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Ionization and fragmentation of C60 in charge-transfer collisions of 2-MeV lithium ions

A. Itoh, H. Tsuchida,* T. Majima, and N. Imanishi
Department of Nuclear Engineering, Kyoto University, Kyoto 606-8501, Japan

~Received 7 December 1998!

Collision-induced ionization and fragmentation of C60 molecules are studied using 2-MeV Liq1 projectile
ions withq51 – 3. Cross sections for the production of fragment ions Cn

1 (n51 – 14) and ionized parent ions
C60

r 1 (r 51 – 4) were obtained by time-of-flight measurements in coincidence with outgoing projectiles with
charge statesk ranging from 0 to 3. The mass-to-charge spectra revealed a wide variety of distribution patterns
for different q→k collision processes. For all three incident charges, the degree of target ionization and
fragmentation was found to increase with increasing number of electrons captured by or lost from the projectile
ions in collisions. Analysis of cross section data for small fragment ions provides evidence of the quasiequi-
librium charge distribution achieved for ions penetrating the C60 molecular cage.@S1050-2947~99!07106-1#

PACS number~s!: 34.70.1e, 36.40.2c
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I. INTRODUCTION

In the past few years the study of fragmentation and i
ization processes of C60 molecules has become a subject
increasing interest due to its fundamental and practical
portance in many areas of physics, chemistry, astrophys
and materials science@1#. In particular a great deal of infor
mation has been accumulated in experiments using phot
sorption and electron-impact methods about various e
tronic properties such as ionization potentials and
appearance energies of various fragment ions, the giant r
nance connected with plasmon excitation, the electron
ergy loss function, and so forth@2–16#. The fragmentation
mechanism of C60 has been studied using mainly accelera
fullerene ions in collisions with various gaseous targets@17–
20# in the energy range below several keV in the center-
mass system. Among these experimental investigat
Campbell, Raz, and Levine@20# studied also theoretically
and pointed out that the distribution pattern of fragment io
is closely related to the internal energy of C60. For instance,
they demonstrated that an internal energy above 225
~;4000 K! leads to the breakdown of the molecule into e
tirely small fragment ions~multifragmentation!.

Contrary to the wealth of investigations above, only a f
experimental studies have been carried out for the collis
induced fragmentation process by energetic ion impact@21–
30#. In these collisions several different inelastic collisio
may take place simultaneously, revealing many-body pr
erties such as collective excitation, multiple ionization, el
tron capture and loss, Auger processes following inner-s
ionization, direct knockoff of constituent atoms, and so for
Consequently, the situation becomes greatly complicated
the mechanism leading to, for instance, multifragmentat
of C60 is not yet known precisely. In order to achieve
detailed understanding it is necessary to know the sepa
contributions from each inelastic process. Pioneering w
of such experiments was done by Walchet al. @21# using
highly charged, slow Ar81 ions. They measured fragmen

*Present address: Department of Physics, Nara Women’s Un
sity, Nara 630-8506, Japan.
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ions in coincidence with outgoing projectile charge sta
formed via capture of one through eight electrons from
C60 target. They showed that multiple-electron capture
duces multifragmentation of C60, while a few-electron cap-
ture leads only to the formation of intact C60

r 1 ions. A simi-
lar but more detailed experimental study on the relations
between small fragment ions Cn

1 and incident charge state
has been done recently by Schlatho¨lter, Hoekstra, and Mor-
genstern using slow O11–71 ions@28#. The formation process

of large daughter ions C6022m
r 81 from multiply charged

C60
r 1 ions was investigated by Martinet al. @29# for slow

Xe81 ions by triple coincidence measurements including a
the number of ejected electrons. On the other hand, l
experimental work of this kind has been reported for co
sions of fast projectile ions. Nakaiet al. @27# performed mea-
surements in coincidence with outgoing projectile cha
states using 15.6-MeV carbon ions (v57.2 a.u.). They ob-
tained fragment ion spectra exhibiting only small fragme
of n<10 even for the single-electron-loss and -capture p
cesses of C51,61 projectiles in close collisions with the tar
get. Their result indicates clearly that the impact parame
between the incident ion and the target plays also an imp
tant role in the multifragmentation process in fast-ion–C60
collisions.

In this work we study the fragmentation and ionizatio
process of C60 in collisions with 2-MeV Li11–31 ions (v
53.38 a.u.). Fragment ions and ionized parent ions produ
in charge-transfer collisions were measured in coincide
with outgoing projectile charge states. The measurement
extended to include the process without changing the cha
state before and after collisions. This process will be refer
to as a ‘‘direct process’’ herein-after. The measurement w
also carried out using a beam chopping technique@26# to
obtain, with good accuracy, the total production cross s
tions corresponding to the sum over all outgoing cha
states.

This paper is organized as follows. In Sec. II the expe
mental arrangement and the procedure to determine c
sections are described in detail. In Sec. III we first disc
the characteristic features extracted from time-of-flig
~TOF! spectra measured in various charge-transfer proces
r-
4428 ©1999 The American Physical Society
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FIG. 1. Schematic sketch of the experimen
arrangement.
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Then we discuss ionization and fragmentation using cro
section data. Ionization cross sections of C60 are compared
with those reported previously in ion-atom collisions. Fra
mentation is discussed in relation to energy deposition fr
the projectile to the target molecule. Finally, we present e
dence of the quasiequilibrium charge-state distribution
outgoing particles penetrating the molecular cage. Conc
ing remarks are given in Sec. IV.

II. EXPERIMENT

The experiment was performed at the 1.7-MV tand
Cockcroft-Walton accelerator facility of Kyoto University
Figure 1 shows a schematic diagram of the experime
setup. A beam of 2-MeV Liq1 ions (q51 – 3) from the ac-
celerator was collimated to a diameter smaller than 1 m
with two sets of four-jaw slits. To remove impurity ions o
undesirable charge states the incident beam was led
charge-selection chamber consisting of four electrostatic
flectors, as shown in Fig. 1. The charge-selected beam
entered a crossed-beam collision chamber where the ion
teracted with a gas-phase C60 target. To achieve differentia
pumping two cylindrical slits~5 mm in diameter and 3 cm in
length! were set at the entrance and the exit of the collis
chamber. Outgoing projectiles were then charge separate
a magnet and detected by a movable solid-state dete
~SSD!. The base pressure was about 331027 Torr both in
the beam line and in the collision chamber.

The mass-to-charge distribution of fragment ions p
duced in collisions between projectiles and C60 was mea-
sured with a TOF spectrometer located at a right angle to
incident beam. As described in@26#, the TOF spectromete
consists of an extraction region~4 cm!, an acceleration re
gion ~1.5 cm!, and a drift region~16.2 cm! in conjunction
with a two-stage multichannel plate~MCP! detector~4 cm in
diameter!. Extraction of fragment ions was made by placi
6750 V on two Mo-mesh grids separated by 4 cm so as
keep the beam axis at the Earth’s potential. The size of th
grids was 6 and 5 cm in the horizontal~beam axis! and
vertical directions, respectively. The spectrometer was o
ated under a Wiley-McLaren spatial-focusing condition@31#.
The TOF spectra of fragment ions were obtained usin
fast-multichannel scaler~FMCS, LN-6500, Labo.! with the
highest time resolution of 1 ns enabling us to detect multi
ions of different mass to charge produced in a single co
sion event. In the present experiment the FMCS was o
ated with the time resolution of 8 ns/channel in 2048 to
channels. A flight time of the slowest C60

1 ions was about 12
ms. Note that the detection efficiency due to ion multiplic
is not considered in this experiment.
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Using two different start pulses in TOF measurements,
obtained the total and partial distributions of the fragme
ions separately. First, the total distribution measurement
performed by chopping the incident beam with 10 kHz a
about 50 ns width by an electrostatic beam chopping sys
as shown in Fig. 1. The start pulse to the FMCS was gen
ated by the chopping control system. Second, the partial
tributions were obtained by coincidence measurements
tween fragment ions and outgoing projectile charge sta
This was achieved with start trigger pulses from SSD sign
of the particles with the desired charge states.

The peak intensityY of the fragment ions is related to th
production cross sections in the form Y5sI 0XTGFO,
where I 0 is the incident beam flux,X the effective target
thickness~a product of a target density and an effective t
get length!, T the collection efficiency of the TOF spectrom
eter,G the total transmission of grids~0.55!, F the relative
detection efficiency of the MCP, andO the MCP open area
ratio ~0.57!.

A C60 target was produced by heating a C60 powder of
99.98% purity at 465 °C in a temperature-controlled qua
oven located at the base of the chamber. An effusive60
beam was introduced upward into a collision region throu
a hole~2 mm in diameter! opened at the top of the oven. Th
beam axis of incident lithium ions was about 37 mm hi
from the hole. Under this geometrical condition the effusi
of C60 molecules into the collision region can be consider
to follow Knudsen’s cosine law, resulting in a rather bro
density distributionn(x) along the beam axis, as demo
strated in Fig. 2. In this figure a position on the beam a
right above the hole of the oven is taken as the origin of
abscissa andx is the distance from this point along the bea
axis. Absolute values of the target density were determi
from the vapor pressure data reported by Abrefahet al. @32#.
The estimated value of n(0) was 1.931010

(molecules/cm3), which is equivalent to 4.931027 Torr,
with their vapor pressure of 2.231024 Torr inside the oven
at 465 °C.

The collection efficiencyT representing an ion-arrival ef
ficiency at the MCP front plate depends on the initial kine
energy~«! and the emission position~x! of the ions. From the
ray-trace simulation described in@26#, the collection effi-
ciency T(x) was calculated for various values of« with an
assumption of isotropic emission in 4p directions. Several
examples of the results are demonstrated in Fig. 2. Near
position corresponding to the edge of the MCP one can
‘‘escape’’ from the MCP area and ‘‘flow in’’ from outside
the area; such an effect becomes significant with increa
«, as expected. The TOF peak profile analysis@26# using
theseT(x) gives information about the initial energy distr
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bution of fragment ions. It was found that the mean energ
were 1–2 eV for small fragment ions Cn

1 (n<12) and less
than 0.1 eV for parent ions C60

r 1. The actual value of the
effective target thicknessX is determined by integrating
productn(x)T(x) over x; it varies depending on«. Calcu-
lated values ofX for «50, 0.1, 0.5, and 2 eV were 0.878
0.878, 0.873, and 0.851 in units ofn(0)L with L54 cm, the
MCP detection size. Consequently, we can approximateX to
be about 6.631010(molecules/cm2).

The detection efficiencyF of the MCP for various frag-
ment ions was determined from measurements of inten
variation of fragment ions as a function of impinging ener
on the MCP front plate. This was achieved by changing
voltageV placed on the front plate in the range from22 to
25 kV, giving rise to the impinging energies of 2–20 ke
for, e.g., C60

11–41 ions. The results obtained for C60
r 1 are

shown in Fig. 3. By fitting a smooth curve to a set of da

FIG. 2. Distribution of C60 target number densityn(x) divided
by n(0) along the beam axis and ion-collection efficiencyT(x) for
various initial energies as denoted.

FIG. 3. Relative detection efficiency of the MCP for C60
r 1 ions

as a function of impinging energy:d, C60
1; 1, C60

21; h, C60
31;

n, C60
41.
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the efficiencyF at the impinging energyE(keV) was deter-
mined to be2100 ln(12F)51.48E12.18E2. Here a plateau
part observed at higher energies was taken to be unity.
front voltage used in the present work was24 kV, giving
rise to anF of 0.34, 0.78, 0.96, and 1 forq51, 2, 3, and 4,
respectively. On the other hand, the intensity change was
observed within statistical errors for small fragment ions Cn

1

(n<14), indicating F.1 for these ions. Note that th
presentF values given by the above formula are very clo
to those reported in@21#.

Since the velocity (7.33108 cm/s) of 2-MeV Liq1 ions is
fast enough to exclude negative-ion formation in collision
the peak intensity observed by the chopping mode may
ways be the sum of partial intensities from four charg
transfer processesq→k including a direct processq→q.
The peak intensities of anf th fragment ion measured by th
chopping mode and by the charge-changing mode can
expressed, respectively, by

Yf~C!5I 0~C!Xs f~C!5I 0~C!X(
k50

3

s f~qk!, ~1!

Yf~qk!5I 0~qk!Xs f~qk!5
I qk~S!

Fqk
Xs f~qk!, ~2!

whereC and qk represent, respectively, the chopping mo
and the charge-changing mode (q→k), I qk(S) is the number
of outgoing particles with chargek detected by the SSD, an
Fqk is the charge fraction of outgoing projectiles with char
k. To avoid confusion the peak intensities given above r
resent corrected values with respect toGFO. It is obvious
that theYf(C) is simply a sum of fourYf(qk) if the incident
flux is the same for both modes. The total number of io
detected by the MCP, irrespective of coincidence or non
incidence events, was used as a monitor of the incident b
flux, which was varied appropriately for each measurem
because of limited count-rate efficiency of the SSD. T
monitoring method enables us to determine total cross
tions s f(C) in the chopping mode measurements. The p
duction cross sectionss f(qk) were determined from Eq.~2!
using charge fractions measured by moving the SSD with
range covering all charge states. In direct processesq→q it
was often hard to achieve good counting statistics beca
nearly all ions detected by the SSD are the particles
underwent no interactions with the target. Thus the cr
sectionss f(qq) for the direct processes were cross-check
using the relation~1! between the cross sectionss f(C) and
s f(qq). Note that the measured charge fractionsFqk include
also contributions from charge-transfer collisions with r
sidual gases occurring inside and outside the observation
gion up to the entrance part of the charge separation mag

Finally, it should be noted that the vapor pressure data
substantially scattered throughout the literature@32–34#. For
instance, at 465 °C, they are 1.631024 @33#, 5.531024 @34#,
and 3.231024 Torr @34#. Therefore, the systematic error o
the present experiment is supposed to be a factor of 2, w
the overall relative errors arising from other factors we
estimated to be 20–30 %.
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III. RESULTS AND DISCUSSION

A. TOF spectra

Figure 4 shows examples of total and partial distributio
of TOF spectra obtained, respectively, by the chopping m
and the charge-changing mode, where the incident bea
2-MeV Li21 ions. In the total spectra depicted in the upp
most figure one can see prominent peaks originating fr
ionized parent ions C60

r 1 ~up to r 54), small fragment ions
Cn

1 with n ranging from 1 to 14, and residual impurit
gases. Note that the C60

41 and C15
1 ions are observed at th

same TOF position. The peak intensity of C60
r 1 decreases

with increasing degree of ionizationr. Large daughter ions
C6022m

r 1, produced via evaporation of even-numbered c
bon atoms@14,29#, are found to be weak. The intensities
these ions relative to their parent ions increase with incre
ing r, indicating that the internal energy in ionization pr
cesses increases also withr. An even-odd oscillation of peak
intensities is observed in small fragment ions. The ove
features mentioned above are essentially the same as in
vious experiments using the pulsed beam method@22,26,27#.

Dramatic changes in relative intensities are observed
the spectra by the charge-changing mode. For the sin
electron-loss process (2→3), the intensities of the intac

FIG. 4. TOF spectra obtained for 2-MeV Li21 on a C60 target.
The number represents the charge-transfer process 2→k and the
uppermost spectrum corresponding to the total distribution was
tained by the chopping mode.
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C60
r 1 ions decrease substantially in comparison to sm

fragment ions. Moreover, the intensity reverse between C60
1

and C60
21 is observed clearly. In small fragments one can s

a rather large enhancement of lighter fragment ions, in p
ticular C1 ions, in comparison to heavier ones (n>4), while
the relative intensities of these heavier fragment ions do
change significantly from those observed by the chopp
mode.

In single-electron-capture collisions (2→1), doubly and
multiply ionized parent ions are produced rather stron
with peak intensities of the same order of magnitude as
small fragment ions. The result indicates that the multi
ionization is preferred even in the single-capture proce
The distribution pattern of small fragment ions is similar
the spectra in 2→3 processes, although the enhancemen
C1,3

1 ions is not as strong as in 2→3 processes.
The substantially different spectral pattern is obtained

the double-electron-capture process (2→0). Here the peak
intensities of the parent ions are considerably reduced c
pared to the fragmentation part. In particular, the C60

1 ion
was not observed within statistical errors, which was ensu
by repeating the measurements a few times, supporting
single-collision condition. Also, electron capture by slo
C60

21 ions during flight inside the TOF spectrometer can
neglected. In fact, the mean free path;(nbs)21 for capture
collisions by ions with energies;1 keV is roughly 900 m,
corresponding to a capture time of about 50 ms withs
;10215cm2 at the background pressure 331027 Torr. This
capture time is much longer than the C60

21 flight time of 8.5
ms. The experimental evidence of substantially weak C60

r 1

ions in comparison to small fragment ions implies that t
double-capture collision is essentially different from t
rather gentle double-capture processes observed in hi
charged slow ion impacts@21# where the most intensive
peaks are C60

r 1 and no small fragment ions were produce
Thus we conclude that the double-capture collisions by
ions induces predominantly the target fragmentation rat
than forming ionized parent ions. This characteristic is a
the case for the 2→3 process, as seen in Fig. 4. The intens
distribution of small fragment ions is similar, but reveals
large enhancement of C1 ions in comparison to the case o
the 2→3 process.

The spectrum obtained for collisions accompanying
charge change (2→2) is shown in the bottom figure. Ba
counting statistics is due to the reason given in Sec. II. T
spectrum obtained is apparently similar to the total distrib
tion ~chopping mode! particularly for the intensity distribu-
tion of C60

r 1 ions in the ionization part. This implies that th
total distribution is dominated by the 2→2 direct process.

Fragment ion spectra obtained for other incident cha
states (q51 and 3! are shown in Fig. 5. Characteristic fea
tures are discussed briefly. For Li1 incidence, single-
electron-loss (1→2) and single-electron-capture (1→0)
processes were found to produce distribution patterns sim
to each other and the ionization part was rather strongly
hanced in both cases. This is greatly different from Li21

incidence, where the ionization part was quite different
single-loss and -capture processes. It should also be poi
out that the intensities of C60

21 ions in 1→0 and 1→2 spec-
tra are much enhanced in comparison to the 2→1 spectra. In

b-
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the case of the double-loss process (1→3), the ionization
part decreases significantly compared to the single-loss
cess (1→2) and a large enhancement is observed for C1,3

1

ions compared to heavier fragment ions. All the spectra
veal a similar distribution pattern to the single-loss proc
of Li21 projectiles (2→3), indicating an equivalent influ
ence on ionization and fragmentation of C60 in the two cases.

For Li31 incidence, the spectral pattern was essentia
equivalent in both processes of 3→2 and 3→1. In particular
the ionization part nearly vanished compared to the fragm
tation part and the intensity of C1 was always larger than
that of C3

1 ions. Overall, the spectrum exhibits essentia
the same pattern as the double-capture process of Li21 ions.
Similarly to the direct process of Li21 ions, the ionization
part is observed prominently in the 3→3 process. However
the fragmentation part is more strongly enhanced and
distribution pattern is close to that of other 3→k processes.

B. Production cross sections

Absolute cross sections for fragmentation and ionizat
of C60 obtained for various charge-transfer processes
shown in Figs. 6~a!–6~c!, where the cross sections for sma
fragment ions Cn

1 (n51 – 14) and ionized parent ions C60
r 1

(r 51 – 4) are presented. Note that the values for C60
41 con-

tain contributions from C15
1 ions to some extent.

FIG. 5. Same as Fig. 4 but for Li1 and Li31 incidences.
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Some characteristics extracted from these data are g
below. Most of the present cross sections are smaller than
geometrical C60 cross sections of 3.8310215cm2 ~molecular
radius 7 a.u.! and only some cross sections for Li31 ions
exceed this value. Apparently, the result implies that the c
lisions are taking place only within the molecular diamet
The oscillation of the cross sections is commonly obser
for small fragment ions. The mass dependence of these c
sections is, however, significantly different for different i
cident charge states. For instance, the cross sections do
change very much for Li1 ions but exhibit strongly a power
law-like behavior for Li31 ions.

The direct process (q→q) always gives the largest cros
sections for the production of ionized parent ions. This
easily understandable because the ionization, which is o
called pure ionization in ion-atom collisions, can take pla
in distant as well as close collisions. On the other hand,
electron capture and loss may occur only at relatively sm
impact parameters at the present incident velocity.

Surprisingly, the predominance of the direct process
also true for the production of small fragment ions forq
51 and 2 incidences, while the single-capture process
predominant for q53 incidence. The result indicate
strongly that the direct process induces high excitation
C60, resulting in disintegration of the molecule with muc
higher probabilities than the charge-transfer processes.

It is noteworthy to compare the present data with char
changing cross sections obtained for 2-MeV Liq1 ions in a
gaseous material with atomic number equivalent to that
the carbon atom. The total production cross sections foq
→k process obtained by summing over all relevant ions
cluding large daughter ions C6022m

r 1 are compared in Fig. 7
with previously reported charge-changing cross sections
tained for the N2 target @35,36#. One can see a remarkab
similarity between the two data apart from the relative ma
nitudes of the cross sections. In the present work, howe
exact values of charge-changing cross sections cannot b
rived since the background contribution is unknown.

C. Ionization and fragmentation

It is well known that the outstanding property of C60 in
comparison to other usual molecules is its high stabi
against the Coulomb repulsive force@9,10,24#. This implies
that the C60 molecule has an atomic property in the sense
ionization. It is therefore interesting to compare the cro
sections for C60

r 1 ions with those obtained in ion-atom co
lisions of collision systems similar to those in the prese
work. This is demonstrated in Fig. 8, where the cross s
tions for Li31 incidence are compared with those for 2-Me
C311Ar obtained using a similar experimental method@37#.
Note that the incident velocity of carbon ions (v52.6 a.u.) is
slightly lower than the present lithium ions and also the to
number of target electrons is significantly different in bo
cases. In spite of these differences one can see clearly
following. For the direct process (3→3) the ionization cross
sections seem to behave similarly in both cases. Indeed
average values of the degree of ionization obtained br̄
5(rs(r )/(s(r ) are about the same for both cases:r̄
51.5 (C60) and 1.4 ~Ar!. However, a careful compariso
shows that cross-section ratios between C60

r 1 and Arr 1 in-
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FIG. 6. Production cross sections of fragment ions Cn
1 and ionized parent ions C60

r 1 measured for charge-transfer and direct collisio
for ~a! Li1, ~b! Li21, and~c! Li31 ions. The abscissa represents the number ofn and r.
nc
iz
os
e

e
crease from about 5 (r 51) to 10 (r 54). Qualitatively,
outer-shell electrons are predominantly ionized and he
the ionization cross sections become large for smaller ion
tion potentials. The large enhancement of ionization cr
sections observed at largerr can be understood easily sinc
the ionization potential of the C60

r 1 ion given by 7.59
e
a-
s

13.82r (eV) @11,15# is substantially smaller than that of th
Arr 1 ion for all r investigated here@38,39#. On the other
hand, for the single-capture process (3→2) the cross sec-
tions increase with increasingr for C60, while for the Ar
target the maximum cross section is observed atr 52. We
found thatr̄ 53.3 for C60 is one unit higher thanr̄ 52.3 for
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the Ar target. This result seems to indicate that the bare L31

ions capture an electron preferentially from the 1s shell of a
carbon atom to the projectile 1s shell, giving rise to one more
ionization due to the Auger effect. The nearly absent C60

1

peak in the TOF spectra also supports this conclusion. T
so-calledKK electron transfer, which has already been o
served in 15.6-MeV C611C60 collisions @27#, is known to
become important for fast bare ions provided the incid
velocities are comparable to or higher than the targets
electrons@40#. In the present case, the velocity of Li31 ions
is slower by only about 30% than that of C 1s electrons with
a binding energy of 288 eV, so the transfer probability
supposed to be large. In contrast, in C311Ar collisions such
an inner-shell transfer~from L-shell electrons in this case!

FIG. 7. Comparison between total production cross sections
the q→k process and charge-changing cross sections (q→k) for
2-MeV Liq11N2 @35,36#. The abscissa represents the collision p
cessesq→k.

FIG. 8. Comparison of target ionization cross sections betw
Li311C60 and 2-MeV C311Ar collisions @37#.
is
-

t

may be less probable because of the large energy differe
between the electron binding energy of the initial and fin
states. A similar increase of multiply charged C60

r 1 ions
observed in 2→0 collisions @Fig. 6~b!# can also be partly
interpreted by thisKK electron transfer.

It is obvious that the energyE deposited on a target mol
ecule from a projectile ion plays an important role in t
fragmentation and ionization processes. For instance, it m
be plausible to state that whenE is small only ionization
would occur and fragmentation would become importa
with increasingE @20#. As mentioned above, the distributio
pattern differs significantly for differentq→k, indicating
different E values for each process. Following a detailed
port given by Cocke and Olson@41# on the mechanism o
recoil ion production in ion-atom collisions, the total ener
depositionE may consist of~a! the recoil ion energy,~b! the
excitation energy of the recoil ion,~c! the sum of the ioniza-
tion potentials required to produce a given recoil cha
state, and~d! the kinetic energy of electrons either eject
into continuum states or captured by the projectile ions.
collisions between fast ions and the atomic target the fi
two components are small values in comparison to ot
components and can in general be discarded from the dis
sion @41,42#. In the present case of C60, the argument abou
~a! may also be true because the kinetic energies of ioni
parent ions are less than 0.1 eV. However, it is expected
the fragmentation of C60 is induced by a high degree of in
ternal excitation among 240 valence electrons. As for
distribution of the total energy depositionE into components
~a!, ~c!, and ~d!, Olson, Ullrich, and Schmidt-Bo¨cking @43#
calculated using then-body classical-trajectory Monte Carl
method for the collision system 1.4-MeV/nucleon U3211Ne.
They determined each fractional energy as a function of
recoil ion charge state from 1 to 8. One can see in their pa
that the fractions are roughly 50% for~d!, 20% for ~c!, and
less than 0.1% for~a!. It is unfortunately impossible to de
termine these fractional energies from the present res
However, if we assume that the degree of ionization and
degree of fragmentation are both proportional to the to
energy deposition, these two quantities should exhibit a p
tive correlation. Such a correlation between ionization a
fragmentation was clearly observed in our case, as dem
strated in Fig. 9. Here we plot the average charge of re
C60

r 1 ions r̄ , defined above, as a function of the degree
fragmentation obtained by the ratio between the total cr
sectionsSqk of small fragment ions up ton514 and the sum
of all cross sections shown in Fig. 7. Here we assume
large daughter ions C6022m

r 1 originate from the ionized par
ent ions@14,29# and these intensities were not included in t
fragmentation intensity. A straight line crossing the origin
the coordinates can reproduce well these data within exp
mental errors, which provides clear evidence of the stro
correlation between the two processes. Since the origin
the coordinates can be supposed as zero energy depositi
is obvious that neither ionization nor fragmentation can
cur at this point. It should be pointed out that the dire
process always gives small values for both quantities. Thi
due to the large cross sections of the ionization part. T
present result also supports the speculation that the pure
ization occurs at large impact parameters in which the ene
deposition is small, so the averageE value in direct pro-
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cesses becomes small compared to that in charge-tra
processes.

In order to see more clearly the ‘‘degree of violence’’
collisions, the fractions of the first three small fragmen
(C1–3

1) out of all the fragment ions (C1–14
1) are plotted in

Fig. 10 as a function ofE estimated from@44# in the follow-
ing way. For 2-MeV Li ions theTRIM program@44# gives
stopping cross sections~eV cm2! per carbon atom asSe
56.13310214 and Sn58.25310217 for electronic and
nuclear stopping, respectively. The total energy depositioE
was then calculated with the surface number densityr
560/4pa253.931015(cm22) with a57 a.u. and by taking
into account the two surfaces of the C60 cage, asE(trim)
52rSe5478 eV per molecule. The corresponding nucle
stopping energy was only 0.6 eV. It should be noted that

FIG. 9. Average charger̄ of C60
r 1 ions as a function of the

degree of fragmentation~see the text!. Note that no parent ions ar
observed for the 3→1 process.

FIG. 10. Fraction of the first three small fragments out of t
total small fragment ionsY1 – 3 /Y1 – 14 as a function of energy de
posited on the target molecule~see the text!.
fer

s

r
e

TRIM calculation is made with an effective projectile char
Zeff , which was estimated to be 2.48 for Li ions from th
same calculation for hydrogen ions:Zeff

2 5Se(Li)/ Se(H).
The energy depositionE(q) for incident chargeq was ob-
tained fromE(q)5(qeff /Zeff)

2E(trim). The effective charges
qeff used forq51, 2, and 3 are, respectively, 1.26, 2.36, a
3 calculated byn@ I (q21)/I (H)#1/2, where I (q21) is the
ionization potential of Li(q21)1, n is the principal quantum
number, andI (H)513.6 eV is for the hydrogen atom. Th
estimatedE for Liq1 ions are 123, 433, and 700 eV forq
51, 2, and 3, respectively. Figure 10 shows that overall
violent fragmentation becomes significant with increasing
cident chargeq as expected, and seems to saturate at smaE
values. Another remarkable feature extracted from this fig
is that the degree of violence also increases with increa
number of electrons captured by or lost from the projecti
in collisions. Namely, in a fixed incident charge the large
values are obtained for two-electron-capture or -loss p
cesses and the smallest values for direct processes
electron-capture process the incident energy of the proje
is spent for the translational energy of the captured elect
155 eV/electron in the present case, in addition to the to
ionization potentials of the electrons. Therefore, relativ
large E values are expected for capture collisions. The
hancement observed for double-capture processes ma
flect this effect. As another interpretation we speculate t
the two-electron processes may be induced preferentially
double collisions taking place at the front and the back s
face of the C60 molecule. Such double collisions are su
posed to have small probabilities compared to sing
collision processes, resulting in smaller cross sections, as
be seen in Fig. 6. In turn, the totalE value would increase
substantially in double collisions, inducing more viole
fragmentation.

D. Quasiequilibrium charge distribution

As discussed above, fragmentation of C60 is supposed to
occur primarily when a projectile ion penetrates the mole
lar cage. In this situation the C60 molecule may act on the
projectile as a thin carbon foil target with a thickness of 0.
mg/cm2. Thus the total cross sections summed over all sm
fragment ions in a givenq→k process would provide usefu
information about the charge-state distribution~CSD! of out-
going projectiles after penetration through the cage. T
CSD Fqk for the q→k process was calculated b
Sqk /(k50

3 Sqk , with Sqk defined above, and the results a
presented in Fig. 11. Surprisingly, nearly the same CSD
obtained for Li21 and Li31 projectiles. For the Li1 incidence
the distribution shifts to a lower side, but the magnitudes
k51 – 3 are comparable. The result indicates strongly t
the penetrating projectiles can attain a nearly equilibri
charge distribution. Similar speculation about this equilib
tion was also pointed out by Walchet al. @21#. The average
outgoing charge states(k50

3 kFqk are estimated to be 1.7
2.2, and 2.1 for Li1, Li21, and Li31, respectively. The latter
two values are comparable to the equilibrium mean cha
2.17 calculated from the semiempirical formula derived
Shimaet al. @45# for energetic heavy ions in a carbon foi
Note that the effective charge (Zeff52.48) deduced from the
TRIM calculation is an essentially different quantity from th
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equilibrium mean charge. At the present stage, no exp
mental data are available for the equilibrium charge
lithium ions in carbon foils at this projectile energy.

IV. CONCLUSIONS

Experimental results are reported for the production
carbon cluster ions from C60 molecules bombarded b
2-MeV Li11,21,31 ions. Production cross sections of ind
vidual fragment ions and intact parent ions are presented
charge-transfer as well as direct collision processes. M
cross sections were substantially smaller than the geom
cal C60 cross section, indicating apparently that the inter
tions between collision partners occur predominantly wit
the C60 cage. It should, however, be emphasized that
information about impact-parameter-dependent probabili
in charge-transfer and ionization collisions is required
gain clear insight into this speculation.

The TOF pattern of the mass-to-charge distribution w
found to be significantly different for different inciden
charge. For a given incident charge, the distribution of sm
fragment ions seems to be more or less the same pa
irrespective of outgoing charge states, with a few excepti
such as the large enhancement of lighter fragments comp
to heavier ones. Instead, the most striking feature obse
for a given incident charge is the dramatic change of rela

FIG. 11. Outgoing charge-state distribution obtained from
total production cross sections of small fragments for the individ
q→k process (k50 – 3). The letterS denotes the calculated equ
librium mean charge from@45#. Note the quasiequilibrium CSD.
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intensities between the fragmentation part and the ioniza
part. For instance, in the Li21 incidence, the ionization part is
intensive for 2→1 collisions but is almost invisible for 2
→0 collisions compared to the fragmentation part. In co
trast, the ionization part is always produced predominantly
the direct processq→q for all the incident charges.

The atomic property of the C60 molecule was demon
strated by investigating parent ion production in comparis
with recoil ion data obtained in usual ion-atom collisio
@37#. An indication of the preferentialKK electron transfer in
electron capture by Li31 ions was found from the enhance
ment of multiply charged parent ions. This is probably t
case also for the Li21 ions.

We found a strong positive correlation between ionizat
and fragmentation~Fig. 9!, namely, the larger the degree o
ionization, the larger the degree of fragmentation. The res
suggest that both the ionization and the fragmentation
proportional to the total amount of energy deposition. F
thermore, the degree of fragmentation is largely enhance
two-electron-capture or -loss processes compared to d
and one-electron processes. The results indicate that the
ergy deposition is different for each collision process ev
for the same incident charge. We speculate that the t
electron processes occur via double collisions of the sin
electron process at the front and the back surface of the60
cage.

From the arguments given above, it can be concluded
the ionization part in direct processes is induced at relativ
large impact parameters, while in charge-transfer process
occurs within the size of the target molecule. Also, the fra
mentation part observed in all the collision processes is s
posed to be produced by the penetration of incident i
through the cage, giving rise to a large enough energy de
sition to cause the C60 fragmentation. Indeed, the spectra f
a given incident charge exhibit similar distribution patter
irrespective of outgoing charge states. Finally, a rather as
ishing result concerning the outgoing CSD was obtain
from the total production cross sections of small fragm
ions ~Fig. 11!. A nearly equivalent CSD irrespective of th
incident charge states is certainly evidence that the outgo
projectiles are quasiequilibrated after passing through the60
cage with a thickness of only 0.16mg/cm2.
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@6# R. Völpel, G. Hofmann, M. Steidl, M. Stenke, M. Schlapp, R

Trassl, and E. Salzborn, Phys. Rev. Lett.71, 3439~1993!.
@7# S. Aksela, E. No˜mmiste, J. Jauhiainen, E. Kukk, J. Karvone

H. G. Berry, S. L. Sorensen, and H. Aksela, Phys. Rev. L
75, 2112~1995!.

@8# R. Wörgötter, B. Dünser, P. Scheier, and T. D. Ma¨rk, J. Chem.
Phys.101, 8674~1994!.

@9# P. Scheier and T. D. Ma¨rk, Phys. Rev. Lett.73, 54 ~1994!.
@10# T. D. Märk and P. Scheier, Nucl. Instrum. Methods Phys. R

B 98, 469 ~1995!.
@11# H. Steger, J. Holzapfel, A. Hielscher, W. Kamke, and I.

Hertel, Chem. Phys. Lett.234, 455 ~1995!.
@12# D. Muigg, P. Scheier, K. Becker, and T. D. Ma¨rk, J. Phys. B

29, 5193~1996!.
@13# S. Matt, B. Dünser, M. Lezius, H. Deutsch, K. Becker, A

Stamatovic, P. Scheier, and T. D. Ma¨rk, J. Chem. Phys.105,
1880 ~1996!.

@14# M. Foltin, O. Echt, P. Scheier, B. Du¨nser, R. Wo¨rgötter, D.
Muigg, S. Matt, and T. D. Ma¨rk, J. Chem. Phys.107, 6246
~1997!.

@15# S. Matt, O. Ech, R. Wo¨rgötter, V. Grill, P. Scheier, C. Lifshitz,
and T. D. Märk, Chem. Phys. Lett.264, 149 ~1997!.

@16# A. Itoh, H. Tshuchida, K. Miyabe, T. Majima, and N. Iman
ishi, J. Phys. B.32, 277 ~1999!.

@17# P. Hvelplund, L. H. Andersen, H. K. Haugen, J. Lindhard,
C. Lorents, R. Malhotra, and R. Ruoff, Phys. Rev. Lett.69,
1915 ~1992!.

@18# H. Shen, P. Hvelplund, D. Mathur, A. Ba´rány, H. Cederquist,
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