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Projectile atomic-number effect on ion-induced fragmentation and ionization of fullerenes
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The delocalizedr electrons of a g, 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 nunibeasging from 2 to 18 and
charge stateg)=2,3. Direct mass-spectrometric evidence of the clear oscillatory behavior of electronic-
stopping-related processes such as multifragmentation and ionizatiog ofa€ observed as a function af
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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[. INTRODUCTION the case of atomic targets. Thus, studies of the interaction of
highly charged ions with g may help to bridge the gap
The physical properties of clusters and other aggregates tfetween surfaces and atoms.
intermediate size can vary over the whole range from those From a theoretical point of view, large-impact-parameter
of isolated atoms to those of condensed matter. A lot oprocesses can be well described by the classical over-the-
effort is directed to understanding the dynamic properties obarrier model. It has been successfully applied to soft colli-
clusters, especially fullerenes and their ions, interacting wittsions between highly charged ions ang, &nd can explain
a variety of particles. g is the most stable cluster in the the behavior of a variety of observables, such as final charge-
fullerene family, producible in macroscopic quantities andstate distributions and capture cross sectjdi®&22, as well
relatively easy to handle in the laboratory. Photphs6|,  as projectile deflection angl¢80]. Moreover, extensions to
electrons[7-10], as well as neutra[11,12 and charged this model[30] allow the understanding of the main features
atomic particles[13], and recently also fadgtl4-17 and in measured projectile kinetic-energy gain spef8H: Dur-
slow[18-24 multiply charged ions have been used to exciteing the projectile-target interaction, the target charge state
Ceo and observe its response. The dynamic processes iincreases, due to electron-transfer processes, giving rise to a
volved in these kinds of interaction are very rich and diverseCoulomb repulsion between the projectile and the target, es-
In contrast to photons and electrons, highly charged ions capecially on the outgoing trajectory. This repulsion manifests
produce multiply charged fullerenes with a minimum of en-itself in a translational-energy gain, which depends on the
ergy transfer, leaving the cluster vibrationally and electroni-number of transferred and stabilized electrgd2]. For pro-
cally cold. Ninefold-charged & has been observed in inter- jectile charge states of, e.g., (8.BeV) Ar®", the energy
actions of G with Bi*" [25] and X&%' [26], and lately gain does not exceed 100 eV; however, for higher charge
even indications for g'°" have been found in collisions states the energies range up to 150 eV and f&kk On the
with 280-keV X&>" [27]. other hand the projectiles suffer energy loss mostly due to
Ceo also offers possibilities of studying processes that arelectronic excitation of the target. Larsseatal, for in-
well known from highly charged ion—surface interactionsstance, observed 800-eV energy loss of 100-keV Af in-
[28], such as resonant electron transfer, hollow-atom formateracting with Gy [33]. A typical technique to experimen-
tion, and charge-state equilibration. The disadvantage of sutally study energies involved in the collisions is the analysis
faces and foils is the limited period of time between theof the outgoing projectile’s energy. This method by itself
projectile’s first electron capture and its penetration into thedoes not allow a direct study of how much energy is put into
solid. A direct consequence is that only a small fractionthe target system, since projectile energy losses and gains are
(~10% of the total relaxation of the system occurs in front superimposed.
of the surfacd29]. Cgy can help to overcome this problem  In our experiment we use the complementary approach of
and allow for complete measurements of these processestudying the stopping: The energy deposition into thgi€
since the ions survive after the interaction. The sphericaéstimated from the relative importance of the subsequent de-
carbon cage of the g with its delocalizedr electrons can excitation processes. In recent studies on%'He(v
be viewed as a microscopic conducting surface. =0.1-1a.u.)[26,34 and X9" (Zz=2-18) [35] collisions
On the other hand, because of its finite size a net charge isith Cg,, we applied an electronic friction model in order to
built up due to electron transfer to the projectile, just as ininterpret our experimental results. We found that electronic
stopping of the fullerene mainly leads to multifragmentation
and collisional ionization, whereas at least in the case of the
*Electronic address: hadjar@kvi.nl projectiles, evaporation processes are mainly caused by
"Electronic address: tschlat@kvi.nl; URL: kvip56.kvi.nl nuclear stopping. For the velocity range under study, multi-

1050-2947/2001/63)/0332018)/$15.00 63 033201-1 ©2001 The American Physical Society



HADJAR, HOEKSTRA, MORGENSTERN, AND SCHLATHOTER PHYSICAL REVIEW A 63 033201

mirror T T T T 4 100
162 20
o8l ) 180
: 70
60
50
| 40
80
20
110
0

ion
detector ®

position
sensitive

detector < 0.08

chopper
sweeper

intensity (measured)
o
]

0.04

detection efficiency (%)

ion beam

16} 1

b)
electron ‘ T o0s8f q
detector @ %’ .
C,, oven Faraday cup @
. . g o12f ]
FIG. 1. Schematic of the experimental setup CHEOPS. -
2 o008} b
[
g
E oo4af ]
0.00 %
fragmentation and direct ionization can therefore be used as o o0 12 180/ 240 300 360720
fingerprints of electronic stopping and are linked to the m/r (amu)

amount of energy transferred to the electrons of the target. It g5 5 (a) Raw TOF spectrum converted to amr scale mea-

has to be noted that Opitt al. [36] observed an opposite gyred with a chopped beam of 14-ke\?‘Nprojectiles. Superim-

behavior of the evaporation yields in a study on proton colygsed is the detection efficienégotted ling. (b) Corrected version
lisions with Qo. This will be discussed in a later section. of the spectrum, diﬁering most at |argdr.

The experimental results are compared to theoretical val-
ues of the electronic energy loss, based on density-functionglith m andr the mass and the charge state of the detected
theory and a target electron density as obtained from a jefragment, respectively. This result is similar to the one ob-
lium shell model for G tained previously for a multichannel plat®CP) detector
The outline of this paper is as follows. In Sec. Il we [21]. TOF measurements can be performed in two modes:
describe the experimental setup. In Sec. Il a brief overview1) with a continuous beam, where the start signal is gener-
of the electronic stopping is given. The results are presenteged either by a charge-selected outgoing projectile, detected
and discussed in Sec. IV, and Sec. V is the conclusion. by a movable position-sensitive detect®SD situated 70
cm downstream of the collision center, or by an electron
Il. EXPERIMENT originating from the collisiony2) with a pulsed ion beam.
. The latter technique is mainly used in this work. The projec-
In all experiments presented, the two- and threefoldy;s heam is periodically deflected to obtain pulses of 20—100
%s length which trigger the TOF measurement. In this way
all classes of collision contribute statistically to the spectra.
In other words, no discrimination is made between events
originating from trajectory classes, differing by charge ex-

nance ion sourcéECRIS at the atomic physics facility of
the KVI. The source is floated at different voltages<(¥

<20kV) to obtain an equal velocityw 0.20,0.25a.u.) for
all elements. The projectiles used in this study were He, Bchange, scattering angle, and electron emission.

C,N, O, F Ne Na, S, Cl, and Ar. A sketch of the experi- = rigre 2 shows a typical raw spectrum obtained in the

mental setup is shown in Fig. 1. The ion beam is Commatedchopped-beam mode, with the TOF transformed to the mass-
by two 1-mm-diameter diaphragms which are 25 cm apart

4 . . over-charge ratian/r (a). The experimental detection effi-
with the second diaphragm located 8 cm in front of the COI'ciency is plotted as well. Figure(9 shows the corrected

lision center. The fullerene oven is operated at 700 K. Th&grsion of the spectrum. In the following all results presented
Ceo vapor effuses through a nozzle and crosses the projectilgs getection-efficiency corrected if not stated otherwise. The

ion beam in the collision region. Other target gases can bgagoytion of the reflection-type mass spectrometer has been
introduced through a cooled nozZ[&7,3§. A static electric improved with respect to our previous studies tgAm

field of typically 200 V/cm extracts eIe_c_tron_s onto a micro- _ 1500 in the electron-ion coincidence mode. With this reso-
sphere _pIate(MSP} detector, apd positive lons _through a |ution, fullerenes containing different numbers '6€ atoms
4-mm diaphragm into a reflection-type time-of-fligtoF) 5, easily be resolved. The natural abundance ofi6es
mass spectrometer. The detection efficiency of the ion dete(‘l— 11%, implying the yields of?Coy13C, 12Ceq3C,, and

tor (MSP) depends strongly on the impact velocity of the 12~ 13 0 0 0 .
detected ions. The detection efficiency of our detector haﬁvcéfi;, C, to be 67%, 22%, and 5% of th€Cqo, respec

been measured to follow the empirical expression Figure 3 shows an enlargement of a time-of-flight spec-
trum, measured in the electron-ion coincidence mode.

_ 1 , 1)  ’Ceo’" and the first three heavier isotopes are clearly visible.
1+exd (115A/m/ir)—5] The ratio between the three isotope peaks and4fg, peak

DM (mir =1
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FIG. 3. TOF spectrum measured with a continuous beam of <
72-keV &' projectiles(electron-ion coincidence moyl€The inset @ 5 i
shows a large part of the spectrum. The 200 cm enlargement around uf »
Ceo>" shows the different isotopic constituents with their ratio to the
720C,,3* cluster. The values in parentheses are expected from the ;
binomial formula.
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shows good agreement with the expected values. This char- o
electric field (V/cm)

acteristic distribution can be used to separate parent and frag-
; i i 6+ +

ment peaks in C_ase of identical'r, e.g., G and Go' . It . FIG. 4. (a) Transmission function of the detection system for

should be mentioned that a fundamental change observed g cyward-(dotted ling and forward-(solid line) emitted ions.(b)

electron-ion coincidence measurements with respect to thenreshold-energy dependence on the extraction field defined as the

chopped-beam mode is the absence of th¢' @eak in the  highest ion energy detected with 100% transmission.
TOF spectra. " production is mainly due to pure single-

electron capture, a process in which no electrons are set fr@ddE; is the static electric field in V/cm. Figure(l) shows
that could serve as a start for the TOF measurements. For tffenr @S @ function of the applied static electric field for
same reason, the whate/r distribution changes, since prod- =0-4¢cm,L=2cm,r=1au. ,

ucts associated with emission of more electrons are overes- AN increase of the extraction field to 400 V/cm increases
timated as compared to products where fewer free electrod@® fragmentation yields by less than 7% and 15%, using

bly and triply charged projectiles, respectively, even
are produced. These aspects make the method strongly di ou " )
criminative and quantitative studies ovevr distributions though the transmission threshold is doubled to 4[ebe

are difficult. Fig. 4b)]. This is in agreement with our earlier studies using

. . . . 09 projectiles[21] and with the results of Opitet al.[32],

. Another essent'lal part of the experiment is the ransmisg n g “aiso found that only £ fragments originating from
sion. Our ca_lcula'glons based on the equations of motion aRsyperasymmetric fission exhibit high kinetic energies of up
plied to particles in the extraction region showed that for ang 5_10"ev. This is an important point, in the sense that if
ion exit diaphragm of 4 mm diameter and an extraction ofine kinetic-energy release of the fragments changed dramati-
200 V/em the transmission is 100%, up to ion kinetic ener-cajly the transmission would truncate higher-energy ions,

gies of 2 eV. Figure @) shows the transmission as a func- and no direct comparison of the yields obtained with differ-
tion of the fragment energy for different field values. Plottedent projectiles was possible.

are the transmission functions for forward- and backward- |n the course of this paper, relative cross sections are
emitted ions. The latter is lower over the whole energy rangelefined and it is of importance to control reproducibility and
but converges to the forward transmission at low kinetic enstability in time of the spectra. The use of different beam
ergies. Increasing the extraction field brings both transmisspecies required total acquisition times of several days over a
sions closer together. We define the threshold enBrgyas  period of almost three months. To guarantee identical experi-
the maximum energy at which the fragments are transmitteghental conditions, reference measurements with a 7-kV N
with 100% efficiency: beam were performed. The exact procedure was the follow-
ing: after each series of spectra obtained with a specific ele-
ment, we performed a measurement usirmg rojectiles.
D2 To verify the reproducibility, the g2, Cs*, C;*, and G*
Eunr (€V)= g TEs. (2)  vyields normalized to §" were traced. The recorded differ-
ences are within 5%.

D andL are the diameter of the ion exit diaphragm and the Ill. ELECTRONIC STOPPING

distance between the two extraction plates, respectively, ex- Electronic stopping in ion-solid interactions is a long-
pressed in cm is the charge state of the extracted particle,established concept. In fact, the use of fast ions as probes of
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static and dynamic properties of matter dates almost one cen- r'= ] ' ——=3 /‘//ﬁ/
tury back[39-41]. Bethe showed on the basis of classical TF o0 —, \"\c\o_o /./' 3
considerations that in the high-velocity regimex{v g, with %_.2/' . \.\ -~

the Fermi velocnqu), the energy loss per unit I.engt.hS( - A O/".,.z\ \///.\ o]
=dE/dX) of a swift charged particle depends primarily on o o4 josxc// '°\o\ —o
its velocity v, its nuclear charg&, the undisturbed electron b \r: & R
densityny, and the mean excitation energyof electrons \ b\
making up the stopping medium. More detailed calculations o \ \
in the framework of linear-response theory followed, intro- 0.01 S, WAL
ducing the longitudinal dielectric functiom(k,®) to de- He Be C O Ne Mg Si § Ar
scribe the mediunj42]. For high velocities a classical di- z

electric function can still be used. At low velocities the full FIG. 5. Theoretical friction coefficient as a function of the

random-phase approximation has been used to deseribe 5¢omic number of the moving ion in a surrounding electron gas of

[42]. Despite the successive improvements of the descriptiogterent density parameters. Clear oscillations are obvious as well
of the medium, the electronic structure of the impinging ionsas 4 systematic increase of the friction with the density.

was still poorly described. Ferrell and RitcHi#3] did pio-

neering calculations and introduced hydrogenic wave funcshift to higher values. Obviously, for a dilute electron gas in

tions to calculate the energy loss of Him an electron gas. which the perturbation of the projectile by the electron gas is
The limit of the applicability of linear-response theory is negligible, the minima appear at th& of the closed-shell

reached at low projectile velocity (Cvg) and low electron-  rare-gas atoms. With higher electron densities the screening

gas density. In this case, bound states start to appear aftreases and the minima shift to higher nuclear charges

screen the interactions with the electron gas. This addition&gince a stronger jonic potentia| is necessary to compensate

effect is well understood within the nonlinear-responsefor the electronic screening. Figure 5 illustrates these aspects.
theory using density-functional theof$4,45, and the stop-

ping power can be expressed as IV. RESULTS AND DISCUSSION

All results shown in this work are directly extracted from
the TOF spectra by peak integration. Figur@) 2shows a
typical m/r spectrum for 14-keV K" projectiles and a 200-
Here ke represents the Fermi wave number andis the  V/cm extraction field. Of the parent peaks ranging frogg'C
electron-density parameter, which is related to the electroto Cy5*", the ones withr <q are mainly due to pure electron
density viars=(4mny/3) Y (the density parameters for, capture to the projectile, whereagC (r>q) can only be
e.g., solid Al and C are 2.07 and 1.59, respectiel]).  formed by additional ionization processes. Next to each par-
8/(E) are the scattering phase shifts. Due to the completent peak, a comblike structure is observed originating from
screening of the nuclear chargehey obey the Friedel sum evaporative cooling processes, i.e., a successive loss,of C
rule: Z=(2/7)%,(21+1)6,(Eg). Equation(3) introduces a units [48]. For He we showed recently that evaporation is
friction coefficienty via S=v y(r¢,Z). In the velocity range mainly caused by vibrational excitation of theg lue to
below 1 a.u. the electronic stopping of an ion traversing amuclear stopping, in contrast to multifragmentation and direct
electron gas therefore scales linearly with For a given ionization, which are caused by electronic excitation due to
density parameterg, y depends solely on the projectile electronic stopping26,34. In spite of this, in a recent study
atomic numbeZ. The electronic structure of an atomic par- Opitz et al.[36] found that for the very low nuclear-stopping
ticle embedded in an electron gas can differ from the freecase of proton projectiles the evaporation shows a velocity
atom case. FoZ=1-20, the population of the particke scaling similar to the one expected for direct ionization and
states is reduced ang or evend states are formed. This multifragmentation. In particular, it was found that for pro-
leads to a less efficient screening of the core and in the cagens all deexcitation channels exhibit an electronic-stopping
of a moving particle to an increased electronic stopping. Forscaling, at least for the velocity range between 0.2 and 3.5
e.g., C, N, and O, the states are unbound or virtual, i.e., a.u. Maybe also for heavier projectiles a fraction of the
they are energetically located within the conduction bandevaporation yield is due to electronic stopping. In the follow-
This lowers the screening even more and gives rise to &g this is of minor importance, since only the multifragmen-
maximum in electronic stopping. Only the noble gases Ndation and direct ionization will be investigated, which are
and Ar keep their atomic properties even when embedded innambiguously due to electronic stopping.
a (dilute) electron gas. The core is most efficiently screened The Gy », " (r<q) ions are of low relative intensity
giving rise to a minimum in the electronic stoppifg5]. since the respective parent ions are formed by gentle electron
This phenomenon is known as projecl@scillations of the  capture. The lown/r part of the spectrum is dominated by
stopping powelS. Experimentally, such oscillations have al- small fragments, ranging from,Cto C,,". In the following,
ready been observed, e.g., in MeV ion-solid collisionswe use only the sizes smaller thar-15, since, e.g., &'
[46,47]. and Gs* overlap in the TOF spectrum. The fit of the corre-

A second aspect is the explicif dependence of. With  sponding peak by two Gaussians shows a non-negligible
decreasing g, i.e., increasing density, minima and maxima contribution of Gu*", which is estimated to be 20% and

3
S=v—732>, (I+1)siP[8(Ep)—8+1(Ep)].  (3)
Kergi=o
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50% for doubly and triply charged N projectiles, respec- e
tively. However, the contribution of fragments witte 15 to I A
the total fragmentation yield is estimated to be less than 5% 0.3 ,x""*-, se "0 =
and its neglect is therefore justified. In general, the fragment g 02 | e o ' {12 &
distribution also shows the typical even-odd oscillations and L o Jos ®
strong maxima fom=1, 3, 5, 7, and 11, as observed for oalbs 7 1 =
clusters produced directly by laser vaporization of graphite L a)]%
[49]. 0.0 [H————+—+++F+—+—+—+++1+1 00
In order to analyze a set of several spectra obtained using 0.04 .o o 109
different projectiles, a reliable normalization method is ’ o i e T
needed. According to the classical over-barrier model the ~f 06
. . . . . o] o @ ; H
distance at which the projectile captures the first electron oozk S
from the fullerene depends only on the ionization potential . 403 §
and the polarizability of the fullerene as well as on the I o b)1
charge state of the projecti[®0]. In other words, the abso- ool v i gy
lute cross section for the interaction is roughly constant for He Be C O Ne Mg Si S Ar
Z=2-18 at equal charge state. We can therefore use the z

tota}l number Of_ detgcted'pqrticl_eS’ tba) AS @ referepce to FIG. 6. Relative multifragmentation? (a) and direct ionization
define thi rE|aUqu direct ionization and fragmentation €ross;2 () cross sections as a function of the projectile atomic number
sectionso! and oy, Z (solid circles. Dotted curves show theoretical friction coefficients

1 to guide the eyers=(a)1.5 andb) 2.0 a.u.

f Cea " Z Cn* geneous electron gas such as a solid. The observed oscilla-
P — U?:M—, (4  tions in our interaction system confirm the assumption that
Y total Y total multifragmentation and direct ionization are fingerprints of

electronic stopping.
4 N It could be imagined, however, that fullerene excitation
+r121 f G’ due to enhanced electronic stopping leads not only to stron-
) 98T fragmentation but also to higher kinetic energies of the
produced fragments. This in turn might slightly change the
The choicei =q+1 (q being the charge state of the in- detection efficiencieésee.Sec. M To rule out this possibility
coming projectilé allows us to separate the first single directWe Performed electron-ion coincidence measurements and
ionization from the gentle-capture processes. Thus, for thgompared the results for the extreme casesfahd Né”,
series of doubly and triply charged projectiles, the direct ion\vhere high and low fragmentation cross sections, respec-

ization cross section is given by the relative yields @3¢  tively, are observedisee Fig. 6a)]. The analysis of the frag-
and Gg**, respectively(which are fingerprints of the direct ment peak widths shows no difference between the two spec-

excitation following a close collision of projectile and tra. The amount of electronic excitation therefore does not

fullerend. For the fragmentation the same mass range Oiunfluence the fragment kinetic energies and is reflected only
fragments is used for both projectile charges. in the fragment yield itself. _

It should be noted that, strictly speaking, the over-barrier Furthermore, from Fig. 6 information can be extracted
model is valid only for larges projectiles. Forg=2,3 one about the impact-parameter range at which the different pro-
could expect influences of the projectile electronic structur&€SSeS occur, since they are strongly related to the electron-
on the capture radius. However, if this effect were importantdensity profile of the g The additional insight into both
a dramatic change in the cross section would be expectedfOCeSSes can bezobtamezd from the'locat|on of the maxima.
when comparing projectiles as Nieoble gasand Na(alkali It is obvious thato; and o peak at differen® values. For
meta), due to their different electronic structure. Figure 6instance, the first maximum fer{ is found atz=8 whereas
reveals that this is not the case: for Ne and Na the relativéor o2 it is found atZ=7. Comparing this to the data dis-
cross section exhibits no step but follows nicely the predicplayed in Fig. 5 reveals that multifragmentation is due to
tions of theZ oscillation model, as discussed in the follow- trajectories through an effective electron-density parameter
ing. of rg<=1.5a.u., which is in agreement with calculations of

Fragmentation and ionization results for the doublyPuska and Nieminefb1], who used ¢=1.2 a.u.(as a maxi-
charged projectile series are shown in Fig. 6. The effect omum of the electron density around the caf® a jellium
the electronic stopping power on direct ionization and mul-description of the fullerene. Direct ionization takes place in
tifragmentation is clearly seen in the oscillatory behavior ofcollisions where on the average the probieds larger, i.e.,
both quantities as a function df as predicted by theory. Itis the electron density is lower. Theoretical friction coefficients
remarkable to see this effect on such small systems witlare plotted as well, to guide the eye, using=2 a.u. for
correspondingly short interaction times. The oscillatory be-direct ionization[Fig. 6(b)] andrs=1.5a.u. for fragmenta-
havior of the energy deposition of a projectile traversing artion [Fig. 6a)]. This seems to imply that multifragmentation
electron gas was predicted theoretically for an infinite homotakes place in collisions where the projectile passes right

4

Yiota= 2 [f Ceorhfng1 fceo—an

r=1
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FIG. 7. Contour plot showing the electron density of thg C
experienced by the projectile along its path at different impact pa-

rameters. The electron density is expressed by the density parameter FIG. 8. Total electronic energy loss at 0.2 a.u. projectile velocity
r in gray scale. as a function of the impact parameter and the projectile atomic

number.

Lh;ogggngr? flét?;ﬁl?: c(::r%%?hrgliﬁirgg Svigsrgsth;:zgfion_capture electrons from the fullerene. As mentioned above,
experiencing . prop! > ; : pure electron-capture processes are well described in terms
ization is limited to glancing collisions in which the projec-

- f the classical over-barri 4,50. F llisi
tile just passes through the electron “atmosphere” of the0 the classical over-barrier moded4,50. For our collision

fullerene (low electron densityand the resulting excitation systems we find the following capture distancs atomic
: : ; 9 units): RZ=17.4 andR5=13.3 for the doubly charged pro-
is too small to cause multifragmentation.

. . 3_ 3_ 3_ .
To get an idea about absolute values of the electroniéSCtilés andR;=19.4,R;=15.3, andR3=12.4 for the triply

: - PP : harged projectiles.
stopping, i.e., the energy deposition in thg,Gve interpo- ¢ - .
lated they values given by Puska and Niemingtb] using . The results of Eq(8) are pIo_tted inFig. 8 as a funcUon of
an exponential with two fitting parameters. The friction co-IMPact parameteb and projectile atomic numbét. Figure 8

efficient can than be described as follows: shows a clear oscillatory behavior of the total inelastic en-
' ergy loss as function d for all impact parameters. Note that
y(ro)=Aexp —Bry), (6)  the data forZ=16 are taken as an average between the val-

ues forZ=15 andZ=17, since in[45] no convergence was
whereA andB are calculated for each projectile used and obtained forZ=16. The first maximum exhibits a slight de-
r is the calculated g electron density51], approximated pendence on the impact parameter. A shift toward ldgh-

by the following formula: values(from Z=5 to 8 is observed as the impact parameter
decreases frorb=10 to 5.5 a.u., where a maximum of the
ny=0.15exp— (R—6.6)%/2.7]. (7)  energy loss is predicted. Smaller impact parameters shift the

maximum back taZ=7. This can be understood by consid-

R is the distance from the fullerene center, which can b%nng the average electron density probed by the project”e'
expressed in terms of the impact paramétand the projec-  which exhibits a maximum di=5.5a.u. For smaller impact
tion of the target-projectile distance onto the incident-parameters the energy loss is approximately constantbFor
projectile directionR;, asR*=b*+ R >5.5a.u. it decreases. Outside the cage=(6.7a.u.) a

Figure 7 shows a contour plot of the electron-density pastrong decrease is observed.
rameter in these two coordinates. From each impact param- For instance, for 40-keV Ar projectiles, we obtain a maxi-
eter, a certain average electron density is probed. Accordinghum energy loss of 400 eV &t=5.5 a.u. This value can be
to Figs. 6 and 7, direct ionization and fragmentation pro-compared to results of Larssehal.[33]. Using the inelastic
cesses can be assigned talB<9 a.u. andb=8 a.u., respec- stopping cross section for 138-keV Ar in graphite (53.4
tively. X 10 eV cnf/atom[52]) and assuming that the projected

The absolute energy loss along a trajectory with gibésr  C atom density in , is homogeneous over the cage cross
calculated in the same way as in a previous W@, butas  section (15 10'*cm 2, they derived an average inelastic
a function of the impact parameter and the projectile atomiGnergy loss of 800 eV for collisions of &F with Cg,. Be-

number, leading to the following expression: cause of the linear velocity scaling of the electronic stopping,
. the 800-eV average electronic energy loss for 138-keV Ar

AE, b:vf y,(r«(b,R))AR, . (8) _corr_esponds to an energy Ios_s o_f 430_eV for 40-keV Ar pro-

’ — jectiles, a value that is quantitatively in agreement with the

400 eV predicted by our model. This gives an additional
A velocity of 0.2 a.u. is used and the total inelastic energyargument for the validity of our model, which can be used as
loss is integrated over 10<R;=10. Since the electron den- a guideline of the energy losses as a function of the impact
sity of the fullerene decreases rapidly wiRhhigher absolute parameter. The discrepancy betwd@3] and our result is
values ofR; contribute negligibly toAE, . Note that for probably due to the fact that our model includes a more
larger impact parameters projectiles wifkr 2,3 can already realistic description of the £ electron-density distribution.
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T T T T T T 24 results from Fig. &) are best described by(rs=3)
04 1 2o whereas in the case of=2 projectilesy(rs=2) gives the
0l 9%, d«’o 6 3 best agreement. Figure 5 reveals that, for example Zfor
s | 8 PLys s =7, y(r¢=2) is about a factor of 3 higher thay(rs=3).
o2b ¢ .7° ~ @ 112 © Therefore to be able to put the same amount of electronic
Qo 108 % stopping into the fullerene, the for N** must be approxi-

01 a); 04 mately three times higher than for®N projectiles. Juaristi
[ et al.[53] calculated thaty is only 14% higher for R than

PN IR NP AN N N | I
0062 ] 00 for N**. An explanation for the observed shift might be that
: . ~ Jos not only do different projectile charge stagfave different
. | -~ friction coefficients vy but the positions of the maxima/
0.02 |- F ) o Jo2 ; minima are shifted too. The results of Juaristial. [53]
“ ; l & indicate such an effect. Therefore, calculationsy§f,Z)
001+ oy *los & for different projectile charge statesare needed to extract
' o b) | further detailed information on impact parameters from our
0.00 Lt 1. IR N data. In any case, thg dependence by itself indicates that
He Be C O ;‘e Mg Si S Ar preequilibrium processes are important.
FIG. 9. Same plots as in Fig. 6, obtained with triply charged V. CONCLUSION

projectiles. A different density parameter=3 a.u. is compared to

the direct ionization cross section. Using multiply charged ions, we experimentally studied

multifragmentation and direct ionization cross sections of
Up to now we have discussed only the electronic stoppingé:"erenes in the_ gas phase. T_he resul_ts were interpreted by
eans of a statistical electronic-stopping model. The appli-

of particles with the same charge state 2. It is interesting bility of thi del indi d first by the I v of
to investigate how much a variation qfinfluences the prop- cability of this modef was In |c§1te Irst by t € '|near|ty_o
these cross sections as a function of the projectile velacity

erties of the electronic stopping. For instance, 4 H 4 evid ; i q
g-independent stopping would indicate that a quasiadiabati |. Here we presented evi ence for an oscillatory depen-
ence of the same cross sections as a function of the atomic

interaction takes place, in which the projectile has alread ) .
reached its equilibrium charge state when interacting witt!UMPerZ (see alsd35]), as predicted by theory. This non-
inear effect is a consequence of the nature of the friction

the fullerene. A pronounced dependence, on the other hich | W infl d by the el
hand, would imply that preequilibrium processes are still acParametery, which is strongly influenced by the electron-

tive. Figure 9 shows relative cross secticm% and 013 ob- gas-induced screening of the projectile. The oscillatory be-

tained for triply charged projectiles, which can be comparec]ﬁ'avIor 's therefore strongly dependent on the electron-gas

to the data obtained with doubly charged projectiiéig. 6) dgnsity and the atomic nat.ure of the projectile. Thg _Iocaliza—
Qualitatively similar oscillations are observed in both cases'O" of the resona_nce(snaxma and closed shellémlnlmg)
In particular, Fig. ) shows almost no difference in the in the cross sections allows us to state that small impact

location of the maximum (ZZ<8) of the fragmentation parameters or trajectories going through thg €age induce

ross secton s compare 0 dounycharged projectes. THELLITSOT 112007 D00 P e, 2. glners
result is not unexpected since, as mentioned above, mu“lh rise t’o less friction forces, which are just sufficien’tgto
fragmentation occurs for trajectories going right through the 9 ' J

cage. The projectiles travel the maximum distance througﬁreate direct ionization processes. The fragmentation and di-

the fullerene electron gas and experience its maximum de ect ionization of the fullerene are the result of the energy

sity. The equilibrium charge state of the projectile is prob- oss of _neutral atc_)ms_,.whlch are in different gxcned states
ably reached. depending on their initial charge state and their nature. The

For direct ionization the situation is different. The excita- gg];eg@ngi dOftrtiBIE;/ lgﬁgtrgg dogf)rg(;crtri]l:)s(m:%n\fl;/r?sg t(;]oemg:gg?_
tion energy necessary for a direct ioniza'_[ion %2(‘: and dence of the electronic stopping on th’e number of projectile
Ceo’" amounts to 17 and 21.7 eV, respectivEdg], i.e., for

q=3 projectiles about 28% more excitation energy iSL shells, as predicted by Juarigt al. [53]. The higher the

needed. This is roughly compensated by the 25% Strongenrumber ofL shells, the larger the friction coefficient.

electronic stopping due to the increase of the projectile ve-
locity when going fromgq=2 to 3 (v=0.2 and 0.25 a.u.,
respectively. However, comparing Fig.(B) and Fig. &b), it This project is part of the research program of the Stich-
is seen that the increased projectile charge induces a shift tihg voor Fundamenteel Onderzoek der MatetleOM)

the first maximum toward loweEZ. If we assume that the which is supported by the Nederlandse Organisatie voor
friction coefficienty is independent of the projectilg, the = Wetenschapelijk OnderzogkWO).
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