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Barriers for asymmetric fission of multiply charged C60 fullerenes
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We have measured kinetic energy releases in asymmetric fission, C60
r 1→C58

(r 21)11C2
1 (r 56 –9) and

evaporation C60
r 1→C58

r 11C2 (r 52,3), following multiple-electron removal from C60 in He21 and Xe171

collisions at 3q keV (q52,17). We used the recoil-ion momentum technique and limited the initial momen-
tum distribution of the target molecules by collimation of the effusive C60 jet. This yielded a resolution of 3
meV for the final kinetic energies of the charged C58 fragments, mapped out as two-dimensional position
distributions at the end of a linear time-of-flight mass spectrometer. The present results for asymmetric fission
are in agreement with earlier ones deduced from time-of-flight C2

1 peak-shape and sector-field
C58

(r 21)1-energy analysis. Model calculations treating C58
(r 21)1 and C2

1 as conducting spheres indicate that
the autocharge-transfer process, which has been proposed to link asymmetric fission to neutral C2 emission,
most likely is inactive for allr. Using a charge-independent activation energy for C2 emission from C60

r 1 of
Ea510 eV, we deduce fission barriers indicating lower~semiempirical! and upper~model! C60

r 1-stability
limits of r 511 andr 518, respectively.
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I. INTRODUCTION

Highly excited finite systems, such as clusters and la
molecules, may relax in a variety of ways such as by em
sion of photons@1#, electrons@2#, and neutral smaller clus
ters, molecules, or atoms. Multiply charged systems may
addition, decay through fission processes emitting char
rather than neutral fragments. Fission of charged clus
have been studied by many groups both experimentally
theoretically~see, for example, Refs.@3–12#!. The Rayleigh
stability limit against fission for charged objects is defin
through the equality between the disruptive Coulomb fo
and the attractive cohesive force@13#. This limit was dem-
onstrated experimentally for the first time only in rece
studies of fission of charged microdroplets@14#, while earlier
difficulties with smaller objects have been related to th
internal excitations before the decay.

It is obviously difficult to control the internal tempera
tures of collisionally ionized C60 molecules, since the
fullerene samples are heated to temperatures around 50
before significant sublimation occurs and, in addition, furth
substantial heating may be induced by the collision proc
However, slow highly charged ions are known to be able
capture many electrons from fullerenes already at large
tances where they, via direct processes, only transfer s
amounts of energies to the internal nuclear motion and e
tronic excitations@15,16#. Indeed, such collisions have bee
used to produce metastable or stable highly charged C60 ions
as exemplified by the observations of C60

91 by Jinet al. @17#
and C60

101 by Brenacet al. @18# using Bi441 and Xe251 ions,
respectively. Quite recently, unambiguous observations
C60

121 , produced through multiple absorption of infrare
1050-2947/2003/67~6!/062719~7!/$20.00 67 0627
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photons from a femtosecond laser, were made@19#. So far,
no detailed understanding of this supressed fragmenta
which is surprising in view of the expected heating by t
photon field, has been reached. Theoretical predictions
the C60 stability limit spread fromr 510 by Cioslowski,
Patchkovskii, and Thiel@20# to r 513 andr 516 by Bastug
et al. @21# and Seifert, Gutierrez, and Schmidt@22#, respec-
tively.

In this work we report measurements of kinetic ener
releases,EKER, in asymmetric fission

C60
r 1→C58

(r 21)11C2
1 ~1!

and evaporative neutral C2-emission processes

C60
r 1→C58

r 11C2 ~2!

for r 56 –9 andr 52, 3, respectively. The multiply charge
fullerene ions of interest here are produced in 3q keV

Aq11C60→A(q2r )11C60
r 1→••• ~3!

collisions, whereq andr are the charge states of the incide
projectile and the fullerene before decay. In the experime
we have used Xe171 and He21 projectiles, of which the
former produced stable C60

r 1 in high charge states at larg
distances, and the latter hot~fragmenting! C60

21 and C60
31

in closer collisions.
In 1995, Scheier, Du¨nser, and Ma¨rk @23# presented results

on kinetic energy releases in asymmetric fission of C60
r 1

ions (r 52 –7) following multiple-electron impact. In this
pioneering work@23# they further introduced the autocharg
transfer~ACT! mechanism, according to which asymmetr
©2003 The American Physical Society19-1
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fission starts out as a neutral C2-emission process followed
by electron transfer from C2 at well-defined distances. Sinc
then, this model has been used and discussed in man
ticles on fullerene fragmentation~see, e.g., Refs.@10,11,23–
28#!. However, Tomitaet al. @28# argue that theirEKER val-
ues may be rationalized without the autocharge-tran
mechanism and that evaporation and asymmetric fission
independent and competing processes controlled by ac
tion energies and fission barriers.

In the following section, we describe the present expe
mental technique and procedure, which uses the metho
recoil-ion momentum analysis to deduce experimental
netic energy releases for the postcollisional fragmenta
processes. Section III is devoted to comparisons with ea
experimental results using different techniques and~partly!
different excitation methods~ion or electron impact!. In ad-
dition, we compare measurements of kinetic energy relea
in neutral C2-emission processes C60

r 1→C58
r 11C2 for r

52,3 with literature values by Mattet al. @29#, finding again
good agreement between fragmentation following collis
with Xe171, He21, and electrons@29#. In Sec. IV, we com-
pare our measurements with model calculations using
static model for over-the-barrier electron transfer betwe
two conducting spheres of finite radii@30# to discuss whethe
the ACT process or the reaction~fission! barrier concept is
most apropriate to describe asymmetric fission. Finally,
deduce upper and lower bounds ofr 511 andr 518 for the
stability limit of C60

r 1 .

II. THE EXPERIMENTAL SETUP AND METHOD

The experimental work has been performed at the Ma
Siegbahn Laboratory at Stockholm University. Beams
slow He21 and Xe171 ions were provided by means of th
14.4 GHz Electron Cyclotron Resonance~ECR! ion source.
The experimental setup is shown schematically in Fig.
where slow projectile ion beams enter the interaction reg
and cross a collimated effusive C60 jet from an oven kept a
600 °C. This jet points in the same direction as the lin
time-of-flight mass spectrometer used to analyze distri
tions of intact and fragmented C60 ions.

A 180° cylindrical energy analyzer separates different
nal projectile charge states as they hit different regions on
two-dimensional position-sensitive microchannel plate
tector. A fast signal from this detector is used to trigger
extraction field pulse, which means that the extraction ty
cally is switched on about 1ms after the collision~slightly
different for different projectiles!. This pulse has a rise tim
of less than 100 ns, an amplitude of2100 V, and a duration
of 100 ms. As can be seen in Fig. 1, the extraction voltage
applied to the first drift tube of the spectrometer, while t
outer spectrometer case is kept on ground potential. The
ter of the projectile beam passes the extraction region
distance of only 3 mm from the top of the grounded ca
while the total length of the extraction region is 20 mm. T
three last drift tubes were kept at constant voltages ofV1
52500 V, V2522000 V, andV3521000 V. The voltage
of the front of the position sensitive detector w
22700 V.
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The cylindrical analyzer is only focusing in the horizont
plane and it is therefore possible to measure projectile an
lar scattering distributions@15#. Here, we will, however, fo-
cus on the coincidence registration~list mode! of the final
projectile charge state and the final charge and mass of
ized intact or fragmented C60. An example is shown in Fig
1 for the specific case in which two electrons are stabiliz
on incident Xe171 projectiles. These collisions (Xe171

→Xe151) produce mostly intact C60
r 1 ions in charge states

r 52 –9 ~the r 52 andr 59 peaks are not shown in the spe
trum!. Large fullerene fragments (C6022m) with rather low
intensities are produced in charge states larger than or e
to three and even numbers of carbon atoms (6022m
558,56,54, . . . ). The time-of-flight peaks are associate
with position distributions, which are characteristic for k
netic energy releases in the fragmentation processes.

In Fig. 2, we show position distributions for intact C60 and
C58 fragments in final charge states 4, 5, and 6. Thefragment
images become wider with increasing charge~and also with
increasing numbers of lost C2 units @31#!. Note that the time
scales for the fragmentation processes are much longe~at
least of the order of picoseconds! than the collision times
~;10 fs!, but also, in general, much shorter than the time~of
the order of 10ms) it takes the ions to leave the extractio
region. Decay on time scales comparable to, or larger th
the extraction time would result in distortions and shifts
the corresponding time-of-flight peaks.

FIG. 1. A schematic of the setup for coincidence registration
final projectile charge states and intact/fragmented fullerene io
An example of 50 keV Xe171 ions colliding with C60 is shown. The
analyzer voltage is set such that only Xe161 and Xe151 product ions
hit the position sensitive detector~PSD1!. The corresponding image
on the detector is shown as an inset. The fullerene time-of-fli
distribution coincident with the outgoing Xe151 ions are also shown
and for each one of the peaks in this spectrum there is a corresp
ing image on PSD2. Examples are displayed for C60

51 and C58
51 .
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The fragment kinetic energy release scale is calibrated
introducing room temperature Xe gas in the interaction
gion. The single-electron capture process Xe1711Xe
→Xe1611Xe1 is dominated by large impact parameters a
can thus be shown to transfer only a negligible amount
additional momentum to the Xe target. The 300 K Maxwe
ian velocity distribution thus directly yields the position di
tribution on the target detector. As can be seen in Fig
~showing zoom-ins on target position distributions!, the ther-
mal Xe target gas gives a detector image, which is sev
times larger than the image due to single-electron cap
from a C60 molecule in the effusive jet. The very small C60

1

image is due to the jet collimation, which strongly limits th
initial velocity distribution perpendicular to the spectrome
axis. In the following we will assume linear relations b
tween perpendicular ion velocities and the radial positio
for hits on the detector; that is, abberations in the~weak!
lenses of the time-of-flight spectrometer are neglected, wh
is quite reasonable as the ion trajectories are rather clos
the spectrometer axis even for the largest~fragment! veloci-
ties dealt with here. The kinetic energy release for a cer
fragmentation process then becomes

EKER530EthermFDC58
(r1)

DXe1

tXe1

tC58
(r1)

G 2mC58

mXe
, ~4!

whereDC58
(r1) andDXe1 are the widths of the projected po

sition distributions~deconvoluted by the narrow instrument
widths as given by the images for intact fullerenes!. The
flight times are denotedtXe1 and tC58

(r 1) , and Etherm

538 meV is the average kinetic energy for the thermal
gas before the collision. The resolution inEKER for C2 emis-
sion is roughly 90 meV, which is 60/2530 times larger than
the ;3 meV instrumental resolution measured through
relation between the widths of the peaks for intact C60

1 and
Xe1 @cf. Fig. 3 and Eq.~4!#.

FIG. 2. Position images on the recoil detector for intact C60
r 1

ions with r 54,5,6 ~upper row! and C58 ions resulting from frag-
mentation~lower row!. The latter images demonstrate the influenc
of kinetic energy releases in connection with the postcollisio
fragmentation of C60 following interaction with 50 keV Xe171 ions.
The dimensions of the detector images are 737 mm2, which are
only smaller parts of the whole detector area~50 mm in diameter!.
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III. RESULTS AND COMPARISONS

In Fig. 4 we show the measuredEKER values for the pro-
cess where C60

r 1 emits a single C2
1 molecule as a function

of the final C58 fragment charge state. This is compared w
measurements using different methods such as the M
~Mass-analyzed Ion Kinetic Energies! and TOF ~time-of-
flight! techniques. In the MIKE-scan technique@23–25,29#,
the energy distribution of the selected heavy fragments (58
ions! are measured by means of an electrostatic analyzer,
from their widths, theEKER values are determined@23–25#.
In the TOF technique@27,28#, the energy distribution of the
C2

1 fragments were obtained from peak-shape analysis
the C2

1 peaks. In those measurements, the primary C60 ions
were produced by slow highly charged ion impact, where
the MIKE-scan measurements used electron impact to io
the C60 molecules.

In the measurements by Scheier, Du¨nser, and Ma¨rk @23#,
Senn, Ma¨rk, and Scheier@25#, Chenet al. @27#, and Tomita
et al. @28#, the experimentally selected dissociation proces
that of pure asymmetric fission, of the type given by Eq.~1!.
Our values are close to the fission data from Refs.@23# and
@28# for final C58 charge states 5 and 6, and 5–7, resp

FIG. 3. Left: A 838 mm2 zoom-in on the two-dimensional im
age of Xe1 target ions produced in 50 keV Xe1711Xe→Xe161

1Xe1 single-electron capture collisions where the Xe target
had a temperature of 300 K. Right: A similar zoom-in on the tw
dimensional image of C60

1 target ions produced in 50 keV Xe171

1C60→Xe1611C60
1 single-electron capture collisions with a co

limated C60 jet ~cf. text!. Projected position distributions are als
shown.

FIG. 4. Experimental kinetic energy releases for the proc
where C60

r 1 emits a single C2
1 molecule compared with earlie

measurements based on other methods, such as the MIKE tech
by Scheier, Du¨nser, and Ma¨rk @23#, and Senn, Ma¨rk, and Scheier
@25#, and the TOF technique by Chenet al. @27# and Tomitaet al.
@28# ~cf. text!.
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CEDERQUISTet al. PHYSICAL REVIEW A 67, 062719 ~2003!
tively. The results of Senn, Ma¨rk, and Scheier@25#, for which
no error bars are given, lie above all other measureme
Purely evaporative processes@Eq. ~2!# are selected in the
measurements by Mattet al. @29#, yielding much lowerEKER
values than for fission. In our measurements we see l
contributions from evaporation of neutral C2 units, for final
charges of C58 ions lower than 5. Our measured kinetic e
ergy release for C2 emission from C60

31 are 0.960.3 and
0.560.2 eV following 6 keV He21 and 34 keV Xe171 im-
pact, respectively. The latter measurements are in agree
with the evaporation values, around 0.4 eV, by Mattet al.
@29#. These comparisons demonstrate that the present t
nique is applicable for large and small values of the kine
energy releases. The present lowEKER value, 2.060.2, de-
rived from the measured C58

41 width, as compared to thos
obtained for asymmetric fisson suggests that our C58

41 ions
originate predominantly from evaporation of a neutral2
from C60

41 and not from the fission of C60
51 . This is quali-

tatively in good agreement with the results of Martinet al.
@32# and Chenet al. @33#, who measured dominance o
evaporation over fission for the decay of C60

41 produced in
collisions, stabilizing two electrons on Ar81 and Xe81 pro-
jectiles. In Table I we summarize the present kinetic ene
release measurements for asymmetric fission@Eq. ~1!#. The
error bars, ranging from60.4 to61.1 eV, are dominated by
statistical uncertainties in the measured widths of the de
tor images, while the intrinsic instrumentalEKER resolution
is about60.1 eV ~cf. above!.

IV. DISCUSSIONS

A. Kinetic energy releases and the autocharge-transfer proces

For the purpose of discussions of the kinetic energy
lease measurements, we use a simple model in which
treat the two separating fragments as conducting sphe
This model was first developed by Na¨her et al. @5# in 1997
and in 2002 Zettergrenet al. @30# presented a partly extende
version, taking the effect of electron transfer during fragm
tation into account. The latter effect is the basis of the A
process in which it is assumed that the fragmentation st
out as a separation in a charged heavy (C58) and light (C2)
neutral fragment, which at some fairly large critical distan
loses an electron to the charged fragment@23,24#.

In Fig. 5, we show calculated potential energy curves
the C60

r 1→C58
(r 21)11C2

1 and the C60
r 1→C58

r 11C2

fragmentation processes forr 52, r 53, r 54, and r 55,
using the method described by Zettergrenet al. @30#. Here,
we have assumed that the radius of the heavy fragmen
given byaC58

5aC60
(122m/60)1/257.1a0, i.e., that C58 and

C60 have the same surface densities. The C60 radius aC60

TABLE I. Experimental kinetic energy releases~in units of eV!
for the asymmetric fission processes C60

r 1→C58
(r 21)11C2

1 .

C60
r 1 r 56 r 57 r 58 r 59

EKER 7.460.4 9.160.5 12.061.0 15.061.1
06271
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57.2a0 was obtained independently by fitting the express
for the ionization of a metal sphere@30,34#, I r(C60)5W
1(r 21/2)/aC60

, to experimental ionization potentials fo

C60 @30#. The radius,aC2
52.4a0, of the C2 fragment is de-

duced fromI 1(C2)5W11/(2aC2
) and the accepted exper

mentalI 1 value of 11.460.4 eV@35#. In Fig. 5, the potential
energies are set to zero for asymmetric fission at infin
center-center distancesR. The energy separations betwee
these potential curves and the corresponding ones for~neu-
tral! C2 emission atR5` are taken to beI r(C58)2I 1(C2),
whereI r(C58)5W1(r 21/2)/aC58

. This sequence of ioniza

tion potentials for C58 are close to those calculated by Mart
et al. @11# and Seifert, Vietze, and Schmidt@36#.

From the upper left Fig. 5 it is obvious that it is energe
cally more favorable to emit a neutral than a charged C2 unit
within the present sphere-sphere interaction model
C60

21 . For r 53, the two potential energy curves cro
aroundR514.5a0, which is outside the critical distance fo
electron transfer atRc512.7a0. This means that although th
potential energies of the sphere-sphere system are the
for asymmetric fission and evaporation at 14.5a0, the poten-
tial barrier, which the electron experiences as it attempts
move from the lighter to the heavier sphere, is higher than
total energy. Under these circumstances, the ACT proc
would require tunneling through a thick barrier and is pro
ably not very efficient. The experimental results inde
clearly shows that neutral C2 emission is dominant for
C60

31 .
The lower left and lower right parts of Fig. 5 show th

the fission potential energy curves lie below those for eva
ration for allR and thus there is no crossing, and direct C2

1

emission should become dominant forr 54 and r 55. The
same is true forr .5, as can be seen in Fig. 6. Thus, fro
pure model considerations we would conclude that the A
process—most likely—is inactive for allr. The curve cross-

FIG. 5. The interaction energies for two conducting sphe
used to model the C58

(r 21)11C2
1 and C58

r 11C2 intermolecular
potentials as functions ofR for r 52, 3, 4, and 5. The potentia
energies for fission (C2

1 emission! approach zero asR approaches
infinity. The calculations are started at minimum values sligh
larger thanaC58

1aC2
. Note the differences in energy and distan

scales in the four figures!
9-4
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BARRIERS FOR ASYMMETRIC FISSION OF MULTIPLY . . . PHYSICAL REVIEW A67, 062719 ~2003!
ing positions, however, depend strongly on the assumed
ues of the C58 ionization potentials, especially in the C60

41

case, where shifts well below 1 eV may provide a crossin
a suitable distance inside the critical distance for elect
transfer atRc513.2a0.

The present sphere-sphere modelEKER values, taken as
the maxima of the calculated potential energy curves for
fission process C60

r 1→C58
(r 21)11C2

1 , are shown in Fig. 7
together with various experimental results. In the model i
assumed that fission products are in their electronic and
brational ground states. This is not the case in the experim
tal situation, since the C60

r 1 ions are excited before fragmen
tation, partly due to the heating in the oven, and partly due
the collision process. This and the fragmentation proces
self most likely result in a final vibrationally excited stat
yielding a smaller difference in relation to the maximum
the potential energy barrier, and thereby smallerEKER values,
as indicated in Fig. 8.

B. Fission barriers and C60 stability limits

As shown schematically in Fig. 8, the kinetic energy
leasesEKER in asymmetric fission relates to the fission ba
riers Bfis

r through

Bfis
r 5EKER1Ea

r 1I 1~C2!2I r~C58!, ~5!

or alternatively

Bfis
r 5EKER1Ea

r 211I 1~C2!2I r~C60!, ~6!

under the assumption that the fragmentation products ar
their ground states (Eexc50). The activation energies fo
neutral C2 emission~evaporation! from C60

(r 21)1 and C60
r 1

are denoted byEa
r 21 and Ea

r , respectively. The exact valu
of the C2 activation energy for neutral C60 has been the sub
ject of a rather long debate with reported experimental val

FIG. 6. The critical distancesRc for over-the-barrier electron
transfer from theaC2 sphere as functions ofr ~filled squares!, the
positions inR ~center-center distance! for the maxima of the mode
C58

(r 21)12C2
1 potentials~open circles!, and the positions~in R)

of the crossings between the model potentials for neutral C2 and
charged C2

1 emission. Note that such a crossings only exists
r 53 and that the fission barrier height thus is expected to con
the decay rate forr>4.
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ranging between 3 and 15 eV@37#. Recently, however, To-
mita et al. @1# presented results for dissociation from C60

1

using an electrostatic ion storage ring, and by taking
difference between the first ionization potentials for C60 and
C58 into account they arrived atEa(C60)510.360.1 eV @1#.
This is consistent with the results by Mattet al. @37# who
reevaluated a rather large set of earlier data.

The relations between the C2 dissociation energies fo
neutral and charged C60 are linked by the relations betwee
the ionization potentials for C60 and C58 through

Ea
r 5Ea~C60!1 (

k51

r

@ I k~C58!2I k~C60!#. ~7!

Unfortunately, there are only a limited amount of experime
tal data available for ionization potentials and dissociat
energies. The C2 dissociation energies for C60

r 1 have been
measured forr 5023 @1,37,38# and for C58 and C60 there

r
ol

FIG. 7. Experimental~Scheier, Du¨nser, and Ma¨rk @23#, Senn,
Märk, and Scheier@25#, Chenet al. @27#, Tomita et al. @28#! and
calculated kinetic energy releases for the fission process whe
C60

r 1 ion emits a single C2
1 ion. The present sphere-sphere mod

results are due to the interactions between two polarizable sph
of finite radii.

FIG. 8. A schematic of the relation between the fission bar
for C2

1 emission from C60
r 1,Bfis

r , the r th ionization potential for
C58,I r(C58), the ionization potential for C2,I 1(C2), the kinetic en-
ergy releaseEKER for fission products in their ground states, and t
activation energy for C2 emission from C60

r 1,Ea
r . Noting that the

two double arrows represent the same energy we arrive at the
pressionBfis

r 5EKER1Ea
r 1I 1(C2)2I r(C58). Eexc denotes the pos-

sible vibrational excitation after fragmentation~cf. text!.
9-5
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CEDERQUISTet al. PHYSICAL REVIEW A 67, 062719 ~2003!
are only measurements for the first@39# and for the first four
@40# ionization potentials, respectively.

Sequences of ionization potentials have been calcul
for both C58 and C60, but never for sufficiently larger within
the same theoretical framework. To our knowledge, the m
advanced calculations up to now are those by Bastuget al.
@21# and Yannoulas and Landman@41# for C60

r 1 with r
51 –8 andr 51 –12, respectively, and those by Martin@42#
for C60

r 1 and C58
r 1 with r 50, 1, and 2. Further, Martin

et al. @11# have recently calculated C58 ionization potentials
using theGAUSSIAN code @11#. The calculations@42# yield
dissociation energiesEa

r , which are about 12.5 eV, 11.8 eV
and 11.3 eV forr 50, 1, and 2, respectively. This is the tren
expected from the formula above as C60 probably has higher
ionization potentials than C58 due to its higher symmetry
Here, we will, however, due to lack of sufficient experime
tal or theoretical data, follow earlier conventions and ma
the assumption that the C2-dissociation energy is indepen
dent of r and set it toEa510 eV.

In Fig. 9, we show semiempirical and model fission b
riers for C2

1 emission from C60
r 1 as functions ofr, as cal-

culated with Eq.~5!. For the former results we have used t
present measurements of kinetic energy releases and tho
Scheier, Du¨nser, and Ma¨rk @23#, Senn, Ma¨rk, and Scheier
@25#, Chenet al. @27#, and Tomitaet al. @28#, and the ioniza-
tion potentials of C2 and C58 as calculated by Martinet al.
@11#. The model fission barriers are obtained by using
very same values ofEa , I 1(C2), and I r(C58) and the full
sphere-sphere interaction model~yielding exact expression
for the mutual polarizations of two spheres of finite ra
@30#!. This gives an upper stability limit ofr 518 ~see Fig.
9!.

FIG. 9. Semiempirical~based on the presentEKER values and
Scheier, Du¨nser, and Ma¨rk @23#, Senn, Ma¨rk, and Scheier@25#,
Chenet al. @27#, and Tomitaet al. @28#! and model fission barriers
for the C60

r 1→C58
(r 21)11C2

1 process. The curves show: a fit t
experimental data and the present sphere-sphere model result
ror bars are only shown for the present experimental results.
line at 10 eV shows the assumed activation energy for neutra2

emission. Theoretical predictions of the stability limit are indicat
by arrows (r 510; Cioslowski, Patchkovskii, and Thiel@20#, r
513; Bastuget al. @21# andr 516; Seifert, Gutierrez, and Schmid
@22#!. The thick arrow shows the highest observed C60 charge state
r 512 @19#.
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The semiempirical fission barrier results, however, po
at a much lower limit ofr 511. Here, we should remembe
that the semiempirical results should be regarded as lo
limits for the fission barriers, as vibrational excitations of t
fragments after the decay are neglected. The most hig
charged intact C60 molecule, which has been observed e
perimentally is C60

121, produced by multiphoton absorptio
@19#. Theoretical predictions are indicated by arrows in F
9 @20–22#. The theoretical results by Bastuget al. @21# and
Seifert, Gutierrez, and Schmidt@22# fall within the range
indicated by the present work.

V. CONCLUSION

In the present work, we have presented a technique
measure kinetic energy releases in C60

r 1→C58
(r 21)11C2

1

and C60
r 1→C58

r 11C2 fragmentation processes. W
achieved a resolution of 3 meV in the measurements of
final C58 kinetic energies, using a collimated effusive C60 jet
pointing along the axis of a linear time-of-flight spectrome
terminated by a two-dimensional position sensitive detec
Experimental results on the fission (C2

1-emission! and
evaporation (C2-emission! processes are in good agreeme
with earlier results, using quite different experimental tec
niques. Considering the~unknown! vibrational energies of
the C58

(r 21)1 fragments, our measured kinetic energy r
leases appear as reasonable lower bounds to the predic
of a simple model, neglecting such excitations and treat
the fragmentations as electrostatic interactions between
conducting spheres of finite radii. Fission barriers are
duced from the present experimental and model results,
dicating lower and upper bounds for the stability limit
charged C60

r 1 of r 511 and r 518, bracketing theoretica
predictions by Bastuget al. @21# and Seifert, Gutierrez, and
Schmidt @22#. We further conclude that ACT process mo
likely is inactive in asymmetric fission of C60

r 1 . Instead it
appears that evaporation and asymmetric fission, in gen
are independent processes governed by the fission barrie
the activation energy for neutral C2 emission. High-level cal-
culations of ionization-potential sequences~for C58 and C60)
and charge dependent C2 activation energies are obviousl
urgently needed for better understanding of fullerene fr
mentation and stability.
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