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We have studied collisions between slow highly charged ions and pyrend G, molecular targets, and
report on measurements of target ionization and fragmentation in electron transfer processes. The intensity
distributions in the fragmentation spectra fogo@nd G are rather similar, indicating that similar roles are
played by evaporatiorineutral G emission and fission processggharged particle emissiprin the two
systems. For &, intact molecular ions are formed in charge states up to 10+, while the maximum charge state
for Cgo molecules is 9+ following collisions with X&" at 69 keV. The kinetic-energy releases measured for
asymmetric fission of & ions (C;o"" — Cgg™™P+C,*) are mostly close to the corresponding ones fgg, C
while both sets of results are significantly lower than those reported for electron-impact ionization studies of
Cso and G. Kinetic-energy releases and fission barrier heights are estimatedsd@n@ G, ions using an
electrostatic model. An increased intensity of the higher charge stateg, @S is observed compared to the
Ceo case, which most likely is due to a larger number of degrees of freedom on which the internal excitation
energy may be distributed.
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I. INTRODUCTION C,o/ Cgo targets have been used, obscuring the picture of the
Over the past decade a vast number of collision experiC7o fragmentation processes. Bnal.[27] found that Go™
ments using g, molecules as targets and different types of Vith I up to 9 is formed in collisions between 8t and Gy
projectiles have been carried o[t-15. The creation of 2t 500 keV. As a mixture of g and G, was used, also
multiply charged G, ions and the investigation of the sub- SEVeral peaks corresponding to_intacfo@ns in charge

sequent decay processes have been used to probe fuller @teT (lij t(?[h6+h_wr?retogserv¢ﬂt7]£ Th'ib's ;I.so, Itotour
stabilities and dynamics. Fragmentation of collisionally ex- howledge, the highest charge state gj @und in electron

; o . bombardment studies up to this dflé®,1G.
cited fullerenes depends on their internal energies, the mo Multiply charged cluster ions are produced efficiently in

tbrm:])i/ Ofng]\?il;/ralt?nrfel glecrtrons,f ?rnddths] (EF)#phrr\]gsr oii eIecr;s ow (v <1 a.u) collisions between highly charged ions and
onic a ational degrees ot freedom. The energetics a usters[3,28,29. At low collision energies, electron capture

dynamics of d'SSO(.:'at'On reactions (.)f ne_utral and ch_arge ominates the interaction, and the capture process occurs al-
Ceo have been studied extensively using different experimenzeaqy ot large distances, and only limited amounts of ener-
tal methods. In particular, the energy deposition in clustergies are transferred to internal nuclear motion and electronic
has been analyzed through the kinetic-energy rele#$eR)  excitations[28]. In collisions with projectiles in lower charge
[4,5,7,9-1% in the various dissociation processes, and bystates, the interaction processes are dominated by smaller
investigations of the balance in the production of intact andmpact parameters leading to higher target electronic and vi-
fragmented G ions [3,14,15. brational excitations.

Collisions involving higher fullerenes, such asyChave In this work, we present, to our knowledge, the first ex-
been studied to a much smaller extent. One may ask whagerimental results on the ionization and fragmentation fol-
happens as the number of atoms and thus the number t@wing slow collisions between highly charged ions and a
degrees of freedom over which the internal energy can bpure C,q target. This will be compared with results fogC
distributed increase, and how does the response to the extérhe multiply charged &, or Cqo, ions are produced in
nal perturbation change? The ionization and fragmentation 0Ke* + C;¢/Cgo— Xe'9™9*+C; ™/ Cgo " +(r —s)e™ collisions at
the G, molecule have mainly been investigated using elec3q keV by electron capture processes. Heyés the projec-
tron bombardmeni2,9,10,13,16—20and photon irradiations tile charge statéq=8, 16, and 28 r is the number of elec-
[1]. There are a few studies on ion formation and degradatiotrons removed from the fullerene, arsdis the number of
of C,q by gas-phase fast-atom bombardment using keV netelectrons stabilized on the projectile.
tral atoms[21,22, and there are also some collision studies In Sec. I, we describe the experimental technique, while
using G ions as projectiles investigating fragmentation andwe present fragmentation intensity distributions and KER
electron capturg23-26. However, experiments in which values for Gy and G in Sec. lll. The present experimental
atomic ions collide with G, are scarce, and then only mixed results for asymmetric fissiofC,* emission are gqualita-
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FIG. 1. A schematic of the setup used for coincidence registra
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Projectile ions exiting the collision chamber in tlig
—-s)+ charge statéi.e., stabilizings electron$ were selected
by means of a 180° electrostatic cylindrical analyzer fol-
lowed by a position sensitive detect@@SDJ). A fast signal
from the projectile detector triggered a transverse electric
field, which extracted fullerene recoil ions towards the drift
region of the time-of-flight spectrometer with a position sen-
sitive detectolrecoil detector with 50 mm diameter, PSD2
The multiply charged fullerenes and their fragments were
analyzed with respect to their time of flights, determined by
the “start signals” from the projectilevhich also triggered
the extractiom and the “stop signals” from the recoil detec-
tor. Note that this method gives a delay—the time it takes the
projectile to reach its detectgroughly 1 usy—between the
ionization of a target molecule and its extraction. The data
were stored event by event in list mode using a multihit
time-to-digital converter . However, due to limited fullerene
detection efficiencieqthe front of PSD2 was floated on
-3 kV) only few multiple hits were registered. The time-of-
flight spectra shown in the following are thus dominated by
single-hit events. One example is shown in Fig. 1 where

tion of final projectile and target charge states and the fragmen?harged fragmentation products and ions g @ere re-

kinetic energies. An example of 69 keV %& ions colliding with
Cyo is shown. The analyzer voltage is set such that onl§?Xand
Xe?™ jons hit the position sensitive detect@®SDJ). The corre-
sponding image on the detector is shown as an inset. The time-o
flight distribution of the recoil ions coincident with the outgoing

corded in coincidence with two electrons stabilized orf3Xe
projectiles. Time-of-flight peaks are associated with position
distributions(on PSD2 characteristic for kinetic-energy re-
teases in the postcollisional fragmentation processes. The
method to extract KER values has been discussed in detail

Xe?'* jons (s=2) are also shown and for each one of the peaks inearlier[14,15.
this spectrum there is a corresponding image on PSD2. Examples

are displayed for g°* and Gg®*.

tively explained in Sec. IV by an electrostatic mo¢ig0,31]
in which we assume that4; Cgo and their fragments may be

Ill. RESULTS

A. Mass spectra

treated as conducting spheres. In Sec. IV we also discuss For the Gotarget it has been demonstra{@®,32,33 that

evidences for the production of.g°*, while there is no
indication of intact Go'°* ions under identical experimental
conditions. We will argue that the higher stability fords

the fragmentation depends on the energy deposited inghe C
molecule. By increasing the internal energy aof,@bove a
certain threshold the initially dominating fragmentation

due to the possibility to distribute the internal energy on achannel, loss of £molecules, is overtaken by breakups of

larger number of vibrational modes.

Il. EXPERIMENT

The experimental method is described in detail elsewher
[14,19, and only a brief description is given here. The
highly charged atomic projectilege®*, Xe'®*, and X&3"

the cage into linear chains and rings of carbon at¢&3.

The internal fullerene energy resulting from a collision varies
as a function of the impact parameter which can be selected
roughly through the number of electrons removed from the
éllerene targe(r). Thus the fragmentation pattern depends
on r [34]. In addition, there is a correlatiofalthough less
strong between impact parameter and the number of stabi-

were produced in the 14.5 GHz Electron Cyclotron Resolized electrongs). A correlation between the number of ac-

nance(ECR) ion source at the Manne Siegbahn Laboratory,
Stockholm University. The ions had energies gfikeV and

tive electrons from a g target and the number stabilized on
the projectile has been observggb,39.

the ion beam was collimated before entering the experimen- In Fig. 2 we compare mass spectra for 24 ke\#Xeol-

tal setup shown in Fig. 1. The beam crossed collimatgd C
or Cqo jets, effusing from a small oven. The temperature of
the oven was set to 600° C for both targets. Thg&@hd G,
powders had purities of 99.9% and 99.4Ptoechs}, respec-
tively (0.4% of the G, powder consist of g, and 0.2%
consist of higher fullerengsThe oven was carefully cleaned
between target changes. The interaction region lies in th

lisions with G, (left) and G (right). The spectra were taken
in coincidences with ong¢s=1, upper spectjaand two (s
=2, lower spectra stabilized electrons on the projectiles.
First, we note that the &°*, Cgo**, and G°* peaks in the
Cyo spectrum(s=2) are due to fragmentation of,gions, and
not to impurities in the &, jet. This is seen by comparing
avo-dimensional position distributions on the recoil detector

extraction stage of a linear time-of-flight mass spectrometeror, e.g., Go°* (see insets of Fig.)2The Gy°* ions coming
and the fullerene jets point in the direction of the spectrom{from the fragmentation of & ions have wider distributions

eter axis.

than G°* ions created directly by soft electron removal
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FIG. 2. Mass spectra from 24 keV XeC, collisions (left) and 24 keV X&'-Cg, collisions (right). The upper spectra are taken in
coincidence with one electron stabilized on the projecfi(esl), and the lower with two stabilized electrofs=2). Position distributions on
the recoil detector of the &°+ ions are shown as insets. The dimensions of the detector images &rE61@n?, which are only smaller
parts of the whole detector aréa0 mm in diameter

from neutral G, molecules. Similar observations are madeXe?**-projectile ions. Fors=1, mainly intact G, and G

for Cgo** and G°* ions. The strong g fragment production ions in charge state up to seven are seen. Events swith

for the G, target, where fragmentation processes given byare mostly associated with large impact parameters, where
asymmetric fission and evaporation dominate, is due to theeveral electrons are gently extracted from the target in over-
exceptional stability of the £ molecule as compared to, the-barrier electron capture processes, and finally only one of
e.g., Gg or Cs. This means that sequential evaporationthem is stabilized while the others are lost through autoion-
and/or fission processes are likely to result igy ©n pro-  ization from the projectile. This leads to the creation of com-
duction. The Gy>* contribution in the G, (s=2) spectrum is  paratively cold and stable target molecular ions.

extremely small and consistent with the 0.4%, Content of For outgoing X&*(s=2) mostly intact molecules with
the G, powder. In addition, they show a narrow distribution charge states up to 9+ are observed, but the fragmentation
on the recoil detector, characteristic for intact ions. Thg C increases slightlyas compared to the=1 casepas seen in
and G, mass spectra are similar, except for an enhancethe sequences of peaks to the left o§&, C;¢**, and G°*
production of G °*(s=1) compared to G°*(s=1) as in (a), and Gg>*, Cso**, and G in (b). These peaks stem
shown in the upper two spectra. The intensity ratios betweefrom the break-ups of &'* and Gy ions withr=3. The

the highest observed charge states, 5+ and 4+, is 0.14+0.@brresponding heavy fullerene fragment€;o-», and

and 0.08+0.01 for & and G, respectively. Also, G°*  Cgo-an) With rather low intensities are thus produced in
seems to be stronger tharng" in the s=2 spectra. The charge states larger than or equal to three and with even
present 24 keV X¥-Cg4, spectra are almost identical to the numbers of carbon atomé’0-2m=68,66,64,..., or 60
results reported for 24 keV Ar-Cg, collisions as can be -2m=58,56,54,.). Theses=2 events are mainly due to
seen from a comparison with Figs. 1 and 22 in R8f.and fullerene ions produced in intermediate impact parameter
[28], respectively. This indicates that direct vibrational exci-collisions resulting in internal energies, such that light neu-
tation from distant elastic collision procesg@gich should tral, or charged, small fragments are emitted.

be different for Ar and Xe projectiles at the same engigy The amount of fragmentation increases for coincidences
relatively unimportant at the present velocities, impact pawith outgoing X&° ions (s=3), and light singly charged
rameters, and projectile charge states. fragments become competitive in intensity with the heavier

Going to higher projectile charge states, the critical dis-fragments. The increased multifragmentation indicates that
tances for electron transfer increase. This leads to colder taitact Gy and G of higher charge states than observed di-
get ions yielding less fragmentation and higher charge state®ctly in the mass spectra may be produced to larger extents
of intact Gy and G In Fig. 3, we show the ionization and [35,36 (but with short lifetimey as multifragmentation is
fragmentation patterns of &g and G, recorded in coinci- important for the destruction of &gwhenr > 6 [34]. Events
dence with outgoing projectiles stabilizing one, two, andwith s>3 are on the average associated with smaller impact
three electrons (s=1-3) in collisions with 69 keV  parameters where the projectile passes close to the cage lead-
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FIG. 3. The mass distribution of recoiling intact and fragmented fullerene ions measured in coincidernselwithelectrons stabilized
on 69 keV Xé&3* projectile ions after collision wittia) C;o and (b) Cgp.

ing to higher internal energies and possibly to destruction ofhe same conditiongXe?3* projectiles at 69 key or with

the fullerene cages into even and odd numbered light fragether highly charged Xe ionfl5]. Brenacet al. [37] have,

ments. Fors=4 (not shown we do not detect any intactsgg  however, reported indications of intact;£°*, using slow

or Cyqions. highly charged ions, but under somewhat different experi-
In Fig. 4@), we show the X&*-C,,(s=3) spectrum ex- mental conditions. In Table |, we show measured

tended inm/q up tor=1, demonstrating that there is only a C;>*/C;®* and G,®*/Cgo®* intensity ratios for one through

small contamination due to multiple collision events involv- three stabilized electrons=1-3). These ratios are signifi-

ing capture of one and two electrons fromy@r=1 andr cantly higher in all three cases for;,£than for G These

=2). For s=2 there is no contamination at all from=1  observations signal a higher stability for" than for G,°*

events. Figure @) shows the X&*-C,,(s=3) spectrum in  and it is thus not surprising that the,£°%* ions survive the

more detail. Doubly charged carbon clusters are now alstime-of-flight to much larger extents thang&°* (i.e., en-

clearly visible, as well as intact/gmolecular ions in charge hanced intensity of &% ions in accordance with Fig.)4In

states up tdat least 9+. The intensity distribution of singly Fig. 5, we show apparent production cross sections for intact

and doubly charged light fragmengse., G,* and G2%) is  Cgo and G ions. The relations between tise 1, s=2, and

almost identical for the g and G, targets(the latter ones s=3 curves have been established through the measured pro-

are not showpn jectile charge state distributions. Except for the noted differ-
In Fig. 4(d) we discriminate between hits on the position ence at higlr, the recoil charge state dependencies are strik-

sensitive recoil detector corresponding to intact and fragingly similar.

mented fullerene ions. As the fragmented,Gons have

much broader position distributions than the intact oisee

Fig. 4(c)], we obtain a mass spectrum almost free of frag-

ments by selecting central hits on the recoil detector. This Fullerene fragments which are due tg*don emission

indicates the production of intact;g°* ions. No such clear from C,q or C4o have a broader position image on the recoil

indication of intact 10+ ions was found fogunder exactly — detector than their nondissociative counterparts due to the

B. Kinetic-energy releases
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TABLE |. Ratios between charge states 9+ and 8+ produced by
69 keV X&3* projectiles for Gy and G as functions of the number
of stabilized electrons. Shown are also the corresponding ratios
for the total charge state distribution.

10+
C

70

s=1 s=2 s=3 Total

0.13+0.05 0.20+0.03 0.42+0.07 0.19+0.04
0.08+0.04 0.13+0.02 0.20+0.05 0.12+0.02

C709+/C708+
C609+/C(308+

Intensity (arb. units)

~
(]
N’

tained by the present technique for the process whegef C
emits a single ¢" molecule after collision with 50 keV
Xel™ jons [15]. In Table Il we summarize the present
kinetic-energy release measurements for asymmetric fission
of C,ions following X&%* and Xe&3* collisions. The KER
values increase as functionsmpfand they are similar for the
two projectiles and the & and G, targets.

The results shown in Table Il and Fig. 6 are those for
which r=5 and where we find that asymmetric fissi@y"
emission dominates strongly over neutral, @mission. For
lower r(<4) we find significant and even dominating contri-
bution from neutral ¢ emission. The KER values corre-
sponding to the latter processes are indeed meaquargd
(and found to be much lower than for,Cemission but are
not the topic of the present paper. In the few cases where the
contributions from G and G* emission are similar, separate
position distributions on the recoil detectd®SD2 may be
distinguished.

(

Intensity (arb. units) &

(

C60

—a—s=1
—o—s=2
—A—g=3

Intensity (arb. units) &,

(aAnaasaa

10 20 30 40 70

m/q (units of C)

FIG. 4. (a) The mass spectrum fa=3 in Xe?**-Cy collisions.
(b) Details of the mass spectrum @), where the G>* peak is
clearly seen(c) Position distributions on the recoil detector for
C.°", Cg*, and G52t ions. The dimensions of the detector images . . . . . . .
are 16x 16 mn?. (d) This spectrum is obtained after selectiiwgn- 4 5 6 7 8 9 10

. . . . . Charge state of C_,, r
tral) hits on the recoil detector corresponding mainly to intag§ C 60
ions exposing a significant/g-°* contribution. The intensity axis in

(]
p—
(]
w

(b) and(d) are 50% of the one i(a). 1074
substantial energy release in the dissociation prodes4y.

From the widths of the fragment ion peaks it is possible to
deduce the kinetic recoil energies of, e.gsg Grom Cgo) and 1074

Css (from C;() ions, and to use simple kinematics to obtain ©
the corresponding kinetic-energy releases. The method to ex
tract KER values, including the calibration method using 3]
room-temperature Xe target gas, is described in detail in ear
lier work [14,15. The resulting resolution for the KER mea-

surements using this method+.1 eV (see Ref[15]). The 0 1 2 3 4 5 6 17 8 9
present KER results are shown together with some literature Charge state of C,, r

values in Fig. 6 for the processes in whichyC or Cgy'*

emits a single G molecule as a function of the initial FIG. 5. Apparent cross sections for producing intagg @bove
fullerene charge state. Also shown are KER values ob- and Gy ions (below) with 69 keV X&3* ions.
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charge statein the MIKE experimentg9,10], and during
this time cooling may occyi38]. In our experiment, the time
delay between ion creation and extraction of the resulting
fission fragments is typically of the order ofis. Thus, the
internal energies of the fullerene ions are quite different in
the two experiments. However, this should influence the fis-
sion rate but should have less or no effect on the kinetic-
energy releasg¢4]. Second, while asymmetric fission and
evaporation are unambiguously separated in the MIKE ex-
periments we are only able to extract separate values with
high confidence if the two channels have markedly different
intensities(which most often is the caggl4]. The compari-
son with the MIKE data is further complicated by the fact
that some earlier MIKE measurements og, 2] are consis-
tent with our present result but in disagreement with the

FIG. 6. Comparison between experimental KER values for pro\|KE result shown in Fig. 6. We also note that the KER

cesses where {5+ and G ™ emit a single G* ion as functions of

results for Gy by Tomitaet al.[12] and Cheret al.[7], using

the initial charge state. Some earlier measurements are based on @%ctron capture to highly charged iof@nd prompt excita-

MIKE technique by Mattet al. [9] and Senret al. [10]. The G
data by Cederquigtt al. [15] are obtained using the present tech-

tions of the cluster ions as in the present experimentsid
results consistent with the presenj,@ata and Ref[15].

nique and X&™* projectile ions. Also shown are calculated KER
values for the fission process where a,'C (full curve) or Cgo'™*
(dotted curve ion emits a single ¢ ion. The model results are

. . i - B. Comparisons with KER model results
based on the interaction between two polarizable spheres of finite

radii (see the text

IV. DISCUSSION

A. Other experimental results on KER

An understanding of the mechanisms for asymmetric
fragmentation processes has been developed by assuming
that the internal energy is statistically distributed among all
the degrees of freedom. A dissociation channel is open when

a critical energy is accumulated on the associated reaction
In this section we will compare the present experimentaf°0rdinate[33,39. Here a simple statistical evaporation
results on kinetic-energy releases with earlier measuremenfddel, the so-called RRK theory developed. by R'C?’ Ram-
using partly different techniques and fullerene ion productiorsP€rger. and Kassg40,41, was used. In addition, Mar&t
methods. In the MIKE scan techniquenass-analyzed ion & [4:9] haverE)resented a dynamical picture for asymmetric

kinetic energiep[9,10), the energy distributions of the heavy 115Sion of G and other fullerene ions. To |nt+erprert+the
fragments(Csg and G ions) are measured by means of an obser\(/Engener(gr]}/l)rJreleaie of the fission channglS' @y
electrostatic analyzer yielding KER values following elec- —~ Css _/C68 +C,", Mark et al. [4] prop(_)s_e_d a two-
tron impact ionization of g and Gy, In those measurements SteP reaction sequence for the loss of 4 ©n initiated by
(Sennet al. [10] and Mattet al. [9]), the selected dissociation € unimolecular g evaporation followed by a charge trans-
process is that of pure asymmetric fission, of the typeger.frc.)m the neutral outgoing £o the residual fullerene ion.
Cog ™/ Cra* — Cog ™D/ Ceg U+ C,*. We note that the re- This is _known as the autocharge trangf&€T) process. Re-
sults of Senret al. [10] and Mattet al. [9] (for which no ~ Cently. it has, however, beeF\P_argL[dm,la that KER values
error bars are givenare several standard deviations larger 0" @Symmetric fission of g™ ions may be understood with-
than the present results. out the ACT mechanisngat Ieast_ for higher chargtnT st_a)gs _
At present, the reason for this deviation is not clear, but dnStéad it appears that evaporation and asymmetric fission in
few differences between the experiments should be note@€neral are independent processes governed by activation en-
First, the excitation methods are different yielding possiblef'dies for neutral gemission and fission barriers for,C
differences in internal temperatures just after the ionizatiorFM!SSION. ) N
process. Most likely the initial fullerene ions are colder after N the model calculatiorthe results are shown in Fig) 6
electron capture, but on the other hand, the decay is med!® have assumed that the two separating fragments are con-
sured after delays of the order of 1@ (depending on the duc_tlng and rigid spheres and we calcglate KER values fol-
lowing Zettergreret al. [30] (see also Nahest al. [42]). As
this model also yields critical distances for over-the-barrier
electron transfer between the fragmefi§], we conclude
that the ACT process most likely is inactive for the fission of
Cyo (which was also concluded earlier for the;C case
[15]). It is interesting to note that this simple model predicts

TABLE Il. Experimental KER valueqgiven in e\) for the
asymmetric fission process;§ — CgaV*+C,* using X&%* and
Xe?3* projectiles.

r=s r=6 =7 r=8 r=9 close KER values for gz and G as observed in the present
Xel®*  4.4+05 5.7+05 9.6+0.9 105+1.4 15.6+2.7 experiment and in the one based on the MIKE technique
Xe3*  34+04 4.2+04 86+0.9 108+1.0 159+20 uUsing electron bombardment. In fact, the latter experimental

results are very close to the present model values. We be-
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lieve, however, that this agreement to some extent is fortu- 157
itous as the model is extremely simple ignoring, e.g., effects
of changes in the finite internal excitations of the fragments;;
that is, the possibility that charge separatifagmentation 2104
is accompanied by simultaneous internal excitatigins.,
fragments taking up some of the energy releases to be
taken into accounf43]. This results in the fina(excited
states having higher energies yielding smaller differences ir,
relations to the maxima of the barriers, and a thereby smalle
KER values. Still, the present simple model clearly gives the
correct trend.

The model kinetic-energy releases in Fig. 6 are considerec . . r . s e —
to be the differences between the interaction energies fol 0 2 4 6 8 10 12 14 16

barrier

54

Fission

infinite separatioriassumed to be zeyoand the maxima of Initial charge state of C, /C,,, r
the barriers of the potential-energy curves for the sphere- o _ ; .
sphere interaction. The model potential enegy(R) for the FIG. 7. Model fission barriers for the processeg,¥Cqq

spheres, at the center-center distaRcea™ +al, wherea™ is — Csg™V"/Cgg" 1"+ C,". The horizontal lines show the activa-
the radius of the heaviCeg or Csg) anda- the radius of the tion energy for neutral €emission from @y and G (here assumed
light fragment(C,), is given by to be independent af).

1| (gl -d") d-(g5-qY) mentation during the time of flight. The measured mass dis-

2 aH * at ' () tributions are thus sensitive to lifetimes for intact fullerenes,
which of course are related to their stabilities.

whereq™ andq" are the net sphere charges of the heavy and The kinetic-energy releaseBygr, in asymmetric fission

light fragments, respectively, whilg) andg are their center  depend on fission barrie®,, for emission of G*, through
charges[30,31. The center charges depend on the infinite;12, 15 31

number of image charges induced in the spheres and are

functions of both net charges, the sphere radii, RN@O0]. Bfic = Exer + Era_1+ 11.(Cy) = 1,(Cy¢/Cgp) (2
We have assumed the same surface density fgra€ for
Ceo Yielding a'=acgg=aced1+8/60Y?=7.661, The G
radius acgo=7.235 was obtained by fittind(Cgo) =W +(r
—-1/2)/acgto the experimental ionization potential fogC
[30,44)], yielding also a value for the work functiow
=5.7 eV. The radiug-=ac,=2.38, of the G, fragment is
deduced from(C,)=W+1/(2a¢,) using the accepted ex-

Uind(R) =

under the assumption that the internal excitation is un-
changed during the fragmentation process. The activation en-
ergies for neutral Cemission(evaporationfrom C,,"~9* or
Ceo"™V* are denotecE, ™. In order to obtain information
on the stability of Gy"™* and Gy ions reliable data are
needed forE] and the ionization potentials for C, and

. C,o/Cgqo ions [15]. The activation energy for the emission
perimental I, value1/%1.410.4 eV[45]. For G we get o neytral G from Cyo has been the subject of many stud-
ac70=aced 1+10/60 °=7.8. The ratio between this ra- jeg (see, e.g., Ref48] and references therginwhere the
dius and the one for & is in accordance with recent mea- more recent ones indicate a value-el.0 eV[38,48. For
surements on the static polarizabilities of,@nd G, [46]. C,o there have been only a few studig8,49,5Q, where
Furthermore, calculating the first five ionization potentials tne most recent measuremdB8] indicates aE, value for

for Cro 1:(C70=W+(r-1/2)/acso we find good agree- peytral G, close to the one for g (i.e., ~10 eV, or
ment with experimental resultsl9,47). This shows that maybe slightly lower. However, activation energies are
this simple surface density scaling and basic electrostatiC§harge state dependefit5,31], but no data are available
describe sizes, polarizabilities, and ionization potentialsbeyond those for doubly charged iof88]. Information on
rather well. The model energy releases fog'Care ob-  jonjzation potentials for  and Gy, are available up to
tained using a radius for thesgions of 7.1, [14,15. r=5[19].

In Fig. 7 we show model fission barriers fopGemission
from C;¢™" and Gy'* as functions of as calculated through
Eqg.(2). Here, we have assumed that thedCtivation energy

The detection of intact multiply charged fullerene ionsis independent of [15], and have used the neutral values of
requires low internal energies of the ionized fullerenes andCsp and Gg Wwhich are E,(Cgp)=10.3 eV and E,(Cyo)
short experimental time windows, so that the fullerene ions=9.5 eV [38]. These values were obtained from the activa-
can survive the analyzing time of several microseconds. Aion energies of singly charged,§Cg, ions and by taking
zero fission barrier height leads to immediate “Coulomb ex4into account the differences in ionization energy between
plosion”, but a fullerene ion with nonzero fission barrier mayC;¢/Cgg and Go/Csg, respectively. KER values were calcu-
also undergo fragmentation on the experimental time scaldated by Eq.(2) and were shown in Fig. 6. The ionization
even though it remains stable over many vibrational periodpotentials for Gy and G used in Eq(2) were given in Sec.
(picosecond time scaleThe lower the internal energy is, the IV B as |,=W+(r-1/2)/a. The resulting stability limit for
lower the fission barrier can be for a system avoiding frag-C;¢(r =13) is slightly larger than the one forggr=12), due

C. Estimated fission barriers for C,o and Cgg ions
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to the somewhat larger model radius fof,C 20 eV would be allowed, that is, the maximum internal en-
The highest charged intactgions observed experimen- ergy for surviving in charge state 10+ is higher fofy@han
tally are Go'?*, Cgot%*, and G'* produced by multiphoton for Cg,. When using Eq(3) it should be noted that a sub-
absorption[51], slow highly charged iong37], and electron stantial part of the internal enerdy, is the zero-point or
bombardmeni4], respectively. The most highly charged in- ground-state energy of the fullerene molecules and the re-
tact G, ion observed is G,°* from the present study using maining part is excitation energy. The zero-point energy can
69 keV Xe&3* projectile ions. There are no theoretical predic- be estimated from the vibrational frequencies for neutggl C
tion for the G, stability limit, but the ones for g spread calculated by Stanton and Newt@s8] with a reduction by
from r=10 [52] to r=13 [53] andr=16 [54]. Emission of  10% [59] yielding 10 eV for Gy and 12 eV for G, (scaled
C," appears to dominate for>4 in the case of g as seen from Cgp).
in Fig. 7 and in accordance with observatighs34,53. The The estimated maximum excitation energi€s,'°*: 30
model resultgsee Fig. 7 show that the G, fission barriers -12=18 eV, G,>*:29-10=19 eV for surviving the extrac-
fall below the G activation energy at slightly highervalues  tion time should be compared to the average excitation en-
than in the Gy case(i.e., evaporation should appear for ergies of Gy and G, due to their initial temperature and
slightly higher charges for £ than for Gy), in accordance collisional heating. At the oven temperature of 600°C the
with recent experimental observati@@6]. In a recent article average excitation energies are 5.9 eV and 7.0 eV fgy C
by Zettergreret al. [31] the possible influence of direct,C and G, respectively, as calculated with the vibrational fre-
emission on the stability limit of multiply charge fullerenes quencies given in Ref58] (with a reduction of 10% and
is discussed using the present electrostatic fragmentaticthe Einstein crystal relation. The energies transferred directly
model. It is, however, hard to draw firm conclusions fromin the collision processthrough electronic and nuclear en-
such an analysis as it is very sensitive to the choice of the Cergy losg are estimated to be less than 10 eV even for cases
model radius. when ten electrons are removed by 69 ke\*Xeons [28].
In addition, the fullerene ions are indirectly heated when
D. Estimates of lifetimes electrons are removed since the fullerene radii increase

) e ; s
We assume a statistical distribution of the internal ener-S lightly with increasing charge state. Fogf&" this has been

giesk, of the ionized fullerenes among tfie 3n-6 internal \elzltll.lrzzzidS tg\/?iorgg el\gf’gngné \é\ie expect slightly lower
vibrational modegconsidered to be a collection of indepen- Note that the int 70 | 60 - t likel | th
dent harmonic oscillatoys The classical expression for the ote that the internal energies most likely are farger than

o . ; - ; B for most values of shown in Fig. 7. The factoA in Eq.
probability of localizing enough internal energy in a single . X ;
mode of ann-atom system and to overcome an energy bar-(3) might be slightly different for the two fullerenes, but the

rier B is (1-B/E,)™L. The rate of dissociation then becomes exponential dependence on the number of internal degrees of

(40,41 freedom should always dominate. Collisional induced exci-
' tation energies are rapidly distributed over the vibrational
N B\f1 degrees of freedom and are most likely similar for, @nd
k=7"=A{1- £ (3)  Cgpions produced with the same projectiles and at the same

impact parameter ranges. We thus conclude that the lifetime

wherer is the dissociation lifetime and is the preexponen- of a C,o"* ion is longer than for a g ion with the same

tial factor related to a frequency or a characteristic time forinternal excitation due to the larger number of vibrational

the energy equilibration in the system. modes for G, on which the excitation energy may be dis-
The internal energies for &+ and G,'°%* ions surviving  tributed.

the relevant experimental time scales are estimated through

Eq. (3) with B given by Eq.(2) (assuming that € emission

dominates We useA=2 X 10'° st which has been used for V- SUMMARY

the evaporation process ofggand G [38]. This value is, In this work, we have presented experimental results on

however, disputed and suggestions range over several ordeffass spectra for {5 and G, fullerenes ionized by slow

of magnitude(see, e.g., Ref$48,57 and references thergin  highly charged ions. This is the first such experimental study,
In order to be observed as an intact fullerene (aith a to our knowledge, using a pure,Lxarget, and we report on

certainm/q), the ion must not fragment before leaving the the so farhighestcharge stat€10+) of an intact(on the

extraction zone. Here the extraction time ®C,\")  microsecond time scaleC;, ion. Comparison with the &

~0.8yn/q us and the fission ratk(C,%") has to satisfy the mass spectra produced under identical conditions strongly

condition k(C,%) =1/t(C,%), and we thus obtain typical indicates that g, ions are inherently more stable thag,C

maximum internal energies of,~29 eMCq,°*) and E, ions. The most important evidence for this is the observation

~30 eMC4!%") for ions surviving to the end of the extrac- of a prominent peak of intact G°* ion following 69 keV

tion zone. This means that most hotter ions in the initialXe?**+C, collisions, while the G;'°* peak is insignificant

temperature distributiofwith E,>30 eV) have already de- using the same production method. The apparent production

cayed. The lifetimes of g% and GM* (which has lower cross section of &% is larger than that of g&°* in collisions

barriersB according to Fig. 7 than &°* and G,!°") willbe  with ~ Xe?**  regardless of the number of

in the nanosecond range assuming similar internal energiégs=1, 2, or 3. It should also be mentioned that the produc-

(~30 eV). For a Gg'°* ion to survive only an energy of tion cross section for g°* is larger than that for g°* when
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Xe®* projectiles are used. The intensity distributions in thesame internal energies forgg®* and Gy**, we arrive at
fragmentation spectra forggand G are rather similar in- lifetimes in the nanosecond-range, which readily explains
dicating that excitations and following decay processes arahy these ions are not observed in the present experiment in
quite similar. spite of their(estimated finite fission barriers.

KER'’s for asymmetric fissioiC,* emission are found to
be similar for the decays of 5+ and Gy " ions. This be-
havior is reproduced by a simple electrostatic fragmentation
model in which the fragments are treated as conducting We are grateful to Patrik Léfgren, Mikael Blom, and Mi-
spheres. The present experimental KER’s are found to bkael Bjorkhage at the Manne Siegbahn Laboratory, Stock-
close to previous experimental results fogoGons using  holm University, for valuable technical assistance. This work
slow highly charged ions, while important differences remainwas supported by the Swedish Natural Research Council
in comparison with some results using electron-impact ionthrough Contract Nos. F650-19981278 and F5102-993/2001.
ization and the MIKE techniqug9,10]. The present collaboration was part of the Low Energy lon

The observed larger stability for/&* ions is rationalized Beam FacilitiegLEIF) European network, Grant No. HPRI-
as due to its larger number of internal degrees of freegasn CT-1999-40012. This work was also supported by the Danish
compared to ). Estimates of the internal energies for National Research Foundation through the Aarhus Center for
C,'%* and Gy** yield results around 30 eV. Assuming the Atomic Physics(ACAP).
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