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Projectile atomic-number effect on ion-induced fragmentation and ionization of fullerenes

O. Hadjar,* R. Hoekstra, R. Morgenstern, and T. Schlatho¨lter†
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~Received 26 June 2000; published 12 February 2001!

The delocalizedp electrons of a C60 cluster can be well described as an electron gas. Electronic friction
experienced by a multicharged ion colliding with a fullerene might then be modeled in terms of the electronic
stopping power. We investigated such collisions for projectile atomic numbersZ ranging from 2 to 18 and
charge statesq52,3. Direct mass-spectrometric evidence of the clear oscillatory behavior of electronic-
stopping-related processes such as multifragmentation and ionization of C60 was observed as a function ofZ.
From the positions of the maxima of the corresponding cross sections, two classes of trajectories can be
distinguished: close collisions through the high electron density of the cage inducing multifragmentation, and
glancing collisions through the lower electron densities of the fullerene ‘‘atmosphere’’ inducing direct ioniza-
tion.
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I. INTRODUCTION

The physical properties of clusters and other aggregate
intermediate size can vary over the whole range from th
of isolated atoms to those of condensed matter. A lot
effort is directed to understanding the dynamic properties
clusters, especially fullerenes and their ions, interacting w
a variety of particles. C60 is the most stable cluster in th
fullerene family, producible in macroscopic quantities a
relatively easy to handle in the laboratory. Photons@1–6#,
electrons@7–10#, as well as neutral@11,12# and charged
atomic particles@13#, and recently also fast@14–17# and
slow @18–24# multiply charged ions have been used to exc
C60 and observe its response. The dynamic processes
volved in these kinds of interaction are very rich and diver
In contrast to photons and electrons, highly charged ions
produce multiply charged fullerenes with a minimum of e
ergy transfer, leaving the cluster vibrationally and electro
cally cold. Ninefold-charged C60 has been observed in inte
actions of C60 with Bi441 @25# and Xe281 @26#, and lately
even indications for C60

101 have been found in collision
with 280-keV Xe251 @27#.

C60 also offers possibilities of studying processes that
well known from highly charged ion–surface interactio
@28#, such as resonant electron transfer, hollow-atom form
tion, and charge-state equilibration. The disadvantage of
faces and foils is the limited period of time between t
projectile’s first electron capture and its penetration into
solid. A direct consequence is that only a small fracti
~;10%! of the total relaxation of the system occurs in fro
of the surface@29#. C60 can help to overcome this problem
and allow for complete measurements of these proces
since the ions survive after the interaction. The spher
carbon cage of the C60 with its delocalizedp electrons can
be viewed as a microscopic conducting surface.

On the other hand, because of its finite size a net charg
built up due to electron transfer to the projectile, just as

*Electronic address: hadjar@kvi.nl
†Electronic address: tschlat@kvi.nl; URL: kvip56.kvi.nl
1050-2947/2001/63~3!/033201~8!/$15.00 63 0332
of
e
f
f
h

in-
.

an
-
i-

e

-
r-

e

es,
al

is
n

the case of atomic targets. Thus, studies of the interactio
highly charged ions with C60 may help to bridge the gap
between surfaces and atoms.

From a theoretical point of view, large-impact-parame
processes can be well described by the classical over-
barrier model. It has been successfully applied to soft co
sions between highly charged ions and C60 and can explain
the behavior of a variety of observables, such as final cha
state distributions and capture cross sections@18,22#, as well
as projectile deflection angles@20#. Moreover, extensions to
this model@30# allow the understanding of the main featur
in measured projectile kinetic-energy gain spectra@31#: Dur-
ing the projectile-target interaction, the target charge s
increases, due to electron-transfer processes, giving rise
Coulomb repulsion between the projectile and the target,
pecially on the outgoing trajectory. This repulsion manife
itself in a translational-energy gain, which depends on
number of transferred and stabilized electrons@32#. For pro-
jectile charge states of, e.g., (3.3q keV) Ar81, the energy
gain does not exceed 100 eV; however, for higher cha
states the energies range up to 150 eV and more@31#. On the
other hand the projectiles suffer energy loss mostly due
electronic excitation of the target. Larssonet al., for in-
stance, observed;800-eV energy loss of 100-keV Ar31 in-
teracting with C60 @33#. A typical technique to experimen
tally study energies involved in the collisions is the analy
of the outgoing projectile’s energy. This method by itse
does not allow a direct study of how much energy is put in
the target system, since projectile energy losses and gain
superimposed.

In our experiment we use the complementary approac
studying the stopping: The energy deposition into the C60 is
estimated from the relative importance of the subsequent
excitation processes. In recent studies on Heq1 (v
50.1– 1 a.u.)@26,34# and Xq1 (Z52 – 18) @35# collisions
with C60, we applied an electronic friction model in order
interpret our experimental results. We found that electro
stopping of the fullerene mainly leads to multifragmentati
and collisional ionization, whereas at least in the case of
projectiles, evaporation processes are mainly caused
nuclear stopping. For the velocity range under study, mu
©2001 The American Physical Society01-1
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fragmentation and direct ionization can therefore be use
fingerprints of electronic stopping and are linked to t
amount of energy transferred to the electrons of the targe
has to be noted that Opitzet al. @36# observed an opposit
behavior of the evaporation yields in a study on proton c
lisions with C60. This will be discussed in a later section.

The experimental results are compared to theoretical
ues of the electronic energy loss, based on density-functi
theory and a target electron density as obtained from a
lium shell model for C60.

The outline of this paper is as follows. In Sec. II w
describe the experimental setup. In Sec. III a brief overv
of the electronic stopping is given. The results are presen
and discussed in Sec. IV, and Sec. V is the conclusion.

II. EXPERIMENT

In all experiments presented, the two- and threefo
charged ions were extracted from the electron cyclotron re
nance ion source~ECRIS! at the atomic physics facility o
the KVI. The source is floated at different voltages (2<Vs
<20 kV) to obtain an equal velocity (v50.20,0.25 a.u.) for
all elements. The projectiles used in this study were He
C, N, O, F, Ne, Na, S, Cl, and Ar. A sketch of the expe
mental setup is shown in Fig. 1. The ion beam is collima
by two 1-mm-diameter diaphragms which are 25 cm ap
with the second diaphragm located 8 cm in front of the c
lision center. The fullerene oven is operated at 700 K. T
C60 vapor effuses through a nozzle and crosses the proje
ion beam in the collision region. Other target gases can
introduced through a cooled nozzle@37,38#. A static electric
field of typically 200 V/cm extracts electrons onto a micr
sphere plate~MSP! detector, and positive ions through
4-mm diaphragm into a reflection-type time-of-flight~TOF!
mass spectrometer. The detection efficiency of the ion de
tor ~MSP! depends strongly on the impact velocity of th
detected ions. The detection efficiency of our detector
been measured to follow the empirical expression

Deff
MSP~m/r !512

1

11exp@~115/Am/r !25#
, ~1!

FIG. 1. Schematic of the experimental setup CHEOPS.
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with m and r the mass and the charge state of the detec
fragment, respectively. This result is similar to the one o
tained previously for a multichannel plate~MCP! detector
@21#. TOF measurements can be performed in two mod
~1! with a continuous beam, where the start signal is gen
ated either by a charge-selected outgoing projectile, dete
by a movable position-sensitive detector~PSD! situated 70
cm downstream of the collision center, or by an electr
originating from the collision;~2! with a pulsed ion beam
The latter technique is mainly used in this work. The proje
tile beam is periodically deflected to obtain pulses of 20–1
ns length which trigger the TOF measurement. In this w
all classes of collision contribute statistically to the spect
In other words, no discrimination is made between eve
originating from trajectory classes, differing by charge e
change, scattering angle, and electron emission.

Figure 2 shows a typical raw spectrum obtained in
chopped-beam mode, with the TOF transformed to the m
over-charge ratiom/r ~a!. The experimental detection effi
ciency is plotted as well. Figure 2~b! shows the corrected
version of the spectrum. In the following all results presen
are detection-efficiency corrected if not stated otherwise. T
resolution of the reflection-type mass spectrometer has b
improved with respect to our previous studies tom/Dm
51500 in the electron-ion coincidence mode. With this re
lution, fullerenes containing different numbers of13C atoms
can easily be resolved. The natural abundance of the13C is
1.11%, implying the yields of12C59

13C, 12C58
13C2, and

12C57
13C3 to be 67%, 22%, and 5% of the12C60, respec-

tively.
Figure 3 shows an enlargement of a time-of-flight sp

trum, measured in the electron-ion coincidence mo
12C60

31 and the first three heavier isotopes are clearly visib
The ratio between the three isotope peaks and the12C60 peak

FIG. 2. ~a! Raw TOF spectrum converted to anm/r scale mea-
sured with a chopped beam of 14-keV N21 projectiles. Superim-
posed is the detection efficiency~dotted line!. ~b! Corrected version
of the spectrum, differing most at largem/r .
1-2
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shows good agreement with the expected values. This c
acteristic distribution can be used to separate parent and
ment peaks in case of identicalm/r , e.g., C60

61 and C10
1. It

should be mentioned that a fundamental change observe
electron-ion coincidence measurements with respect to
chopped-beam mode is the absence of the C60

1 peak in the
TOF spectra. C60

1 production is mainly due to pure single
electron capture, a process in which no electrons are set
that could serve as a start for the TOF measurements. Fo
same reason, the wholem/r distribution changes, since prod
ucts associated with emission of more electrons are ove
timated as compared to products where fewer free elect
are produced. These aspects make the method strongly
criminative and quantitative studies overm/r distributions
are difficult.

Another essential part of the experiment is the transm
sion. Our calculations based on the equations of motion
plied to particles in the extraction region showed that for
ion exit diaphragm of 4 mm diameter and an extraction
200 V/cm the transmission is 100%, up to ion kinetic en
gies of 2 eV. Figure 4~a! shows the transmission as a fun
tion of the fragment energy for different field values. Plott
are the transmission functions for forward- and backwa
emitted ions. The latter is lower over the whole energy ran
but converges to the forward transmission at low kinetic
ergies. Increasing the extraction field brings both transm
sions closer together. We define the threshold energyEthr as
the maximum energy at which the fragments are transmi
with 100% efficiency:

Ethr ~eV!5
D2

8L
rE f . ~2!

D andL are the diameter of the ion exit diaphragm and
distance between the two extraction plates, respectively,
pressed in cm,r is the charge state of the extracted partic

FIG. 3. TOF spectrum measured with a continuous beam
72-keV O61 projectiles~electron-ion coincidence mode!. The inset
shows a large part of the spectrum. The 200 cm enlargement ar
C60

31 shows the different isotopic constituents with their ratio to t
720C60

31 cluster. The values in parentheses are expected from
binomial formula.
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andEf is the static electric field in V/cm. Figure 4~b! shows
Ethr as a function of the applied static electric field forD
50.4 cm,L52 cm, r 51 a.u.

An increase of the extraction field to 400 V/cm increas
the fragmentation yields by less than 7% and 15%, us
doubly and triply charged projectiles, respectively, ev
though the transmission threshold is doubled to 4 eV@see
Fig. 4~b!#. This is in agreement with our earlier studies usi
Oq1 projectiles@21# and with the results of Opitzet al. @32#,
who also found that only C2

1 fragments originating from
superasymmetric fission exhibit high kinetic energies of
to 5–10 eV. This is an important point, in the sense tha
the kinetic-energy release of the fragments changed dram
cally the transmission would truncate higher-energy io
and no direct comparison of the yields obtained with diffe
ent projectiles was possible.

In the course of this paper, relative cross sections
defined and it is of importance to control reproducibility a
stability in time of the spectra. The use of different bea
species required total acquisition times of several days ov
period of almost three months. To guarantee identical exp
mental conditions, reference measurements with a 7-kV N21

beam were performed. The exact procedure was the foll
ing: after each series of spectra obtained with a specific
ment, we performed a measurement using N21 projectiles.
To verify the reproducibility, the C60

21, C5
1, C3

1, and C1
1

yields normalized to C60
1 were traced. The recorded differ

ences are within 5%.

III. ELECTRONIC STOPPING

Electronic stopping in ion-solid interactions is a lon
established concept. In fact, the use of fast ions as probe

f

nd

he

FIG. 4. ~a! Transmission function of the detection system f
backward-~dotted line! and forward-~solid line! emitted ions.~b!
Threshold-energy dependence on the extraction field defined a
highest ion energy detected with 100% transmission.
1-3
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static and dynamic properties of matter dates almost one
tury back @39–41#. Bethe showed on the basis of classic
considerations that in the high-velocity regime (v@vF , with
the Fermi velocityvF), the energy loss per unit length (S
5dE/dX) of a swift charged particle depends primarily o
its velocity v, its nuclear chargeZ, the undisturbed electron
density n0 , and the mean excitation energyI of electrons
making up the stopping medium. More detailed calculatio
in the framework of linear-response theory followed, intr
ducing the longitudinal dielectric functione(k,v) to de-
scribe the medium@42#. For high velocities a classical di
electric function can still be used. At low velocities the fu
random-phase approximation has been used to descrie
@42#. Despite the successive improvements of the descrip
of the medium, the electronic structure of the impinging io
was still poorly described. Ferrell and Ritchie@43# did pio-
neering calculations and introduced hydrogenic wave fu
tions to calculate the energy loss of He1 in an electron gas.

The limit of the applicability of linear-response theory
reached at low projectile velocity (v,vF) and low electron-
gas density. In this case, bound states start to appear
screen the interactions with the electron gas. This additio
effect is well understood within the nonlinear-respon
theory using density-functional theory@44,45#, and the stop-
ping power can be expressed as

S5v
3

kFr s
3 (

l 50
~ l 11!sin2@d l~EF!2d l 11~EF!#. ~3!

Here kF represents the Fermi wave number andr s is the
electron-density parameter, which is related to the elec
density via r s5(4pn0/3)21/3 ~the density parameters fo
e.g., solid Al and C are 2.07 and 1.59, respectively@44#!.
d l(E) are the scattering phase shifts. Due to the comp
screening of the nuclear chargeZ they obey the Friedel sum
rule: Z5(2/p)S l(2l 11)d l(EF). Equation~3! introduces a
friction coefficientg via S5vg(r s ,Z). In the velocity range
below 1 a.u. the electronic stopping of an ion traversing
electron gas therefore scales linearly withv. For a given
density parameterr s , g depends solely on the projectil
atomic numberZ. The electronic structure of an atomic pa
ticle embedded in an electron gas can differ from the fr
atom case. ForZ51 – 20, the population of the particles
states is reduced andp or evend states are formed. Thi
leads to a less efficient screening of the core and in the
of a moving particle to an increased electronic stopping. F
e.g., C, N, and O, thep states are unbound or virtual, i.e
they are energetically located within the conduction ba
This lowers the screening even more and gives rise t
maximum in electronic stopping. Only the noble gases
and Ar keep their atomic properties even when embedde
a ~dilute! electron gas. The core is most efficiently screen
giving rise to a minimum in the electronic stopping@45#.
This phenomenon is known as projectileZ oscillations of the
stopping powerS. Experimentally, such oscillations have a
ready been observed, e.g., in MeV ion-solid collisio
@46,47#.

A second aspect is the explicitr s dependence ofg. With
decreasingr s , i.e., increasing density, minima and maxim
03320
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shift to higher values. Obviously, for a dilute electron gas
which the perturbation of the projectile by the electron gas
negligible, the minima appear at theZ of the closed-shell
rare-gas atoms. With higher electron densities the scree
increases and the minima shift to higher nuclear char
since a stronger ionic potential is necessary to compen
for the electronic screening. Figure 5 illustrates these aspe

IV. RESULTS AND DISCUSSION

All results shown in this work are directly extracted fro
the TOF spectra by peak integration. Figure 2~a! shows a
typical m/r spectrum for 14-keV N21 projectiles and a 200-
V/cm extraction field. Of the parent peaks ranging from C60

1

to C60
41, the ones withr<q are mainly due to pure electro

capture to the projectile, whereas C60
r 1(r .q) can only be

formed by additional ionization processes. Next to each p
ent peak, a comblike structure is observed originating fr
evaporative cooling processes, i.e., a successive loss of2n
units @48#. For He we showed recently that evaporation
mainly caused by vibrational excitation of the C60 due to
nuclear stopping, in contrast to multifragmentation and dir
ionization, which are caused by electronic excitation due
electronic stopping@26,34#. In spite of this, in a recent stud
Opitz et al. @36# found that for the very low nuclear-stoppin
case of proton projectiles the evaporation shows a velo
scaling similar to the one expected for direct ionization a
multifragmentation. In particular, it was found that for pr
tons all deexcitation channels exhibit an electronic-stopp
scaling, at least for the velocity range between 0.2 and
a.u. Maybe also for heavier projectiles a fraction of t
evaporation yield is due to electronic stopping. In the follo
ing this is of minor importance, since only the multifragme
tation and direct ionization will be investigated, which a
unambiguously due to electronic stopping.

The C6022n
r 1 (r<q) ions are of low relative intensity

since the respective parent ions are formed by gentle elec
capture. The low-m/r part of the spectrum is dominated b
small fragments, ranging from C1

1 to C14
1. In the following,

we use only the sizes smaller thann515, since, e.g., C60
41

and C15
1 overlap in the TOF spectrum. The fit of the corr

sponding peak by two Gaussians shows a non-neglig
contribution of C60

41, which is estimated to be 20% an

FIG. 5. Theoretical friction coefficient as a function of th
atomic number of the moving ion in a surrounding electron gas
different density parameters. Clear oscillations are obvious as
as a systematic increase of the friction with the density.
1-4
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PROJECTILE ATOMIC-NUMBER EFFECT ON ION- . . . PHYSICAL REVIEW A 63 033201
50% for doubly and triply charged N projectiles, respe
tively. However, the contribution of fragments withn>15 to
the total fragmentation yield is estimated to be less than
and its neglect is therefore justified. In general, the fragm
distribution also shows the typical even-odd oscillations a
strong maxima forn51, 3, 5, 7, and 11, as observed f
clusters produced directly by laser vaporization of graph
@49#.

In order to analyze a set of several spectra obtained u
different projectiles, a reliable normalization method
needed. According to the classical over-barrier model
distance at which the projectile captures the first elect
from the fullerene depends only on the ionization poten
and the polarizability of the fullerene as well as on t
charge state of the projectile@50#. In other words, the abso
lute cross section for the interaction is roughly constant
Z52 – 18 at equal charge state. We can therefore use
total number of detected particles (Ytotal) as a reference to
define the relative direct ionization and fragmentation cr
sectionss i

q ands f
q ,

s i
q5

E C60
i 1

Ytotal
, s f

q5

(
n51

14 E Cn
1

Ytotal
, ~4!

Ytotal5(
r 51

4 F E C60
r 11 (

n51
E C6022n

r 1G1 (
n51

14 E Cn
1.

~5!

The choicei 5q11 ~q being the charge state of the in
coming projectile! allows us to separate the first single dire
ionization from the gentle-capture processes. Thus, for
series of doubly and triply charged projectiles, the direct io
ization cross section is given by the relative yields of C60

31

and C60
41, respectively~which are fingerprints of the direc

excitation following a close collision of projectile an
fullerene!. For the fragmentation the same mass range
fragments is used for both projectile charges.

It should be noted that, strictly speaking, the over-bar
model is valid only for large-q projectiles. Forq52,3 one
could expect influences of the projectile electronic struct
on the capture radius. However, if this effect were importa
a dramatic change in the cross section would be expe
when comparing projectiles as Ne~noble gas! and Na~alkali
metal!, due to their different electronic structure. Figure
reveals that this is not the case; for Ne and Na the rela
cross section exhibits no step but follows nicely the pred
tions of theZ oscillation model, as discussed in the follow
ing.

Fragmentation and ionization results for the doub
charged projectile series are shown in Fig. 6. The effec
the electronic stopping power on direct ionization and m
tifragmentation is clearly seen in the oscillatory behavior
both quantities as a function ofZ, as predicted by theory. It is
remarkable to see this effect on such small systems w
correspondingly short interaction times. The oscillatory b
havior of the energy deposition of a projectile traversing
electron gas was predicted theoretically for an infinite hom
03320
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geneous electron gas such as a solid. The observed os
tions in our interaction system confirm the assumption t
multifragmentation and direct ionization are fingerprints
electronic stopping.

It could be imagined, however, that fullerene excitati
due to enhanced electronic stopping leads not only to st
ger fragmentation but also to higher kinetic energies of
produced fragments. This in turn might slightly change t
detection efficiencies~see Sec. II!. To rule out this possibility
we performed electron-ion coincidence measurements
compared the results for the extreme cases of N21 and Ne21,
where high and low fragmentation cross sections, resp
tively, are observed@see Fig. 6~a!#. The analysis of the frag-
ment peak widths shows no difference between the two sp
tra. The amount of electronic excitation therefore does
influence the fragment kinetic energies and is reflected o
in the fragment yield itself.

Furthermore, from Fig. 6 information can be extract
about the impact-parameter range at which the different p
cesses occur, since they are strongly related to the elec
density profile of the C60. The additional insight into both
processes can be obtained from the location of the maxi
It is obvious thats f

2 ands i
2 peak at differentZ values. For

instance, the first maximum fors f
2 is found atZ58 whereas

for s i
2 it is found atZ57. Comparing this to the data dis

played in Fig. 5 reveals that multifragmentation is due
trajectories through an effective electron-density param
of r s&1.5 a.u., which is in agreement with calculations
Puska and Nieminen@51#, who usedr s51.2 a.u.~as a maxi-
mum of the electron density around the cage! for a jellium
description of the fullerene. Direct ionization takes place
collisions where on the average the probedr s is larger, i.e.,
the electron density is lower. Theoretical friction coefficien
are plotted as well, to guide the eye, usingr s52 a.u. for
direct ionization@Fig. 6~b!# and r s51.5 a.u. for fragmenta-
tion @Fig. 6~a!#. This seems to imply that multifragmentatio
takes place in collisions where the projectile passes r

FIG. 6. Relative multifragmentations f
2 ~a! and direct ionization

s i
2 ~b! cross sections as a function of the projectile atomic num

Z ~solid circles!. Dotted curves show theoretical friction coefficien
to guide the eye.r s5(a)1.5 and~b! 2.0 a.u.
1-5
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HADJAR, HOEKSTRA, MORGENSTERN, AND SCHLATHO¨ LTER PHYSICAL REVIEW A 63 033201
through the fullerene cage~high electron density!, thereby
experiencing bulklike carbon properties, whereas direct i
ization is limited to glancing collisions in which the proje
tile just passes through the electron ‘‘atmosphere’’ of
fullerene~low electron density! and the resulting excitation
is too small to cause multifragmentation.

To get an idea about absolute values of the electro
stopping, i.e., the energy deposition in the C60, we interpo-
lated theg values given by Puska and Nieminen@45# using
an exponential with two fitting parameters. The friction c
efficient can than be described as follows:

g~r s!5A exp~2Brs!, ~6!

whereA andB are calculated for eachZ projectile used and
r s is the calculated C60 electron density@51#, approximated
by the following formula:

n050.15 exp@2~R26.6!2/2.7#. ~7!

R is the distance from the fullerene center, which can
expressed in terms of the impact parameterb and the projec-
tion of the target-projectile distance onto the incide
projectile directionRi , asR25b21Ri

2.
Figure 7 shows a contour plot of the electron-density

rameter in these two coordinates. From each impact par
eter, a certain average electron density is probed. Accor
to Figs. 6 and 7, direct ionization and fragmentation p
cesses can be assigned to 8,b,9 a.u. andb&8 a.u., respec-
tively.

The absolute energy loss along a trajectory with givenb is
calculated in the same way as in a previous work@26#, but as
a function of the impact parameter and the projectile ato
number, leading to the following expression:

DEz,b5vE
2`

1`

gz„r s~b,Ri!…dRi . ~8!

A velocity of 0.2 a.u. is used and the total inelastic ene
loss is integrated over210<Ri<10. Since the electron den
sity of the fullerene decreases rapidly withR, higher absolute
values ofRi contribute negligibly toDEz,b . Note that for
larger impact parameters projectiles withq52,3 can already

FIG. 7. Contour plot showing the electron density of the C60

experienced by the projectile along its path at different impact
rameters. The electron density is expressed by the density param
r s in gray scale.
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capture electrons from the fullerene. As mentioned abo
pure electron-capture processes are well described in te
of the classical over-barrier model@24,50#. For our collision
systems we find the following capture distances~in atomic
units!: R1

2517.4 andR2
2513.3 for the doubly charged pro

jectiles andR1
3519.4,R2

3515.3, andR3
3512.4 for the triply

charged projectiles.
The results of Eq.~8! are plotted in Fig. 8 as a function o

impact parameterb and projectile atomic numberZ. Figure 8
shows a clear oscillatory behavior of the total inelastic e
ergy loss as function ofZ for all impact parameters. Note tha
the data forZ516 are taken as an average between the
ues forZ515 andZ517, since in@45# no convergence was
obtained forZ516. The first maximum exhibits a slight de
pendence on the impact parameter. A shift toward higZ
values~from Z55 to 8! is observed as the impact parame
decreases fromb510 to 5.5 a.u., where a maximum of th
energy loss is predicted. Smaller impact parameters shift
maximum back toZ57. This can be understood by consi
ering the average electron density probed by the projec
which exhibits a maximum atb55.5 a.u. For smaller impac
parameters the energy loss is approximately constant. Fb
.5.5 a.u. it decreases. Outside the cage (Rc56.7 a.u.) a
strong decrease is observed.

For instance, for 40-keV Ar projectiles, we obtain a ma
mum energy loss of 400 eV atb55.5 a.u. This value can be
compared to results of Larssonet al. @33#. Using the inelastic
stopping cross section for 138-keV Ar in graphite (53
310215eV cm2/atom @52#! and assuming that the projecte
C atom density in C60 is homogeneous over the cage cro
section (1531015cm22), they derived an average inelast
energy loss of 800 eV for collisions of Arq1 with C60. Be-
cause of the linear velocity scaling of the electronic stoppi
the 800-eV average electronic energy loss for 138-keV
corresponds to an energy loss of 430 eV for 40-keV Ar p
jectiles, a value that is quantitatively in agreement with t
400 eV predicted by our model. This gives an addition
argument for the validity of our model, which can be used
a guideline of the energy losses as a function of the imp
parameter. The discrepancy between@33# and our result is
probably due to the fact that our model includes a m
realistic description of the C60 electron-density distribution.

-
ter FIG. 8. Total electronic energy loss at 0.2 a.u. projectile veloc
as a function of the impact parameter and the projectile ato
number.
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PROJECTILE ATOMIC-NUMBER EFFECT ON ION- . . . PHYSICAL REVIEW A 63 033201
Up to now we have discussed only the electronic stopp
of particles with the same charge stateq52. It is interesting
to investigate how much a variation ofq influences the prop-
erties of the electronic stopping. For instance,
q-independent stopping would indicate that a quasiadiab
interaction takes place, in which the projectile has alrea
reached its equilibrium charge state when interacting w
the fullerene. A pronouncedq dependence, on the othe
hand, would imply that preequilibrium processes are still
tive. Figure 9 shows relative cross sectionss f

3 and s i
3 ob-

tained for triply charged projectiles, which can be compa
to the data obtained with doubly charged projectiles~Fig. 6.!
Qualitatively similar oscillations are observed in both cas
In particular, Fig. 9~a! shows almost no difference in th
location of the maximum (7<Z<8) of the fragmentation
cross section as compared to doubly charged projectiles.
result is not unexpected since, as mentioned above, m
fragmentation occurs for trajectories going right through
cage. The projectiles travel the maximum distance thro
the fullerene electron gas and experience its maximum d
sity. The equilibrium charge state of the projectile is pro
ably reached.

For direct ionization the situation is different. The excit
tion energy necessary for a direct ionization of C60

21 and
C60

31 amounts to 17 and 21.7 eV, respectively@50#, i.e., for
q53 projectiles about 28% more excitation energy
needed. This is roughly compensated by the 25% stron
electronic stopping due to the increase of the projectile
locity when going fromq52 to 3 (v50.2 and 0.25 a.u.
respectively!. However, comparing Fig. 9~b! and Fig. 6~b!, it
is seen that the increased projectile charge induces a sh
the first maximum toward lowerZ. If we assume that the
friction coefficientg is independent of the projectileq, the

FIG. 9. Same plots as in Fig. 6, obtained with triply charg
projectiles. A different density parameterr s53 a.u. is compared to
the direct ionization cross section.
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results from Fig. 9~b! are best described byg(r s53)
whereas in the case ofq52 projectilesg(r s52) gives the
best agreement. Figure 5 reveals that, for example, foZ
57, g(r s52) is about a factor of 3 higher thang(r s53).
Therefore to be able to put the same amount of electro
stopping into the fullerene, theg for N31 must be approxi-
mately three times higher than for N21 projectiles. Juaristi
et al. @53# calculated thatg is only 14% higher for N31 than
for N21. An explanation for the observed shift might be th
not only do different projectile charge statesq have different
friction coefficients g but the positions of the maxima
minima are shifted too. The results of Juaristiet al. @53#
indicate such an effect. Therefore, calculations ofg(r s ,Z)
for different projectile charge statesq are needed to extrac
further detailed information on impact parameters from o
data. In any case, theq dependence by itself indicates th
preequilibrium processes are important.

V. CONCLUSION

Using multiply charged ions, we experimentally studi
multifragmentation and direct ionization cross sections
fullerenes in the gas phase. The results were interprete
means of a statistical electronic-stopping model. The ap
cability of this model was indicated first by the linearity o
these cross sections as a function of the projectile velocitv
@34#. Here we presented evidence for an oscillatory dep
dence of the same cross sections as a function of the ato
numberZ ~see also@35#!, as predicted by theory. This non
linear effect is a consequence of the nature of the frict
parameterg, which is strongly influenced by the electron
gas-induced screening of the projectile. The oscillatory
havior is therefore strongly dependent on the electron-
density and the atomic nature of the projectile. The locali
tion of the resonances~maxima! and closed shells~minima!
in the cross sections allows us to state that small imp
parameters or trajectories going through the C60 cage induce
multifragmentation. Bigger impact parameters, e.g., glanc
collisions, are associated with lower electron densities, g
ing rise to less friction forces, which are just sufficient
create direct ionization processes. The fragmentation and
rect ionization of the fullerene are the result of the ene
loss of neutral atoms, which are in different excited sta
depending on their initial charge state and their nature. T
difference of the location of the maxima, when compari
doubly and triply charged projectiles, confirms the depe
dence of the electronic stopping on the number of projec
L shells, as predicted by Juaristiet al. @53#. The higher the
number ofL shells, the larger the friction coefficient.
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