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Fragmentation scheme of C60
41 ions produced in low-energy collisions of Ar81 and C60

L. Chen, J. Bernard, A. Denis, S. Martin, and J. De´sesquelles
Laboratoire de Spectrome´trie Ionique et Mole´culaire, Universite´ Lyon 1, UMR CNRS No. 5579, 43 Boulevard du 11 November 191

69622 Villeurbanne Cedex, France
~Received 5 June 1998!

Fragmentation schemes of C60
41 fullerene ions produced by bombardment of Ar81 ions at low energies

(v.0.24 a.u.! have been investigated. By analyzing the time of flight of the fragments in coincidence with the
outgoing projectiles and the ejected electrons, several dissociation channels have been identified that involve
the loss of small neutral as well as charged fragments. The probability of each channel has been measured
experimentally and compared to the calculation based on a theoretical model including a statistical description
of the evaporation, and a simulation of the multistep cascade decay for sequential losses of low mass frag-
ments. The initial energy of the C60

41 ion and the dissociation energy of each channel have also been
evaluated.@S1050-2947~99!06004-7#

PACS number~s!: 36.40.Qv, 36.40.Wa, 34.70.1e
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I. INTRODUCTION

The mechanisms of excitation, ionization and fragmen
tion of the C60 molecule have been intensively studied duri
the past few years. Experimental investigations include p
ton excitation@1–3#, C60

r 1-atomic target collision@4#, elec-
tron impact collision@5–9# and highly charged ion collision
@10–16#. In the multiphoton excitation as well as in the hig
energy large-impact-parameter collision between an ion
a C60 molecule, the dominant excitation mode is the colle
tive excitation of the valence electrons in giant dipole pl
mon resonance. The charge state of the parent ion C60

r 1 is
limited to 1, 2, or 3, because the multiplasmon excitation
necessary for a high-order multiple ionization@2,10#. Highly
charged C60

r 1 ions up to 71 have been observed in electro
impact collisions@5#, which shows a high stability of the C60

cage for the Coulomb explosion. With a two-sector-fie
mass spectrometer, Ma¨rk and co-workers@5–9# studied sev-
eral fragmentation mechanisms for metastable C60

r 1 ions
~lifetime t.10ms) produced in electron impact ionizatio
A number of channels have been identified, such as the
quential loss of neutral C2 units @8#; the sequential reaction
of C60

41, involving the loss of C2
1 followed by the loss of

C2 or C2
1 units @9#; and the superasymmetrical spontaneo

decay reactions: C60
r 1→C58

(r 21)11C2
1. The last mecha-

nism has been interpreted by a multistep reaction sequ
started by a unimolecular C2 evaporation, and followed by a
charge transfer process from the heavy ion to the small n
tral fragment@6#.

In slow ion collisions, three cases can be distinguish
For large impact parameters, the over barrier extraction
electrons is dominant. Electrons are gently removed from
C60 cluster, leaving the C60

r 1 ion in a stable charge stat
with r up to 9@12#. For small impact parameters, the proje
tiles pass through the C60 cage or in its vicinity leading to a
catastrophic destruction of the fullerene cage@11# with emis-
sion of charged light fragments and of a large number
electrons@14#. Recently, our group reported on the expe
mental observation of frontal collisions between an Ar81 ion
and a C60 target by measuring the energy loss of the proj
PRA 591050-2947/99/59~4!/2827~9!/$15.00
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tile and the increase in electron emission@15#. An interme-
diate case can be observed with a proper selection of c
sion systems and impact parameters. In Xe81 ion and C60
target collisions at 56 keV, C60

r 1 (r 53,4,5) ions are pro-
duced in excited states which decay by emitting small neu
or charged fragments in less than 100 ns after the collis
@16#.

The dominant fragmentation mechanism for an exci
C60

1 ion is described as a sequential loss or an ‘‘evapo
tion’’ of C2 units following a fast statistical distribution o
the initial energy into a large number of internal degrees
freedom of the parent ion. The dissociation energy of
channel Cm

1→Cm22
11C2 has been evaluated form

560,58 . . . @17,18#. However, for highly charged C60
r 1

ions, no data are actually available to determine the disso
tion energy for the so-called asymmetrical ‘‘fission cha
nels,’’ where charged small fragments are dissociated fr
the parent ion. The challenge here is to try to answe
simple question: what is the fragmentation scheme of a m
ticharged C60

r 1 ion with a given internal energy? Exper
mentally the main difficulty is to select the initial charg
state of the parent ion. One possible method is the tw
sector-field mass spectrometer@5–9#. It is unfortunately lim-
ited to studying preselected individual fission channels an
thus suitable for the metastable processes.

In this paper, we present measurements of the probab
for each asymmetrical fragmentation channel of C60

41 ion
produced in Ar81 ion and C60 target collisions at low energy
~56 keV!. The collision events that produce a parent i
C60

41 are identified by the coincidence of the outgoing pr
jectile Ar61 and the two ejected electrons. In fact, in o
previous experiments@16#, we have shown that the abun
dance of high mass fragments such as C6022n

31 and
C6022n

41 with n51,2,3,4,5, is maximal when two electron
are stabilized on the projectile. The obtained experimen
results are compared to a calculation using a simple stat
cal evaporation model, the so-called RRK theory develop
by Rice, Ramsperger, and Kassel@19,20#, and a multistep
cascade decay model. The initial energy of C60

41 ion and the
dissociation energies of the fission channels, Cm

41

→Cm22
311C2

1 and Cm
41→Cm24

311C4
1 with m

560,58,56,54, have been determined.
2827 ©1999 The American Physical Society
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II. EXPERIMENT

The experimental setup is shown in Fig. 1. A 56-ke
Ar81 ion beam (v.0.24 a.u.) is delivered by a Nanogan 1
GHz electron cyclotron resonance~ECR! source and accel
erated by a Danfysik accelerator. Its intensity is limited to
few tens of pA after collimation through a diaphragm of 5
mm. The ion beam crosses at a right angle an effus
fullerene molecular beam evaporated from an oven heate
540 °C and containing a powder of about 99.9% of C60 and
0.1% of C70. The outgoing projectiles are charge analyzed
a 90° cylindrical electrostatic analyzer (R5150 mm) placed
at 9.7 cm downstream of the collision zone. They are th
detected by a channeltron electron multiplier;600 ns after
the collision. Electrons and recoil ions produced in the c
lision region are extracted by a transverse electric field
100 V/mm. The electrons are accelerated through an in
mediate electrode at a potential of 2500 V and collected s
eral nanoseconds after the collision by a semiconductor
tector @passivated implanted planar silicon detector~PIPS!,
15-12-300# polarized at a high voltage of 20 kV. The sign
from the PIPS is proportional to the total energy left by
the electrons arriving simultaneously. Thus it gives a m
surement of the number of the electrons, since each elec
carries almost the same energy of 20 keV. The signa
amplified and transmitted through an optical fiber in order
isolate the high-voltage dc component. The recoil ions,
tracted in the opposite side, are post accelerated over a
tance of 3 mm by an electric field of 1 kV/mm. After a fie
free drifting time in the time of flight~TOF! tube (l
5149 mm), they are detected by a multichannel plate m
tiplier. Pulses corresponding to the recoil ion fragments
sent to a multihit channel of a time to digital converter~TDC

FIG. 1. Experimental setup. The scattered projectile ions
charge analyzed by a cylindrical electrostatic analyzer. Them/q
ratio of the recoil ions is determined by their flight times in the TO
tube. The number of electrons ejected in a collision event is a
lyzed by a PIPS detector.
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3377, Le Croy! operated in common stop mode. The refe
ence hit of the TDC is provided by the projectile signal wi
a delay of 6ms. The same signal is also used as the trig
for an analogue to digital converter~ADC 811, Ortec! to
analyze the electron signal that is suitably delayed. The m
to charge ratiom/q of an ion Cm

q1 is determined by its time
of flight. The time of flight of a fragment is different from
that of its precursory ion if the fission is produced before
TOF tube. That limits the time range to observe the dela
fission of a C60

41 ion to less than 250 ns in our experimen
In a triple coincidence experiment, a collision event

identified by the simultaneous determination of the fin
charge state of the projectile (82s wheres is the number of
electrons stabilized on the projectile!, the number of the
emitted electrons and the TOF spectrum of the recoil
fragments. In our experiments, the TOF spectra are reco
in different ways to get a detailed analysis of the fragmen
tion process. In a one-dimensional spectrum, the TOF is
corded in one of these ways:~1! only data related to the
last detected fragment are taken;~2! data for all detected
fragments are stored in a multistop spectrum;~3! the multi-
stop spectrum is displayed according to the number of fr
ments, leading to one-stop, two-stop, three-stop, and fo
stop spectra. In a two-dimensional spectrum, correlat
information between fragments is analyzed.

III. RESULTS

Determination of the number of the electrons~n! emitted
in a collision is crucial in our experiments. Because the i
tial charge state of the target C60

r 1 is defined byn and the
number of the electrons stabilized to the projectiles, r 5n
1s. Collisions producing a final Ar71 projectile have been
studied first. Figure 2 shows a two-dimensional scatter p
recorded in coincidence with outgoing Ar71 projectiles. The
electron signal is plotted along theY axis and the time of
flight of the corresponding last detected recoil ion along
X axis. TheX-axis projection of this two-dimensional~2D!
spectrum gives the TOF of the recoil ions. Only peaks c
responding to C60

r 1 ions with r 51,2,3,4 are observed. Thi
is the evidence of the ‘‘gentle collisions,’’ which leave th
targets charged and stable after collision with relatively la
impact parameter. TheY-axis projections, related to reco
ions: C60

r 1, with r 52, 3, and 4, show three spectra
electron multiplicity. For each spectrum, one notes a prin
pal peak, which corresponds to the detection ofn electrons
such that the conservation of the total electron number
5s1n (511n in this case!, is verified. A secondary peak i
observed betweenn and n21, contributed by the back
scattering of electrons in the PIPS detector@21#. In fact, the
probability for an electron to release its total energy~20 keV!
inside the detector is approximately 83%. In the remain
17% cases, only a part of its energy, approximately 12 k
is left inside the detector leading to the small low-ener
peak. Taking this effect into account, we have calculated
electron energy distribution curves for the detection of o
two, and three electrons. The results are given by a solid
in each electron spectrum. The good agreement between
calculation and the experimental data allows us to estim
an efficiency of about 98% for electron detection in our e
periments.
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FIG. 2. Electron-recoil ion TOF 2D spectrum recorded in coincidence with Ar71 (s51). The pulse height of the electron detector
plotted inY and the TOF of the last detected recoil ion of an event is plotted inX. TheX axis is labeled inm/q wherem is the number of
carbon atoms of a fragment,q is the charge. The totalX projection of the 2D spectrum shows stable C60

r 1 peaks (r 51, 2, 3, and 4!. Three
Y projections associated with the detection of a well-defined recoil ion charge state C60

r 1 (r 52, 3, and 4! present a principal electron numbe
n peak atn51, 2, and 3 electrons, respectively. The small peak betweenn andn21 is due to the backscattered electron effect. The elec
number conservation ruler 5s1n is verified.
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Another 2D spectrum for the electrons and the TOF of
last detected recoil ion is shown in Fig. 3~a!. It is recorded in
coincidence with the detection of Ar61 (s52) outgoing pro-
jectiles. Three TOF spectra for the last detected recoil ion
obtained~Figs. 3~b!–~d!# from theX-axis projections associ
ated to the detection of one, two, and three electrons. T
correspond to collision events leading to charge states C60

31,
C60

41, and C60
51, respectively. Remark that high-ma

charged fragments are also observed in these spectra.
relatively intense C6022n

31 (n51,2,3,4,5) peaks@Fig. 3~b!#
show that the main decay channel for a C60

31 parent ion is
the evaporation of small neutral fragments. The asymme
cal fission channel is negligible here, because the co
sponding peaks C6022n

21 (n51,2 . . . ) are very weak.
C6022n

31 (n51,2 . . . ) peaks and C6022n
41 (n51,2 . . . )

peaks are observed with comparable intensities for a C60
41

parent ion@Fig. 3~c!#. They correspond to the asymmetric
fission channels and the evaporation channels respecti
For a C60

51 parent ion the evaporation channel is negligib
Only C6022n

41 and C6022n
31 high-mass peaks from one

and two-step asymmetrical fission are observed@Fig. 3~d!#.
These results suggest that C60

r 1 has a critical charger 54
for which the evaporation and the fission channels beco
comparable. It is thus important to make a detailed study
the C60

41 fragmentation scheme. Multifragmentation cha
nels are demonstrated by the peaks of monochar
medium-mass ions Cm

1 with m56 – 15@Figs. 3~c! and 3~d!#.
These peaks represent 20% and 50% of the population in
cases of the C60

41 ion and the C60
51 ion, respectively.

The TOF spectrum@Fig. 3~c!# is not sufficient to deter-
mine the fragmentation scheme of the parent ion C60

41, be-
cause each high-mass peak can correspond to one or se
fission channels. For example, the C56

31 peak could be at-
tributed to four different channels: C60

41→C56
311Cm

1

1C42m with m from 1 to 4. Further information can b
obtained by studying the correlation between recoil ion fr
ments. The times of flight of charged fragments associate
a collision event are recorded in a 2D spectrum. The TOF
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FIG. 3. ~a! Electron-last detected recoil ion fragment TOF 2
spectrum registered in coincidence with Ar61 (s52). TheX axis is
labeled inm/q wherem is the number of carbon atoms of a frag
ment andq is the charge. ~b!–~d! The X projections of the 2D
spectrum associated with the detection ofn51, 2, and 3 electrons
give three TOF spectra produced by the dissociation of parent
C60

31, C60
41, and C60

51 (s1n5r ), respectively. The C60
r 1 peaks

are reduced by a factor of 4.
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2830 PRA 59L. CHEN et al.
the last detected fragment is plotted along the horizontal
and that of other faster fragments along the vertical a
Three similar 2D spectra have been simultaneously reco
in order to separate events corresponding to the detectio
one, two, and three electrons. A fragment correlation sp
trum for the C60

41 parent ion is obtained~Fig. 4! when two
ejected electrons are detected and after correction for
backscattered electron effect. Asymmetrical fission chan
are represented by spots corresponding to the heavy
ments C58

31, C56
31
¯C52

31 along the horizontal axis and t
the light fragments C1

1, C2
1
¯C6

1 along the vertical axis.
For example, the spot corresponding to the fragments2

1

and C58
31 is related to the channel C60

41→C2
11C58

31. The
spots related to the heavy fragmentm/q518 are actually due
to C54

31 and not to C18
1, because no correlation has be

observed between C19
1 or C17

1 and small fragments. Fur
thermore, the total 2D spectrum shows that the sin
charged medium-mass fragments are correlated betw
them and that C18

1 and C19
1 have comparable intensities

The abundance for the fission channels is given by the in
sities of the spots. They are shown in Table I and Fig. 5

The abundance for the evaporation chann
C60

41→C6022n
411neutral fragments~Table I! is deduced

from the intensities of the C6022n
41 peaks in Fig. 3~c! after

correction. In fact, some of these peaks are also parti
contributed by the medium-mass singly charged ion pe
Cm

1 (m513– 19) with the same or nearm/q ratio. For ex-
ample, the C52

41 peak overlaps with the C13
1 peak. The

same situation occurs for C56
41 and C14

1, C60
41 and C15

1,
C54

31 and C18
1. This effect is corrected as follows. Consid

that the ions Cm
1 are produced from Coulomb explosion of

FIG. 4. Correlated recoil ion 2D spectrum produced by the d
sociation of C60

41 parent ion. The TOF of the last-detected fra
ment is plotted inX and the TOF of the other charged fragments
the same collision event are plotted inY. Axes are labeled inm/q
wherem is the number of carbon atoms of a fragment andq is the
charge.
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C60
41 ion giving four charged fragments with equal detecti

probability K. The probability to detectw fragments among
four in such an event is determined by the binomial ru
C4

w(12K)42wKw. In order to distinguish the TOF spectrum
for collisions with one or two fragments from that for fou
fragments, four 1D multistop TOF spectra have been
corded ~not presented here!. They correspond to collision
events wherew different fragments~or stops!, w51, 2, 3 or
4, are detected. Such spectra are noted asS (w stop). The
relative intensity of a given fragment Cm

1 in a w stopspec-
trum is

Aw5
w

4
C4

w~12K !42wKw.

The3 stopand4 stopspectra consist of only Cm
1 peaks with

relative intensitiesA3 and A4 , respectively. A C6022n
41

-

f

FIG. 5. Experimental abundance of fission and evapora
channels from a C60

41 parent ion. For fission channels
C60

41→C6022n
311Cm

1 (m51, 2, 3, 4, 5, and 6!, the small singly
charged fragment is presented by different symbols. Solid circ
present the abundance of evaporation channels, C60

41→C6022n
41

1n C2. The number of carbon atoms of the triply or quadrup
charged heavy fragment for each channel is plotted along thX
axis.

TABLE I. Experimental abundance of the stable C60
41, the

asymmetrical fission channels C60
41→Cm

11C6022n
31 (m51 to

6!, and the evaporation channels C60
41→C21C6022n

41.

C58
31 C56

31 C54
31 C52

31 C50
31 C48

31

C1 650 1140 920 380 185
C2

1 5400 6510 3045 980 360
C3

1 1850 3400 3230 1890
C4

1 8190 8650 4640 1460
C5

1 770 910 1290 930
C6

1 2150 3100 2040 685

C58
41 C56

41 C54
41 C52

41

C2 19 860 8120 1720 450

C60
41 102 300
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peak can be found only in the1 stopspectrum. It is probably
mixed with a Cm

1 peak with relative intensityA1 . The cor-
rection is thus made as follows:

S~1 stop!2
A1

A3
~3 stop! ~see inset of Fig. 6!.

To normalize the data obtained from the 1D and 2D spec
the intensities of the C6022n

31 peaks have to be measure
Such a peak can be found in both the1 stop and 2 stop
spectra. The correction for contribution of the Cm

1 peaks is
applied to the C6022n

31 spectrum:

S~1 stop!2
A1

A3
~3 stop!1S~2 stop!2

A2

A3
~3 stop!.

The corrected evaporation C6022n
41 and fission C6022n

31

spectra are superimposed to give a total spectrum~Fig. 6!. In
our experiment, the detection probabilityK of medium mass
singly charged ion is approximately 0.4. The importance
the correction is shown by the large difference between
partial populations of the C6022n

41 peaks without and with
correction. Values of 0.46, 0.34, 0.08, and 0.11 are obtai
from direct measurement@Fig. 3~c!# for n51, 2, 3, and 4,
respectively. These values become 0.66, 0.27, 0.06, and
after the correction.

IV. SIMULATION OF THE FRAGMENTATION SCHEME

A. Fragmentation scheme

A C60
41 parent ion with an initial energyE* can eject a

small neutral or charged fragment by consuming at lea
critical energyD and becomes a cooled heavy fragment w
internal energy at mostE* -D. If this energy is not high
enough for further dissociation, the heavy fragment rema
stable. Corresponding to this case, populations of one-
dissociation such as C60

41→C58
411C2, C58

311C2
1,

FIG. 6. Corrected C6022n
41 and C6022n

31 distribution. The in-
set shows the part of TOF spectrum corresponding to he
C6022n

41 and medium mass C13
1, C14

1, and C15
1 peaks. The solid

line represents a1 stopspectrum and the dotted line represents
scaled3 stopspectrum which has to be subtracted from the previ
one to give the corrected intensities of the C6022n

41 peaks. TheX
axes are labeled inm/q wherem is the number of carbon atoms o
a fragment andq is the charge.
a,

f
e

d

.01

a

s
ep

C56
311C4

1, and C54
311C6

1 are observed. In other cases,
the remaining energy is still sufficient, other small fragme
can be ejected. The C6022n

41 populations are the conse
quence of multistep evaporation, i.e., sequential lossesn
C2 neutral fragments. The direct loss of a C4 unit will not be
considered here, because it is negligible@8#. The decay
scheme is more complicated for fission channels involv
the emission of a small charged fragment. The later o
could carry off enough internal energy for further dissoc
tion. According to earlier studies on small carbon clust
@22#, the monocharged ions C6

1, C5
1, C4

1, C3
1, and C2

1

decay preferentially to C3
11C3, C3

11C2, C11C3, C11C2,
and C11C, respectively. Thus we can consider the measu
small even-mass fragments C2

1, C4
1, and C6

1 as produced
from direct asymmetrical dissociation of a charged fullere
while the small odd-mass charged fragments can be at
uted to a secondary dissociation process, such
C2

1→C11C, C4
1→C11C3, and C6

1→C3
11C3. With this

analysis however, one can not explain the populations
C56

311C3
11C and C54

311C5
11C, as the C4

1→C3
11C

and C6
1→C5

11C channels are relatively weak. These pop
lations can be thus considered as the result of simultane
emission of two small fragments C3

1 and C or C5
1 and C

from a charged fullerene.
To perform a simulation of the experimental results, t

decay scheme is simplified. The fission channels produc
C3

1 and C are associated with those of C4
1 and the fission

channels producing C1 and C are associated with those
C2

1. The processes leading to C5
1 and C6

1 ions, which rep-
resent 20% of the total fission population, are neglected.
tice that the resulting populations of C6022n

311C4
1 (n

>3) are slightly overestimated, because part of C6022n
31

1C3
1 (n>3) population is contributed by the fragmentatio

of C6
1. This deviation becomes more important as the m

of the heavy fragments decreases.
The simplified decay scheme of a C60

41 consists of se-
quential losses ofn C2 or (n21) C21C2

1 or (n22)
C21C4

1 ~Fig. 7!. From a C6022n
41 (n50,1 . . . ), three

y

e
s

FIG. 7. Simplified dissociation scheme of a C60
41 parent ion. A

C6022n
41 precursory ion (n50,1,2 . . . ) hasthree decay channel

with the loss of one C2 ~thin line arrow!, one C2
1 ~thick line arrow!,

or one C4
1 ~broken line arrow! unit, respectively. A C6022n

31 pre-
cursory ion (n51,2,3 . . . ) hasonly one decay channel with th
loss of one C2 ~thin line arrow! unit.
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2832 PRA 59L. CHEN et al.
asymmetrical decay channels are possible produc
C6022(n11)

411C2, C6022(n11)
311C2

1, and C6022(n12)
31

1C4
1. The dissociation rate associated to each channe

noted as A6022n
41(C2), A6022n

41(C2
1), and

A6022n
41(C2

1), respectively. For C6022n
31 (n51,2 . . . ),

only the evaporation channel is considered with a disso
tion rate A6022n

31(C2), because the asymmetrical fissio
channel is negligible, as shown by the weak intensity
Cm

21 peaks in Fig. 3~c!. The measured population distribu
tion for each state of the dissociation scheme is shown
Fig. 8.

B. Multistep cascade decay

The time-dependent population of a C6022n
41 ion can be

calculated by resolving then11 population equations asso
ciated to all involved intermediate state
C60

41→¯C6022k
41→¯→C6022n

41. The obtained resul
is

Pn5 )
k50

n21

Ak83 (
k50

n
e2Akt

P j 50,j Þk
n ~Ak2Aj !

, ~1!

whereAk andAk8 are the total and partial dissociation rates
C6022k

41. Here, Ak85A6022k
41(C2), Ak5A6022k

41(C2)
1A6022k

41(C2
1)1A6022k

41(C4
1).

The population of C6022n
311C2

1 is produced byn-step
sequential losses of (n21) C2 and a C2

1. To reach this state
n different channels are possible with the emission of C2

1

unit at the first, second,..., or, last step. The population c
tributed by each channel is noted byPn,i , wherei labels the
step for the loss of C2

1 in a cascade such a
C60

41→¯C6022(i 21)
41→C6022i

31→¯→C6022n
31. The

final population is obtained by the summation( i 51
n Pn,i . The

Pn,i values are calculated using Eq.~1!. For k< i 21, the
total dissociation rateAk of a C6022k

41 state is calculated in
the same way as in the case of the evaporation channel
k> i , Ak equalsA6022k

31(C2). For k, i 21, k5 i 21, and

FIG. 8. Experimental abundance of dissociation channels le
ing to different final states,~1! Cm

311C2
1 (m<58), ~h! Cm

31

1C4
1 (m<56), and ~d! Cm

411nC2 (m<58). The number of
carbon atoms of the triply or quadruply charged heavy fragment
each channel is plotted along theX axis. Full lines: reproduction
of the experimental points with the RRK theory and the multis
cascade model.
g

is

a-

f

in

f

n-

or

k> i , the partial dissociation rateAk8 is A6022k
41(C2);

A6022k
41(C2

1), and A6022k
31(C2), respectively. For a

C6022n
311C4

1 channel the population is calculated in
similar way.

C. Dissociation rate

The dissociation rate for a channel from a precursory
Cm

q1 is calculated using the simple RRK theory, initial
developed by Rice, Ramsperger, and Kassel@19,20# to inter-
pret the unimolecular dissociation of molecules. This mo
has been recently applied to clusters@23,24#. The internal
energyE* of a Cm

q1 ion is statistically distributed among
the 3m26 vibrational modes considered as a collection
independent harmonic oscillators with vibrational frequen
n0 . A dissociation occurs only if a critical energyD is accu-
mulated in at least one oscillator. The reaction rate cons
A(E* ) is thus given by

A~E* !5nsn0S 12
D

E* D 3m27

, ~2!

wherens , the degeneracy factor, is the number of atoms
the surface of a Cm fullerene, ns5m; and n052.7
31013s21 is the Debye frequency of C60 @25#, which char-
acterizes the energy redistribution rate. After an asymme
cal dissociation process, the remaining internal energyE*
2D is in principle distributed statistically among all the o
cillators. However, in a first approximation, we consider th
all this energy is carried off by the heavy fragment for fu
ther possible dissociation processes.

The critical energy for evaporation is considered as
dissociation energy of a C2 unit from a Cm

1 fullerene. The
values have been estimated by Wo¨rgötter et al. for 50<m
<60 @18# and noted asDm . For fission channels, the critica
energy is described as the Coulomb fission barrier he
from the simple liquid-drop model and noted asBm(C2

1)
andBm(C4

1) for the loss of a C2
1 and a C4

1 from a Cm
41

fullerene, respectively.

D. Simulation

The multistep cascade decay model is used to calcu
the population distribution on C6022n

41, C6022n
311C2

1,
and C6022n

311C4
1 states 250 ns after each collision. Th

delay, referred astmax, is the flight time of a C60
41 in the

extraction field. It corresponds to the time range for obse
ing delayed dissociation processes in our experiments.
fission barriersBm(C2

1),Bm(C4
1) and the initial energyE*

of the parent C60
41 fullerene are adjusted to reproduce t

measured population distribution. A good agreement
tween the calculation and the experimental data has b
obtained~Fig. 8!. The initial energy profile of the C60

41 has
been assumed to be a Gaussian distribution centered at 6
with a total width of 12 eV. The obtained fission barrier
Bm(C2

1) andBm(C4
1), are shown in Fig. 9.

For the parent ion C60
41, the critical energies associate

to the three competing channels, C60
41→C58

411C2,
C56

311C4
1 and C58

311C2
1 are found to verify the relation

D60,B60(C4
1),B60(C2

1). When the mass of a fulleren
becomes smaller, the fission barrierBm(C2

1) decreases

d-

r

p
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slowly to become lower than the evaporation energyDm for
m smaller than 56. A critical sizenc556 can be thus define
for quadruply charged fullerene Cm

41. For large size,m
.nc , the fission barrierBm(C2

1) is higher than the evapo
ration energyDm . The evaporation channel predominates
this case. For the critical size,m.nc , and then Dm
.Bm(C2

1), the evaporation and fission channels have
same probability. For small size,m,nc , Dm.Bm(C2

1), the
fission channel prevails. The similar size dependence
been observed in charged metallic clusters@26#. The uncer-
tainty of theBm(C2

1) values is approximately 0.1 eV. Th
fission barriersBm(C4

1) are reliable form560 and 58. They
are unprecise form<56, because of the relatively importa
contribution of the C6

1 fission channel to the Cm
311C3

1

populations form<52.

V. ANALYSIS OF ‘‘SLOW’’ AND ‘‘FAST’’ FISSION
PROCESSES

In a multistep cascade process, the dissociation rate o
last decay step is much lower than those of the previ
steps, because its precursory ion is less energetic. A sim
example is given by the two-step decay channels with s
cessive losses of C2

1 and C2 or C2 and C2
1 leading to the

C56
311C2

1 population. The dissociation rate is much high
if the C2

1 is lost at the first step than if it is lost at the la
step. These two channels are then characterized by a ‘
fission’’ process and a ‘‘slow fission’’ process. In our mod
the contribution of the slow fission to the total C56

311C2
1

population is calculated to be approximately 60%. In a sim
lar way, for the C54

311C2
1 population, approximately 40%

of the simulated population is due to the slow fission chan
with successive losses of C2, C2, and C2

1.
On the other hand, in our experiments, it is possible

distinguish populations produced from slow fission or fro
fast fission. In a fast fission process, the small charged f
ment is rapidly lost in the collision region. In a slow fissio
process, it is lost in the extraction field with a delay. In t
2D-fragment correlation spectrum~Fig. 4!, a slow fission
process is identified by the long oblique tail that enlarge
spot towards smaller TOF for the heavy fragment and
wards larger TOF for the small fragment. The slopes of

FIG. 9. Dissociation energies as a function of the number
carbon atoms of the precursory ion Cm

41. ~d! Dm(C2) from Ref.
@18#. ~1! Bm(C2

1), with error bar 0.1 eV and~h! Bm(C4
1), ad-

justed values obtained in the dissociation scheme simulation.
e

as

he
s
le
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resulting tails are well reproduced by a calculation taki
into account the delayed fission.

The vertical projection of the C58
311C2

1 spot @Fig.
10~a!# shows the differential populationI for this channel as
a function of the time of flightT of the C2

1 fragment. The
experimental curve is fitted by an exponential decay funct
e2@(T2T0)/t# with a characteristic timet550 ns, whereT0 is
the time of flight of a C2

1 produced immediately after th
collision. The maximum of the curve is shifted fromT0 be-
cause of two broadening factors. The first one is the C2

1

initial velocity distribution due to the Coulomb repulsion b
tween the two charged fragments leading to a total width
about 28 ns in the time of flight. The second one is t
instrumental width, which is approximately 13 ns. To inte
pret this measured exponential decay, we write the differ
tial populationI (T) for the C58

311C2
1 channel on the fol-

lowing form:

f

FIG. 10. TheY projections of the C2
11C58

31 and C2
11C56

31

spots of the correlated recoil ion 2D spectrum~Fig. 4! giving the
measured differential population intensities. They are shown
circles and diamonds as a function of the flight time of the C2

1

fragment.T0 is the time of flight of a C2
1 fragment produced in a

nondelayed fission event. Slow curve~a,b!: an exponential curve,
exp$2@(T2T0)/50 ns#%, convoluted by a broadening function, th
takes the initial velocity distribution due to the Coulomb repulsi
and the instrumental width into account. Fast curve~b!: a function
d(T2T0) convoluted by the same broadening function as in
case of the slow curve. Full lines of~a! and ~b!: linear combina-
tions of the fast and slow curves for fitting the experimental poin
~a! 100% of slow;~b! about 55% of slow.
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I ~T!5E dP~C58
311C2

1,E* !

dT
dE*

5E A60→58P60~E* !e2A58tmaxe2~A602A58!t
dt

dT
dE* ,

~3!

whereA60 andA58 are the total dissociation rates for C60
41

and C58
31, A60→58 is the partial dissociation rate of the cha

nel C60
41→C58

311C2
1, andP60(E* ) is the energy distribu-

tion of the initial C60
41 population. Note that this formula

gives the population of C58
311C2

1 produced with a delayt
and in addition the C58

31 ion stays stable untiltmax. The
dependence of the flight timeT of C2

1 on the delayed fission
time t is found to be a fourth-order polynomial. For smalt
values, the delay timet is approximated asT2T0 . The mea-
sured characteristic time of 50 ns gives in fact a meas
ment of the average value 1/(A602A58). On the other hand
the ratesA60, A58, andA60→58 can be calculated as a func
tion of the energyE* with Eq. ~2!. For an initial energy of
E* 568 eV, the coefficient A60→58P60(E* )e2A58t max is
maximum. This determines the most probable value
1/(A602A58) to be approximately 65 ns. The agreement b
tween the theoretical and the experimental values is satis
tory.

The vertical projection of the C56
311C2

1 spot is shown in
Fig. 10~b!. It is the superposition of two curves. The ‘‘slow
curve, obtained in the same way as for the case
C58

311C2
1, corresponds to the successive losses of C2 and

C2
1. The ‘‘fast’’ curve presents the differential populatio

distribution of C2
1 ions with the flight timeT0 taken into

account for the two broadening factors. It is associated to
successive losses of C2

1 and C2. The slow fission population
is found to be 55% of the total population. Similar analy
has been performed for the C54

311C2
1 spot. The contribu-

tion of the slow fission is found to be 35%. These results
in good agreement with the simulation calculation whi
B

G.
rg

n,
et

.

es
e-

f
-
c-

f

e

e

gives a slow fission contribution of 60% and 40% in the
two cases. This comparison allows us to justify the valid
of our model.

VI. CONCLUSION

The decay scheme of the multicharged fullerene ion C60
41

has been studied in a time range of approximately 250
The partial populations of asymmetrical fission and evapo
tion channels have been measured. The experimental
have been reproduced using the RRK theory and the m
step cascade model. The initial energy of the parent ion
estimated to approximately 65 eV. The dissociation energ
are evaluated for the asymmetrical fission chann
Cm

41→Cm22
311C2

1 and Cm
41→Cm24

311C4
1 (m

560,58,56,54). A critical size of the quadruply charg
fullerenes Cm

41 is found to be aroundm556. For this size,
the evaporation by loss of a C2 dimer and the fission by los
of a C2

1 ion are equally probable. The validity of our mod
is justified by a detailed analysis of the 2D fragment cor
lation spectrum giving further information on the fast a
slow fission processes. For the dissociation processes stu
in this work, the internal energy of the parent C60

41 ions is
evaluated to be about three times the energy of the g
dipole plasmon resonance in a C60 molecule. The collective
excitation of the valence electrons in such a resonanc
used to interpret the energy transfer in photon excitation
in high-energy large-impact-parameter collisions@1,2,3,10#.
However, for low-energy multicharged ion-C60 collisions, no
conclusive argument on the possible resonance process
cerning the excitation mechanism of the C60 fullerene can be
obtained from the present measurements.
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