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Energetics in charge-separation processes of highly charged fullerene ions
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Départment de Recherche Fondamentale sur la Matie´re Condense´e (DRFMC), CEA-Grenoble, 17 rue des Martyrs,
38054 Grenoble Cedex 9, France

~Received 25 November 2002; published 25 June 2003!

We have measured the kinetic energy release for the decay C60
q1→C6022m

(q21)11C2m
1 for charge states

q54 –8 andm51 and 2. The measured kinetic-energy release increases linearly with the fullerene charge
state. The estimates of the barrier heights, deduced from the kinetic-energy releases, agree well with the
observations regarding the stability and the competition between charge separation (C2

1 emission! and neutral
C2 emission of highly charged fullerenes.
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I. INTRODUCTION

The stabilities of finite-size systems against repuls
Coulomb potentials and the corresponding decay mec
nisms play an important role in a large variety of fundame
tal phenomena. Thus, these processes have been studie
charged microdroplets, metal clusters, fullerenes, and ato
nuclei. Because of the high stability of spherical C60 mol-
ecules, the decay of multiply charged C60 ions has been stud
ied by several authors, both theoretically@1–3# and experi-
mentally @4–18# during the last decade. The highest cha
state for stable C60

q1 has been predicted to beq516 by
Seifertet al. @1#, q513 by Bastuget al. @2# and higher than
q.10 by Cioslowskiet al. @3#. Experimentally, C60

71 was
observed in electron-impact collision@4#, C60

91 in collisions
with slow Bi441 ions @13#, and C60

101 in collisions with
Xe251 ions @12#. More recently, fullerene ions of C60

111 and
C60

121 have been observed in experiments using an infra
intense femtosecond laser@19#.

The different decay channels of these highly charg
fullerene ions attract much interest as well. In particular
has been shown that for medium charge states of
fullerene ion C60

q1 (q53 –7), the process of the emission
small charged carbon clusters~asymmetric fission! plays an
important role. In order to explain the experimental valu
for the kinetic-energy release occurring for charge separa
of highly charged fullerene ions, C60

q1→C6022m
(q21)1

1C2m
1 , the charge-separation process has been desc

as a two-step mechanism where an electron is recapture
the multiply charged fullerene from an emitted C2 dimer
~auto-charge-transfer model! @5,11#. In this model, the exis-
tence of a crossing point within a reasonable distance is
quired and the charge-separation process is dependent o
neutral evaporation as discussed in detail in Ref.@11#. Thus,
the electron recapture probability determines the branch
ratio between the two decay channels: charge separation
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evaporation. On the other hand, if C2
1 emission is consid-

ered as a direct process, the stability of the multiply charg
fullerene is described in terms of a reaction barrier, and
height of this barrier has to be compared with the activat
energy for C2 emission in order to explain the competitio
between charge separation and evaporation.

In this paper we present experimental results on
kinetic-energy release for the decay reactions C60

q1

→C6022m
(q21)11C2m

1 for q54 –8, andm51 and 2. The
results are used to estimate the height of the reaction bar
These estimates yield a good qualitative agreement with
experimental observations concerning the stability of hig
charged fullerene ions with respect to the competition
tween the emission of neutral and charged C2 dimers.

II. EXPERIMENT

Highly charged fullerene ions C60
q1 were prepared in col-

lisions between highly charged Xe ions (Xe251) and neutral
C60 molecules at a collision energy of 280 keV. The high
charged ions were provided by the AIM~Accélerateur d’Ions
Multicharges! facility in Grenoble. The ion beam was pulse
at a repetition rate of 10 kHz, yielding ion-beam pulses
300 ns in width. Bulk C60 was heated to;520 °C in an oven
to produce a molecular beam of C60, which crossed the pro
jectile ion beam in the interaction region of a Wiley
McLaren time-of-flight mass spectrometer. The extract
field of 77.1 V/cm was applied 100 ns after the ion beam h
passed through the interaction region. The fullerene ions
the fragments produced in the collision were extracted
analyzed with respect to their mass-to-charge ratios in
time-of-flight mass spectrometer. By using this delay,
peak profiles are mainly determined by the kinetic-ene
releases in the fragmentation processes. The mass-ana
recoil ions were detected with a ‘‘multistop’’ electronic a
quisition device which allowed us to treat the data event
event for different decay processes. More details of the
perimental procedure are given elsewhere@20,21#.

III. RESULTS AND DISCUSSION

In Fig. 1, we show a spectrum of fragment ions obtain
in collisions between Xe251 ions and C60 molecules. Highly
charged fullerene ions C60

q1 , as well as small fragment ion
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:
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Cn
1 (1<n<11), are clearly observed. The peak widths

the Cn
1 fragments are much wider than those of C60

q1 be-
cause of the high kinetic-energy releases in the Coulo
explosion process@22#. Intact highly charged fullerene ions
such as C60

q1 , are easily observed up toq57. For q.7,
the spectrum is dominated by small fragments Cn

1 which are
mainly produced through multifragmentation process
Therefore, the higher charged fullerenes are more cle
seen when we plot only those events which are character
by one stop per start~see Fig. 2!. In this spectrum the peak
of small fragments are strongly suppressed, and hig
charged fullerene ions up to C60

91 are clearly identified. In
the present data the highest charge state is 9 as observ
Jin et al. @13#, although C60

101 ions have been observed wit
Xe251 projectiles @12#, probably under more favorable ex
perimental conditions.

In the present paper we will concentrate on the cha
separation of highly charged fullerene molecules. In orde
specify a decay channel, the correlation between two fr
ment ions in the same event has to be analyzed. In Fig. 3
show the spectrum for two stop signals. The horizontal a
gives the time-of-flight of the first fragment and the vertic
axis gives the time-of-flight of the second fragment. T

FIG. 1. Time-of-flight spectrum of fragment ions Cn
q1 obtained

in the collision between Xe251 and C60.

FIG. 2. Time-of-flight spectrum of fragment ions Cn
q1 obtained

by plotting events which contain only one stop signal.
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two-dimensional spectrum shows coincidences betw
small and large fragment ions. The binary charge separa
channels leading to the products C6022m

(q21)11C2m
1 , can

be clearly identified form51 and 2,q54 –8. The tails from
these channels, extending to larger drift times, are due to
delayed emission of C2m

1 ions during acceleration of the
recoil ions.

For these charge-separation events we constructed
corresponding histograms, i.e., the integrated peak inten
as a function of the time of flight. Figure 4 shows an exam
of such a gated spectrum for the event C60

51→C58
41

1C2
1 . The peak for C2

1 has a rectangular shape accomp
nied by a tail due to delayed emission of C2

1 with a corre-
sponding lifetime of the order of several microseconds@7#.
The rectangular shape is due to the kinetic-energy of
emitted C2

1 ion. Chenet al. @8,9# also reported similar spec
tra for the decay of C60

51 ions. However, in their case th
rectangular profile was often modified by a larger expon

FIG. 3. Two-dimensional histogram showing the correlation b
tween two fragment ions. The horizontal axis shows the time-
flight of the small fragment ion and the vertical axis gives that
the second heavy fragment ion. Individual flight times are indica
by arrows.

FIG. 4. The gated spectrum for the charge separation chann
C58

411C2
1 .
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tial time-of-flight profile due to the delayed charg
separation effect that becomes more important in the cas
continuous extraction@14,15#. Due to the delay between co
lision and extraction, the peak shape is determined in
present work by the kinetic-energy of the fragment ion. T
makes it possible to measure the kinetic energy release
the higher charged fullerene ions up to C60

81 . The kinetic
energy release has been determined by measuring the w
of the time-of-flight spectrum,Dt, and by using the follow-
ing relation obtained from Ref.@23#:

Dt5
2

e
A2mE

q
, ~1!

wheree is the extraction field,m is the mass,q is the charge
state of the ion, andE is its kinetic energy. The accuracy o
Eq. ~1! has been checked by measuring the kinetic ener
for the Coulomb breakup of multiply charged nitrogen m
ecules, N2

q1→N(q2r )11Nr 1, and comparing the result
with those of Ref.@24#. In addition, we have also performe
simulations with theSIMION trajectory program@25# to en-
sure that the geometrical efficiency of the spectromete
close to 100% for the kinetic energies measured in this w
@22#.

The kinetic-energy releases for the charge-separa
channels, C60

q1→C6022m
(q21)11C2m

1 , as obtained from
the widths of the gated spectra forq54 –8 andm51 and 2
are summarized in Table I. One remarkable result is the s
larity of the kinetic-energy releases for C2

1 and C4
1 emis-

sion, even though the activation energy for neutral C2 emis-
sion should be much smaller than that for C4 because C2
emission is the main decay channel of C60. Similar results
were obtained earlier by other groups@8,10#. These results
imply that the kinetic-energy release is mainly determined
electrostatic repulsion. In Fig. 5 we show the kinetic-ene
release for the emission of C2

1 as a function of the charg
state of the parent C60

q1 ion together with results from Ref
@5#. The present analysis shows a linear increase with ch
state, and a linear fit gives the following relation for th
kinetic-energy release:

Ekin~C58
(q21)11C2

1!52.16q23.8 eV. ~2!

In general, the two measurements agree with each othe
cept that our kinetic-energy release for C60

71 is somewhat
higher. Scheieret al. have measured the unimolecular dec

TABLE I. Kinetic-energy releases for the charge-separation
action C60

q1→C602n
(q21)11Cn

1 .

Kinetic energy~eV!

Chargeq C2
1 C4

1

4 4.860.4 5.360.4
5 7.260.8 7.761.1
6 8.960.9 9.460.8
7 11.761.5 10.661.2
8 12.563.3
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of C60
q1 with the aid of a tandem mass spectrometer. In t

case, the C60
q1 ions had to survive the time scale of seve

microseconds in order to be selected as a precursor ion
the present experiment it is the other way round as we a
lyze the decay of highly charged fullerene ions which dec
within the first several hundred nanoseconds. In order to
observed as a charge-separation event within the rectang
peak shape, they have to decay before extraction occ
Thus, the internal energies of the sampled fullerene ions
quite different in the two experiments. This fact should i
fluence the charge separation rate but should have less o
influence on the kinetic-energy release.

The absolute values of the measured kinetic-energy
leases are too small to be explained by a simple Coulo
repulsion model, as pointed out earlier@5,11#. A possible
explanation is based on the auto-charge-transfer mecha
where an electron is captured by the highly charged fuller
from the emitted neutral C2 dimer. In this two-step proces
the decay rate is linked to the C2 emission rate, and the
branching ratio between neutral and charged C2 emission is
determined by electron recapture probability. Thus,
kinetic-energy release contains information about the cro
ing point of the potential curves for evaporation and cha
separation, in particular, on the distance where charge tr
fer occurs. The involved molecular potential curves descr
the systems C58

q11C2 and C58
(q21)11C2

1 @11#. On the
other hand, if we assume a direct emission of C2

1 ~single-
step process!, the charge separation is independent of,
still competing with, evaporation; and it is the height of th
fission barrier which should be compared to the activat
energy for C2 emission. The measured kinetic-energy relea
does not allow to distinguish between the two mechanis
however, particularly for higher charge states, where the
sion barrier becomes very low, we favor a single-step mec
nism as in this case a crossing point may not exist@26#.

In order to further discuss the energetics of the char
separation process of highly charged fullerenes, we first c
sider the activation energy for C2 emission. Assuming tha
there are no strong structural differences between mult

-

FIG. 5. Kinetic-energy release for the decay C60
q1

→C58
(q21)11C2

1 as a function of initial charge stateq. Full
squares are the present data. Open circles are results from Re@5#.
4-3
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charged C60 ions and the neutral system, we can estimate
activation energy for the emission of neutral C2 dimers from
C60

q1 by considering only the difference of the ionizatio
energies,

D~C58
q11C2!5D~C58

11C2!2 (
q852

q

@ I q8~C60!2I q8~C58!#.

~3!

Here,D(C58
q11C2) corresponds to the dissociation or ac

vation energy of the C2 evaporation process, andI q(C60) and
I q(C58) to the ionization potential of C60

(q21) and C58
(q21) ,

respectively. The dissociation energy of C60
1 is D(C58

1

1C2)59.8 eV @27#. As discussed in Ref.@28#, the qth ion-
ization energy of C60 is well approximated by that of a
charged conducting sphere, which can be expressed as

I q~C60!5W1~q21/2!/a, ~4!

wherea is the radius of C60 and W is bulk work function.
Within this model of a charged conducting sphere the ioni
tion potential of other fullerenes can be scaled with th
size. Thus, for C58 the ionization energy is estimated with
slightly smaller radius, which conserves the surface cha
density,

I q~C58!5A60/58~q21/2!1W. ~5!

This scaling results in only a small difference with respec
the ionization energy for C60, and we will neglect it in the
following discussion. Thus we use the same ionization
ergy for C58 as for C60 and the dissociation energy for neutr
C2 loss from C60

q1 should depend on its charge state ve
weakly, i.e.,D(C58

q11C2);9.8 eV for allq. This approxi-
mation is supported by the experimental results for the a
vation energy for C60

21 where only a small difference ha
been observed compared to that for C60

1 @27,29#.
In the present work we use a slightly different express

for the ionization energy for fullerenes,

I q~C60!53.8513.39q eV, ~6!

which has been used by Walchet al. @30# based on Dirac-
Fock-Slater calculations by Bastuget al. @2#. The difference
in energy levels between C58

q11C2 and C58
(q21)11C2

1 is
given by the difference of the ionization energies,I q(C58)
2I (C2), whereI (C2)511.41 eV@31#. Thus, the difference
in energy between the initial state C60

q1 and the asymptotic
final state C58

(q21)11C2
1 , DEq , is given by

DEq5D~C58
q11C2!1I ~C2!2I q~C58!.17.3623.39q eV.

~7!

The height of the reaction barrier,Bq , is determined from
the measured kinetic-energy release,

Bq5DEq1Ekin~C58
(q21)11C2

1!.13.5621.23q eV.
~8!

In Fig. 6 the barrier heights obtained by using Eq.~8! and
the kinetic-energy release according to Eq.~2! are shown as
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a function of the charge stateq. As can be seen, the height o
the reaction barrier for C60

21 ~extrapolated curve! is larger
than the activation energy of neutral C2 emission, and for
this case evaporation should dominate the charge separ
process. This finding agrees well with the experimental re
obtained by Scheieret al. @5# who did not observe C2

1 emis-
sion, from C60

21 . For q53, the barrier height become
equal to the activation energy, and thus we expect t
evaporation and charge-separation should become com
tive, which was also observed experimentally@15,16#. With
increasing charge state the barrier height becomes m
lower than the neutral dissociation energy, which stron
favors the emission of singly charged dimers. For C60

91 , the
intermediate energy level still lies above the initial state a
a stabilizing barrier of about 2.5 eV exists. In Fig. 6 we al
show the extrapolated results for C60

101 as a dotted line. In
this case the estimation of the barrier height for C60

101 yields
a small value~1.3 eV!. A further extrapolation shows that th
limit of stability is reached for charge states between 11 a
12. However, it should be noted that the detection of inta
highly charged fullerene ions requires very low internal e
ergies of the ionized system and short experimental t
scales, so that the system can survive during the analy
time of several microseconds. The internal energy of C60 at
700 K can be estimated to be 3.9 eV by using scaled vib
tional frequency calculated by Stanton and Newton@32# with
a reduction by 10%@33#. Together with the energy transfer i
the ionizing collision, this will provoke high charge
separation rates for highly charged fullerenes, and mos
the ions initially formed in very high charge states will ha
decayed on their way to the detector. The fact that C60

121 has
been observed experimentally@19# might indicate that the
estimated ionization energies should be replaced by m
precisely calculated ones@34# or that vibrational excitations
after the charge-separation processes have to be taken
account@35#. Furthermore, the highest charge state for sta
C60

q1 is directly related to the value of dissociation ener
of C60. If D(C58

q11C2)>11 eV, C60
121 can be stable.

The results described above, in particular the interpre
tion of the binary decay by a reaction barrier, explain t

FIG. 6. Energy levels for the decay of highly charged fulleren
compared to the initial state. Barrier heights for C2

1 emission are
estimated with Eq.~8!. Arrows indicateD(C58

q11C2), DEq @Eq.
~7!#, and kinetic-energy releaseEkin(C58

(q21)11C2
1) for the case

of q58.
4-4
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experimental results very well considering the simplicity
the argument. A similar discussion concerning the sequen
loss of charged fragments from C60

51 has also been use
successfully by Chenet al. @9#. In both investigations, thei
studies and the present work, the direct emission model
plains experimental results very well. Furthermore, the h
mobility of charges on the fullerene surface~as demonstrated
in many fragmentation and collision studies of high
charged fullerenes@36–38#!, and the Coulomb repulsion be
tween individual surface charges will favor the direct form
tion of a charged fragment as soon as it tries to leave
multiply charged system, provided that the reaction barrie
lower than the evaporation energy. In addition, the reac
barrier concept has been applied very successfully for me
lic sodium clusters@39#. In that case, evaporation~emission
of a neutral monomer! and charge separation~emission of
small size charged fragments, dominated by a singly cha
trimer! have been shown to be independent, competitive p
cesses. The low kinetic-energy releases in the C60 case and
hence the low reaction barriers might be due to the la
polarizability of both the fullerene and the fragment mo
ecule or to a strong structural deformation taking place d
ing the emission of the charged particle. The role of
polarizabilities of the fragments C58

q1 and C2
1 are dis-

cussed in detail in Ref.@26#. In this paper, additional mea
surements of kinetic-energy releases using a tw
dimensional imaging technique rather than a time-of-flig
peak shape analysis are presented. These data agre quit
with the results of the present paper.
.

ys

lle

ita
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IV. CONCLUSIONS

We have measured the kinetic-energy release for the f
mentation process C60

q1→C6022m
(q21)11C2m

1 for q
54 –8 andm51 and 2 by coincident detection of both frag
ments. The kinetic-energy releases for 4<q<7 agree well
with earlier experimental results. For fullerenes in high
charge states, the kinetic-energy release continues to incr
linearly. The estimation of barrier heights is in agreeme
with observations of the competition between the evapo
tion of neutral C2 and the emission of charged C2

1 ions. The
present analysis shows that the concept of a reaction ba
can explain the stability limit and the competition with th
neutral evaporation channel as well as the auto-cha
transfer model. The low kinetic-energy releases and low
action barriers might be caused by the large polarizability
the fullerene or by strong structural deformation taking pla
during the emission of charged particles.
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