
evidences have been provided for the fast successive ejection
of two odd-numbered fragments by analyzing the velocity
correlation between the two light fragments in the fragmen-
tation of C60

5+ �16�. Therefore, in the following, the odd-odd
channels are also considered as a successive emission pro-
cess as in the cases of even-even channels. However, using
the negligible one-step branching ratios, R1=R3=R5�0, it
was not possible to reproduce the experimental branching
ratios for odd-odd channels in a successive emission model,
for example, R1,3=0.1 in the case of C60

5+→C56
3++C++C3

+. In
fact, the very low branching ratio for the ejection of the first

TABLE I. Measured event count numbers for fission channels involving the emission of one and two light
monocharged fragments and the branching ratio Rb for each fission channel. The charge of the parent ion C60

r+

ranges from r=4 to 7.

Fission channels

C60
4+ C60

5+ C60
6+ C60

7+

Counts Rm Counts Rm Counts Rm Counts Rm

C58
r−1+C2

+ 9237 0.338 16305 0.573 1820 0.654 62 0.795

C56
r−1+C4

+ 14078 0.516 9360 0.329 833 0.299 16 0.205

C54
r−1+C6

+ 3105 0.114 2195 0.077 131 0.047 0 0.000

C52
r−1+C8

+ 726 0.027 485 0.017 0.000

C50
r−1+C10

+ 163 0.006 113 0.004

C58
r−2+C++C+ 207 0.020 189 0.080

C56
r−2+C3

++C+ 1087 0.104 284 0.121

C56
r−2+C2

++C2
+ 1234 0.118 633 0.269

C54
r−2+C2

++C4
+ 2803 0.269 590 0.251

C54
r−2+C3

++C3
+ 574 0.055 47 0.020

C54
r−2+C++C5

+ 257 0.025 86 0.037

C52
r−2+C4

++C4
+ 1183 0.113 181 0.077

C52
r−2+C2

++C6
+ 1038 0.099 140 0.060

C52
r−2+C5

++C3
+ 375 0.036 41 0.017

C52
r−2+C++C7

+ 101 0.010 20 0.009

C50
r−2+C5

++C5
+ 65 0.006 4 0.002

C50
r−2+C4

++C6
+ 949 0.091 105 0.045

C50
r−2+C7

++C3
+ 250 0.024 14 0.006

C50
r−2+C2

++C8
+ 285 0.027 18 0.007
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odd-numbered light fragment inhibits such fission channels.
To reproduce all experimental data including even-even

and odd-odd channels in successive fission processes, we
replace in the multicascade model, the negligible experimen-
tal branching ratios for the one-step emission of an odd-
numbered fragment Cm

+ �m=1,3 ,5 ,7� from C60
5,6+ by a set of

adjustable branching ratios Rm� . By fitting all experimental
two-step branching ratios Rn1,n2 as shown in Fig. 2, the ad-
justed branching ratios Rm� of one-step fission channels with
an odd number of m for C60

4+, C60
5+, and C60

6+ parent ions have

been obtained and presented in Fig. 3. The experimental
branching ratios Rm for one-step channels with an even num-
ber of m are renormalized including the contribution of Rm�
and displayed in the same figure. Despite the large number of
adjustable parameters used in the modeling, the solution is
unique. This is due to the multiple constraints imposed by a
large number of population equations necessary to describe
the complex multicascade processes. The dominant odd-
numbered fragment emission channels are the emission of C+

from C60
6+, C+, and C3

+ from C60
5+ and C3

+ from C60
4+. The re-

spective dependences of Rm� and Rm versus m of odd-
numbered and even-numbered light fragments have similar
features. It is noteworthy that the maximum value of Rm� �0.2�
for the emission of C+ from C60

6+ is at least three orders of
magnitude higher than the branching ratio R1 estimated using
the theoretical fission barrier. In the framework of the RRK
model, a plausible interpretation is that the fission barriers
for the emission of an odd numbered fragment is lower at
higher temperature. Using the adjusted experimental branch-
ing ratios, the RRK model and a temperature of about
3800 K, the corresponding effective fission barriers have
been estimated and presented in the Fig. 4 for parent ions
C60

6+. The reduction of the effective fission barriers for these
odd numbered fragment emission channels with respect to
the theoretical values based on the DFT model is indeed
remarkable.

In order to interpret this unexpected reduction of fission
barrier, we compare our effective fission barriers with the
values estimated using a liquid droplet model �4�. The clas-
sical droplet model is modified to take into account the spe-
cial structure of the fullerenes and the linear structure of the

FIG. 1. Relative branching ratios �Rm� for one-step asymmetri-
cal fission channels. m stands for the number of carbons in the small
fragment. The parent ions are C60

4+, C60
5+, C60

6+, and C60
7+. Squares:

Experimental values. Triangles: Theoretical values obtained using
the RRK model. Branching ratios for channels with an odd number
of m are negligible.

FIG. 2. Relative branching ratios �Rn1,n2� for two-step succes-
sive asymmetrical fission channels C60

r+→C60−�n1+n2�
�r−2�+ +Cn1

+ +Cn2
+

with r=5 and 6. The abscissa corresponds to the number of carbon
atoms in the residual fullerene. The couple of numbers �n1 ,n2� as-
sociated to the two light fragments Cn1

+ and Cn2
+ are displayed above

each point. Squares: Experimental values. Triangles: Values ob-
tained with the multicascade model �see text�.
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light fragments. The atomization energies are calculated us-
ing the relation that reproduces relatively well the binding
energies of Cm obtained with ab initio calculations �10�:

Eat�Cm� = 6.06 − 0.0032m + 0.1m2/3 −
6.14

m
− 9.4 � 105m2.

The coefficients in this relation cannot be easily related to
the volume and surface energies like in the classical droplet
model. Due to the smooth variation with m of the function
Eat, the special even-odd alternation of the atomization en-

ergy of the fullerenes is not taken into account. The r-fold
ionization potentials are calculated as follows:

Vion�Cm
r+� = rW� + � r2

2
−

r

8
	 1

asm
1/3 ,

where W�=4 eV and as=2.3 a.u. are the work function and
the Wigner Seitz radius, respectively. The fission barriers of
C60

6+ calculated with this quasidroplet model are plotted in
Fig. 4 and the corresponding branching ratios are shown in
Fig. 3 �dashed lines�.

The similarity between the effective barriers obtained
with the adjusted branching ratios and the data from the
quasidroplet model is notable. Therefore, based on this drop-
let model, a better description of the fragmentation of C60 is
obtained for channels involving odd numbered fragments.
This suggests that at higher temperature the fullerenes lose in
some extent their rigid structure. The contrast between the
relatively high stability of even numbered fullerenes and the
instability of the odd numbered ones is strongly reduced, the
energy needed for the escape of a C+ and a C2

+ is therefore
very close. On the contrary, at lower temperature �about
2400 K�, the strong even-odd oscillation of the fission barri-
ers, calculated with the atomization energy of fullerenes ob-
tained with DFT taking into account the even-odd alterna-
tion, is in good agreement with the experimental branching
ratios. These results indicate that the structure of the C60
undergoes a transformation as a function of the temperature.
Parameters such as the fission barriers calculated for C60
with a rigid structure are valid at low temperature �2400 K�,
but are not at a temperature around 3800 K, which is never-
theless still much lower than the temperature for the com-
plete breakup of the fullerene.

In summary, we have measured the branching ratios of
fragmentation channels for two typical temperatures of C60
molecules characterized by the number of ejected fragments.
The one-step emission corresponding to the ejection of one
light fragment occurs at rather low temperature �about

FIG. 3. Relative branching ratios for the first-step fission pro-
cess C60

r+→C60−m
�r−1�++Cm

+ with a parent ion C60
6+, C60

5+, and C60
4+ at

higher temperature �3800 K�. For channels with an odd number of
m, the branching ratios Rm� are adjusted using the multicascade
model. For channels with an even number of m, the experimental
branching ratios Rm in one-step fission processes are displayed.
Squares: Rm and Rm� the solid lines are to guide the eyes. Dashed
line: Relative branching ratios obtained with the RRK model which
is combined with the quasidroplet model to estimate the fission
barrier for each fission channel �see text�.

FIG. 4. Comparison of the fission barriers for the asymmetrical
fission processes, C60

6+→C60−m
5+ +Cm

+ . Squares: Fission barriers ob-
tained with the RRK model using the experimental branching ratios
for channels with an even number of m and the adjusted branching
ratios Rm� for channels with an odd number of m. Triangles: Values
calculated based on the DFT model. Circles: Values calculated with
the quasidroplet model.
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2400 K�. At this temperature, only the ejection of an even
numbered fragment is possible. The residual part of the frag-
mentation is then an intact even numbered fullerene. The
two-step channels are opened at higher temperature �about
3800 K� at which other isomers like isomers with dangling
bounds can be populated. Under such conditions, fission bar-
riers for the emission of a fragment with an odd number of
carbons are drastically decreased and consequently the suc-
cessive emission of two odd-numbered fragments becomes
possible. Finally, the experimental branching ratios for two-
step channels are relatively well reproduced using the fission
barriers estimated with a quasidroplet model. As a conclu-
sion, the statistical evaporation model RRK is suitable to
describe the two-step fission processes of multiply charged
fullerenes C60 as long as the fission barriers for the emission

of odd numbered fragments is reduced in the corresponding
excitation energy range.

For higher internal energies ��3800 K� leading to three-
or four-step fission processes, other channels that are forbid-
den in the lower energy range could probably be opened.
More experimental and theoretical investigations are neces-
sary to understand such multistep processes, which could be
helpful to understand the transition from the asymmetrical
fragmentation regime at lower temperature to the multifrag-
mentation regime at higher temperature.
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