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Multiply charged ion-induced fragmentation and ionization of Ce is governed by electronic and nu-
clear stopping of the projectile as well as charge exchange. We have studied the collision dynamics as
a function of the projectile atomic number Z (2 = Z = 18) for constant projectile velocity v at charge
states ¢ = 2,3. Strong oscillations of electronic-stopping—related quantities such as ionization and frag-
mentation are observed. From the properties of the oscillations, we obtain information on the effective

electron density of the fullerene.

PACS numbers: 36.40.Qv, 34.50.Bw, 36.40.Wa

The physical properties of clusters, such as fullerenes,
and other aggregates of intermediate size can vary over
a wide range from those of isolated atoms to those of
condensed matter. For ions passing by a cluster at large
distances the cluster resembles an atom with many elec-
trons. At smaller distances, we expect the situation to be
more comparable to that of a solid. It isinteresting to see
to what extent essentially many-body phenomena can be
observed in a system of finite size. Very recently, the con-
cept of electronic stopping was invoked to explain experi-
mental observations in ion-fullerene interactions. Larsson
et al. [1] investigated collisions of Ar¢* (v = 0.32 au.)
with Cgo and found projectile energy losses of the order of
several hundred €V, independent of the projectile charge
state g. In an Ar¥"-Cg collision study (v = 0.24 au.),
energy losses of about 350 eV were observed [2]. Also, in
MeV collisions, Tsuchidaet al. found indications for frag-
mentation due to electronic stopping [3].

However, exact measurements of the electronic stop-
ping in multiply charged ion collisions with fullerenes are
very difficult if not impossible. During the interaction the
target charge state increases, giving rise to Coulomb re-
pulsion of projectile and target especially on the outgoing
trajectory. Thisrepulsion manifestsitself in atrandational
energy gain, dependent on the number of transferred
and stabilized electrons [4] and the polarizability of the
fullerene [5]. For Ar®* projectiles (v = 0.1 au.) the
average gain measured by Opitz et al. [6] amounts to
10-40 eV for 1-4 active electrons. The energy gains are
superimposed on the energy losses.

A complementary approach of characterizing the elec-
tronic stopping is based on an evaluation of typica pat-
terns in the fragmentation spectra. In a recent study on
Hef* (v = 0.1-1 au.) collisions with Cy [7,8] we found
evidence that electronic stopping of the projectile mainly
leads to multifragmentation and collisional ionization of
the fullerene, separable from, e.g., evaporation processes
mainly caused by nuclear stopping. Multifragmentation
and direct ionization can therefore be used as fingerprints
of electronic stopping and are directly related to the amount
of projectile trandational energy transferred to internal
modes of the target.
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Inion-solid collisions, it wasfirst observed that the elec-
tronic stopping power S = dE/dx (i.e., the energy loss
per trgjectory unit length) oscillates with the projectile Z
for v < 1 au. [9]. The bound states of the projectile are
modified by the target electronic structure. These screen-
ing effects lead to a maximum in electronic stopping, e.g.,
in the range of Z = 5-8; closed shells lead to minima.
The location of maxima and minimais affected by the tar-
get electron density; dilute electron gases|ead to electronic
stopping following the properties of unperturbed atoms
[10,11]. Applying this to a fullerene target, an identifica-
tion of the Z oscillations in fragmentation and ionization
cross sections would stress the rel evance of el ectronic stop-
ping for the underlying excitation processes. Moreover, the
location of the minimawould indicate the effective density
of the fullerene electron gas.

In this paper, we investigate electronic stopping effects
and, in particular, the Z oscillations in collisions of mul-
tiply charged ions (¢ = 2, 3) with fullerenes as a function
of the projectile atomic number Z ranging from 2—18.

The experiments are performed using multiply charged
ions extracted from the KV1 electron cyclotron resonance
ion source. The source is floated on a potential between
2 and 20 kV to obtain an equal velocity of v = 0.2 and
0.25 au. for ¢ = 2 and 3, respectively. The projectiles
used in thisstudy areHe, B, C, N, O, F, Ne, Na, S, Cl, and
Ar. In the collision chamber a fullerene oven is operated
at around 700 K. Cgy vapor effuses through a nozzle into
the collision region where it is crossed by the projectile
ion beam. A static eectric field (200 V/cm) extracts the
charged collision products into a reflectron-type time-of-
flight mass spectrometer [12] (resolution =~ 1500). For
an extraction diaphragm of 4 mm, this results in a trans-
mission of 100% up to ion kinetic energies of 2 eV. An
increase of the extraction field to 400 V /cm changes the
fragmentation yields by less than 10% even though the
transmission threshold is shifted to 4 eV. Thisisin agree-
ment with our earlier studies using O?* projectiles [13]
and with the results of Opitz et al. [6], who aso found
that just the C; fragments originating from superasym-
metric fission [14] exhibit high kinetic energies of up to
5-10 eV.
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The ions can be measured in coincidence with electrons
emitted during the collisions, with charge resolved projec-
tiles, or in a pulsed beam mode. Details of the experimen-
tal setup can be found in [15]. The relative cross sections
presented in this study have been obtained using a pulsed
beam in order not to discriminate events in which, e.g., no
electron is emitted and thus no electron-ion coincidence
can be measured.

Figure 1 displays time-of-flight spectra for 3C?>* and
BNat projectiles. According to the classical overbarrier
model [16], the distance at which the projectile capturesthe
first electron from the fullerene mainly depends on theion-
ization potential of the fullerene and the projectile charge
state. In other words, the absolute interaction cross section
is roughly constant for Z = 2—-18 at equal charge state.
We can therefore use the total number of detected particles
as a reference in discussing Fig. 1 and also to determine
relative fragmentation as well as ionization yields. Both
spectrain Fig. 1 are normalized to this total number of de-
tected particles. Even though the projectilesare closeinthe
periodic table, strong differences between the spectra are
obvious. A clear change in the spectra when going from
Z = 61t0 Z = 11 isthe strong decrease of the CZ; peak.
However, the respective yield cannot be used as a measure
for the stopping power since doubly charged fullerenes can
either be formed in gentle collisions, where double elec-
tron capture is the dominant process, or as in close col-
lisions where electronic stopping is important. The Cig,
on the other hand, cannot be formed by electron capture
alone and is afingerprint of a direct excitation following a
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FIG. 1. Time-of-flight spectra of Cgg and fragment ions for
projectiles 3C** and Na&®* a v = 0.2 au. The intensity is
normalized to the integral over all peaks. The top axis shows
the n/r ratio with the number of C atoms  and the charge state
r. Theintensity in the low n/r region is multiplied by a factor
of 4.

close projectile-fullerene collision. The same holds for the
small C fragments which are mainly due to multifrag-
mentation processes. As aready mentioned, both (colli-
sional) ionization and multifragmentation of the fullerene
could be identified as fingerprints of electronic stopping
in He?" collisions with Cy [7,8]. A closer look into the
low n/r region of the spectra shows a dramatic decrease
of the C3g yield with Z increasing from 6 to 11. This de-
crease already indicates the Z dependence of the stopping
power in ion-fullerene collisions. Before presenting the
relative yields over the whole range of Z, the theoretical
background of the Z oscillations should be discussed in
more detail.

In the velocity range below 1 a.u., the electronic stop-
ping of an ion traversing an electron gas scales linearly
with v, and a friction coefficient can be defined via y
asS = dE/dx = y(ryv [17]. ry = (47ng/3)" '3 isthe
density parameter with the electron density ny. (The den-
sity parameters for, e.g., solid Al and C are 2.07 and 1.59,
respectively [10].) For agiven density parameter, y solely
depends on the projectile atomic number Z. Density func-
tional theory results for y(Z) at different values of r, are
plotted in Fig. 2 [10,18]. For &l plotted friction parame-
ters, clear oscillations of y and therefore of the stopping
power S can be seen. Besides the obvious fact that y in-
creases strongly with decreasing ry, aso the maxima and
minima of the oscillation shift to larger Z. As brought
up in the beginning, the minima at large r, are found for
Z =2andZ = 10, i.e, for closed shells. The decreasein
collisional ionization from Z = 6 to Z = 11 can directly
be recognized in Fig. 1, whereas the change in multifrag-
mentation is less obvious from the raw data. The fact that
the CJj peak decreases stronger than the multifragmenta-
tion when going from Z = 6 to Z = 11 already indicates
different effective electron densities for both processes.

For a more quantitative analysis of our data, we define
relative cross sections for multifragmentation of and for
direct ionization o as the relative yields of the various
peaks with respect to the sum Y., of al ions. This
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FIG. 2. The electronic friction coefficient y as a function of
Z for different density parameters r, (from density functional
theory calculations [10,18]).
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sum consists of three components: parent ion peaks up to
charge states r = ¢ + 1, evaporation peaks up to r = ¢,
and fragmentation peaks,

14 g+1
0_61 — n=1 .[C;: 0_{1 — .[C6O (1)
/ Ytotal ’ l Ytotal

The projectile charge state is denoted as ¢ and just single

direct ionization to Cgo+ " is taken into account.

All yields have been corrected for the (m/ q)-dependent
efficiency of our detector [13]. Changes of extraction field
and reflectron settings do not affect the course of the oscil-
lations, even though the transmission of the system might
change. Theresultsfor doubly charged projectiles(g = 2)
are displayed in Fig. 3. Oscillations of both cross sections
are evident. The multifragmentation apparently consists of
an oscillating contribution superimposed on a nonoscillat-
ing background. We performed molecular dynamics cal-
culations which showed that the nuclear stopping increases
linearly with projectile Z. For the heavier projectiles, the
magnitude of the nuclear stopping can become compara-
ble to the electronic stopping; i.e., direct vibrational exci-
tation becomes strong enough to cause multifragmentation
(in contrast to the case of light projectiles as He [7,8]).
However, such strong nuclear stopping occursonly inlarge
angle scattering eventsin which thetarget constituents con-
siderably gain momentum in the projectile beam direction.
In the experiment, thus, most of the fragments originat-
ing from nuclear stopping are not detected and cannot be
evaluated quantitatively. The remaining of those fragments
contribute to o'} but show no oscillatory behavior.
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FIG. 3. Left axis: relative multifragmentation yields (upper
plot) and C3; yields (lower plot) for doubly charged ion impact.
Right axis: friction coefficient y for r, = 1.5 and 2, respectively
(dotted line).
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The direct ionization, on the other hand, shows no such
offset because it cannot be caused by nuclear stopping.
More insight into both processes can be obtained from
the location of the maxima. It is obvious from Fig. 3
that o7 and o peak at different Z values. For instance,
the first maximum for o is found a Z = 8, whereas

for o7 it is found at Z = 7. Comparing this to the data
displayed in Fig. 2 reveals that multifragmentation is due
to collisions with an effective electron density parameter
rg < 1.5, whichislower than the one of bulk carbon ry, =
1.59. Thisisin agreement with calculations of Puska and
Nieminen [19] who used r, = 1.2 for ajellium description
of the fullerene. Direct ionization takes place in collisions
where on the average the probed r, is larger; i.e, the
electron density is lower.

To guide the eye, the friction coefficients y(1.5) and
v(2) from Fig. 2 data are plotted as dotted lines in Fig. 3.
Apparently, multifragmentation takes place in collisions
where the projectile passes the fullerene cage, thereby
experiencing bulklike carbon properties, whereas direct
ionization is limited to glancing collisions in which the
projectile just passes through the electron “atmosphere” of
the fullerene and the resulting excitating is too small to
cause multifragmentation.

The impact parameters leading to multifragmentation
and direct ionization, respectively, change with projectile
charge state g. For ¢ = 3 the cross sections o7 and o7
are plotted in Fig. 4. The multifragmentation (upper plot)
shows a behavior similar to the doubly charged projectile
case. For the direct ionization, however, the oscillatory
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FIG. 4. Left axis: relative multifragmentation yields (upper
plot) and Cis yields (lower plot) for triply charged ion impact.
The open symbols are taken from Fig. 3. Right axis: friction
coefficient y for r, = 1.5 and 3, respectively (dotted line).
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structure is shifted to lower Z as compared to the g = 2
case and now follows nicely the friction coefficient for
ry = 3, i.e., the lower electron densities. This indicates
that, for higher projectile charge state g, ionization on the
average takes place at larger impact parameters. Assum-
ing an increasing electronic stopping with increasing pro-
jectile charge state ¢, indeed it has to be expected that the
class of collisions for which the excitation energy is high
enough for ionization but not yet sufficient for multifrag-
mentation is, on the average, correlated with larger impact
parameters.

A surprising conclusion from our experimental data is
that a target as small as a Cgy cluster has a sufficient
size to be treated in terms of a statistical electronic stop-
ping model. From the effective fullerene diameter of
=~20 a.u. and a projectile speed v = 0.2 a.u., an inter-
action time of about 2 fs can be deduced. This value
is of the same order as the typical excitation times for
an electron-hole pair of eV separation as well as the re-
sponse time of the electron gas to screen the projectile.
Very recently, Hattass et al. [20] have found comparably
short charge equilibration times (7 fs) for, eg., Th®*
penetrating 5 nm C foils. Shorter interaction times are
crucial to study effects which are present in the preequi-
librium range only: Juaristi et al. [21] investigated the
dependence of the electronic stopping on projectile L- and
K-shell vacancieson a 10 fstimescale. Theory predictsan
increase of the stopping with increasing number of L-shell
vacancies. Additional K-shell vacancies, however, should
lead to weaker stopping. lon-surface scattering experi-
ments show only a weak influence of the L-shell filling;
due to the fast filling rates (7 = 2 fs) [22] most of the
predicted variation is suppressed. Our results show that
ion-fullerene collisions might be atool to attack this prob-
lem: Interaction times on the 1 fs scale are feasible and
characteristic features of the electronic stopping are still
observable.

As an outlook, collisions of multiply charged ions with
large (bio-)molecules might become a powerful tool also
for mass spectrometry since the excitation of the molecules
can be tuned by variation of Z and ¢, respectively.
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