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Electronic excitation in H¿-C60 collisions: Evaporation and ionization
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We have studied energy transfer, fragmentation, and ionization in collisions between protons and C60

molecules. The collision energy is varied between 1 and 300 keV and we thus cover a velocity range from 0.2
to 3.5 atomic units. The distributions of intact and fragmented C60 ions have been measured by means of
time-of-flight mass spectrometry using pulsed beams or emitted electrons to clock the collision events. The
processes leading to multiple ionization and evaporation of neutral dimers are analyzed as functions of the
projectile velocity. In contrast to recent findings for He1-C60 collisions by Schlatho¨lter et al., our results show
that the cross sections for ionization and evaporation first increase with velocity, have maxima at around 1–2
a.u., and decrease again for higher velocities. This velocity dependence closely resembles the one for the
electronic stopping power indicating that electronic excitations are the main means of energy transfer to C60

and that this energy is rapidly distributed among the vibrational degrees of freedom. This conclusion is
supported by Monte Carlo calculations of nuclear and electronic energy loss for protons passing through and
closely outside the C60 cage.

PACS number~s!: 34.50.Bw, 34.50.Ez, 34.50.Gb, 34.70.1e
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I. INTRODUCTION

Electronic and vibrational excitation of finite many-bod
systems is an active field of current research. In particu
the importance of differently activated decay processes, s
as electron emission, fragmentation, or evaporation of n
tral particles, and the energy sharing among the decay c
nels including the transfer of electronic excitation energy
wards vibrational excitation modes, are not well understo
Some of these aspects have been studied recently in c
sions between C60 fullerenes and different particles such
photons@1–4#, electrons@5–7#, atoms@8#, and singly@9,10#
or multiply charged ions@10–19#.

In the present contribution we will discuss the degree
vibrational excitation and the degree of ionization when
singly charged ion (H1) interacts with a C60 fullerene. For
such a collision, we expect that single-electron capture w
out large excitations of the system dominates at large imp
parameters and low velocities (v,1 a.u.!. The critical over-
the-barrier distance for single-electron transfer from C60,
modeled as an infinitely conducting sphere@11,19#, to a sin-
gly charged ion is 14.8 a.u. A comparison of this value w
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the radius of the C60 molecule~;7 a.u.! makes it clear that a
substantial part of the ionizing events is due to collisio
where the proton penetrates the C60 cage. Referring to the
energy loss of H1 ions in graphite, we expect that the ele
tronic stopping power dominates the nuclear stopping pow
particularly at high collision velocities. Therefore, electron
excitation should dominate direct vibrational excitation
the presented velocity range.

In recent publications@9,20#, it was shown for He1-C60
collisions that ionization and multifragmentation of C60 mol-
ecules on the one hand and the evaporation of C2 dimers on
the other hand have different velocity dependences. In
former case, the signal increases strongly with velocityv
50.1– 1 a.u.!, whereas it decreases strongly in the lat
case. This clearly proves that direct vibrational excitati
leads preferentially to evaporation, whereas electronic e
tation causes ionization and multiple fragmentation of C60
for He1 projectiles@9,20#. In the present work we show tha
the velocity dependence for evaporative fragmentation of2
molecules is similar to that of the electronic energy loss
H1-C60 collisions. In a way, this is in contrast to results
similar velocities for He1-C60, where a transfer of electroni
excitation energy to vibrational modes seemed to be of li
importance. Studies at high velocities~.1 a.u.! with heavy
ions in charge states 1 to 3@21# also show that fragmentatio
©2000 The American Physical Society05-1
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is predominantly induced by electronic excitation.
In the following we will briefly describe the main feature

of the experiments and discuss the Monte Carlo method
plied to calculate the electronic and nuclear energy los
before presenting and discussing the experimental resul

II. EXPERIMENTAL TECHNIQUE

The experiments have been performed in three labor
ries using different ion sources and accelerators but sim
experimental techniques. It was thus possible to cover w
energy and velocity ranges. The basic principle of the diff
ent experiments is rather similar. A beam of hydrogen ion
crossed with an effusive beam of C60 molecules. This beam
is emerging from a heated oven which is held at a temp
ture of about 500 °C and contains a high-purity C60 powder.
The interaction zone is a part of the extraction zone o
linear time-of-flight mass spectrometer of the Wile
McLaren type@22,23#. Accelerated recoil ions pass a dri
region with lengths varying between 10 cm and 1 m for the
different devices, and are detected by a channelplate dete
with or without position sensitivity.

Different modes of operation have been applied. Eit
the ion beam and~or! the extraction voltage applied to th
mass spectrometer have been pulsed with frequencie
typically a few kHz. In this case, the extraction pulse serv
as a start signal for the time-of-flight measurement and
stop signal was provided by secondary ions having pas
the flight path. Both signals are treated with a ‘‘multihit
time-to-digital converter followed by a workstation as
analyzing device. In this way, all produced ions and fra
ments are detected, yielding what we will refer to as ‘‘incl
sive’’ time-of-flight ~TOF! spectra. They are completely in
dependent of the charge state, the scattering angle, an
energy loss~or gain! of the outgoing projectile.

Some of the present experiments have been perfor
with continuous beam operation and a continuous elec
field was applied to the extraction region. In this case, e
trons which are emitted during the collision process are
celerated to the opposite side of the ion TOF system and
be used as a start signal for the ion TOF measurement. U
these conditions, the measurement is sensitive only to ev
where free electrons are produced and, therefore, contr
tions from pure electron capture are not detected. In Fig
inclusive spectra of fullerene ions and fragments are co
pared with spectra, where free electrons have been used
start signal of the TOF measurement. At low collision en
gies ~5 keV! the intensity of singly charged ions is strong
suppressed when the start is provided by the electrons.
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dently, C60
1 ions are mainly formed by pure single-electro

capture, while C60
21 and C60

31 are often produced togethe
with free electrons at 5 keV. However, at higher velociti
direct ionization becomes dominant, and capture is furt
limited by dynamic effects@24#. Thus, the difference be
tween the two spectra at 100 keV is not significant.

With continuous beams, a delayed start signal for
time-of-flight measurement can also be obtained by the p
jectile, which has to be charge-state-selected after the c
sion. In fact, the experimental setup in Grenoble allows us
measure the charge state, the kinetic energy, and the sc
ing angle of the projectile when it remains charged after
collision. In the case of neutralized projectiles, only the sc
tering angle can be measured.

The main features of the different experiments are su
marized in Table I. The second column shows that the
ferent experiments allow for a good overlap in the collisi
energy covering a range between 1 and 300 keV. Whe
column 3 indicates the possible operation modes, colum
gives the voltages which have been used to postaccele
the fullerene ions before they are detected. These values
termine the detection efficiency for ions in different char
states. Although the secondary electron yield due to poten
emission has been shown to be independent of the fulle
charge state@25#, the different kinetic energies will result in
different signal heights. An analysis of the spectra obtain
with 6 and 30 kV showed that in the first case the intensity

FIG. 1. Time-of-flight mass spectra of intact and fragmented60

ions produced in H1-C60 collisions at 5 keV~left column! and 100
keV ~right column!. Upper part, inclusive spectra; lower part, spe
tra triggered by free electrons~cf. text!.
tile

n

TABLE I. Details of the different experiments used for this study.

Energy range Postacceleration
Experiment ~keV! Operation mode for recoil ions~kV! Start signal

Grenoble I 1–3 pulsed or continuous 6 pulse or projec
Grenoble II 2–20 pulsed 30 pulse
Toulouse 5–150 pulsed or continuous 4 pulse or electro
Bielefeld 100–300 continuous 5.5 electron
5-2
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ELECTRONIC EXCITATION IN H1-C60 . . . PHYSICAL REVIEW A 62 022705
singly and doubly charged fullerene ions has to be correc
by 22% and 14%, respectively. More details on the differ
experiments are given in Refs.@17,26–28#.

III. MONTE CARLO CALCULATIONS OF THE
PROJECTILE ENERGY LOSS IN H ¿-C60 COLLISIONS

We have calculated the projectile energy loss and ang
scattering for the present H1-C60 collisions using a newly
developed Monte Carlo method@19#. The electronic energy
loss is calculated by means of the Firsov model@29#, which
is based on the concept of electron transfer between
colliding atoms and the acceleration of electrons from o
frame of reference to the other. As one electron is transfe
from a target atom at rest to a projectile atom with init
velocity v0 , the latter is slowed down by an amou
(mel /M )v0 and its kinetic energy decreases@29# (mel andM
being the masses of the electron and the projectile!. This
concept is of course only valid in the velocity range at wh
an electron released from the target is attached to the pro
tile, setting an upper limit of about 20 keV for H1-C60 col-
lisions. At somewhat higher energies, impact ionization
gins to be important and Coulomb scattering on quasif
electrons is better at describing the electronic part of
energy loss of the projectile. This feature is not included
the present Monte Carlo calculations. Therefore, the e
tronic energy losses are only valid for proton energies be
20 keV. However, it is worthwhile to note here that the v
locity dependence of the electronic energy loss at higher
locities is expected to be the same as that of the nuc
energy loss, i.e., inversely proportional to the velocity. T
nuclear, or elastic, energy loss and the associated ang
scattering is calculated by using the Molie`re potential@30# to
describe the effective interactions between the heavy
ticles. This picture is valid for the whole present kinetic e
ergy range~1–300 keV!.

The Monte Carlo program uses four random numbers
each simulated ion trajectory, one to select the impact
rameter with respect to the center of C60 (bC60

) and three to
rotate the molecule randomly. For each randomly selec
trajectory and molecular orientation, we calculate the nuc
and electronic energy losses and the projectile angular s
tering due to 60purely atomichydrogen-carbon collisions
The specific geometry of the C60 molecule is taken into ac
count by positioning free, i.e., unperturbed, carbon atom
the 60 corners of a truncated icosahedron. This rando
oriented model C60 molecule is then projected on a plan
perpendicular to the initial direction of the projectile traje
tory and 60atomic impact parametersmay now be defined
We sum the electronic and nuclear energy losses separ
for the 60 simultaneousatomic collisions using the Firsov
formula @29# and the Molière potential@30#, respectively.
Further, we calculate the scattering angle for the projectile
adding the 60 momentum vectors to the~longitudinal! mo-
mentum vector of the incoming projectile.

The present Monte Carlo program has been used ea
for comparisons with experimental results on angular sca
ing and energy loss in collisions of Ar81 on C60 at 26 keV
@19# and for energy loss in 100 keV Ar31-C60 collisions@31#.
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The comparisons were made for low charge states of
outgoing projectiles—the signature of close collisions—a
rather good agreement with the experimental results was
tablished@19#. We have also calculated the nuclear and el
tronic energy losses for 1–80 keV He1-C60 collisions in or-
der to compare the results with the calculations
Schlatho¨lter et al. @9#. Our calculations basically confirm th
ones reported in Ref.@9#. This point is most important since
the comparison between the present experimental and t
retical results on H1-C60 collisions lead us to a conclusio
which differs from the one by Schlatho¨lter et al. @9#.

In Fig. 2, we show results for electronic, nuclear, a
total-energy loss and projectile scattering angles as funct
of bC60

for 1 keV H1-C60 collisions. We have launched 3

3106 trajectories for each plot. The densities of points a
proportional to the number of trajectories giving resu
within small finite intervals of energy loss and scatteri
angle in the respective figures. We note that the same v
of bC60

may lead to different results, which is due to th

many possible orientations of the C60 molecule which in turn
may or may not favor close collisions with individual carbo
atoms. The full curves show the mean values and we n
that these are not representative for the typical events for
nuclear energy loss and scattering. The reason for this is
a few trajectories give very large values foru andEloss

nuc which
strongly affect the corresponding mean values. The m
values have their maxima for trajectories passing close to
surface of the C60 cage, i.e., forbC60

close to 6.7 a.u., in all

FIG. 2. Monte Carlo calculations of electronic, nuclear, a
total-energy losses~denoted asEloss

el , Eloss
nuc, andEloss

tot , respectively!
as functions of the impact parameterbC60

for 1 keV H1-C60 colli-
sions. The total-energy loss is calculated as the sum of the nuc
and electronic energy losses for each individual trajectory. The s
tering angleu, calculated from the elastic~nuclear! scattering, is
also shown as a function ofbC60

. The full lines indicate the averag
values while the points give the results for individual trajector
~cf. text!. The densities of points are proportional to the probab
ties for the corresponding resulting values ofEloss

el , Eloss
nuc, Eloss

tot ,
andu.
5-3
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J. OPITZet al. PHYSICAL REVIEW A 62 022705
four figures. By comparing the absolute values for the el
tronic and nuclear energy loss in Fig. 2, we may conclu
that the former dominates the latter one even for these
velocities. This can also be seen in the strong resemblanc
Eloss

el andEloss
tot as shown in Fig. 2.

In Fig. 3, we show the Monte Carlo results fords/dEloss
el

for 1 keV H1-C60 collisions for the impact parameter interv
bC60

50 – 14.8 a.u., where the upper limit was deduced fr
the classical over-the-barrier criterion for single-electr
capture to the projectile assuming that C60 can be modeled a
an infinitely conducting sphere@19#. The first maximum, at
low Eloss

el , is due to trajectories outside the cage whereas
second maximum close toEloss

el 560 eV is due to penetrating
trajectories. The minimum inds/dEloss

el is related to the pas
sage just outside the cage whereEloss

el changes rapidly as a
function of bC60

~cf. Fig. 2!. For penetrating collisionsEloss
el

changes slowly withbC60
and the width of the peak at 60 e

reflects the spread inEloss
el .

IV. EXPERIMENTAL RESULTS

In Fig. 4 we show an inclusive time-of-flight spectrum f
1 keV H1-C60 collisions. The dominant peaks are due
ionized and intact C60

r 1 ions with intensities decreasing wit
increasing recoil charger 51 – 3. r 53 is the maximum
charge. The asymmetric peak form is due to the fact that
spectra have been recorded with a continuous ion beam
a pulsed extraction voltage. The signals of intact fullere
ions are accompanied by evaporation sequences, which
due to the thermally activated evaporation of neutral C2 mol-
ecules. Depending on the charge state of the parent C60

r 1

ion, up to seven C2 units have been emitted indicating th
large amounts of energy have been deposited in the vi
tional modes of the ionized fullerenes.

FIG. 3. The distribution of the electronic energy loss of t
projectile in 1 keV H1-C60 collisions. These data are obtained b
averaging over the Monte Carlo results for the electronic ene
loss in the impact parameter range 0–14.8 a.u. The two maxima
due to peripheral and cage-penetrating collisions~cf. text!.
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In Fig. 5 we show mass spectra for H1-C60 collisions at 2,
10, 60, and 200 keV. The former three are inclusive spe
while the last one, recorded at Bielefeld, is measured w
the free-electron trigger. We showed in Sec. II~cf. Fig. 1!
that the difference between inclusive and electron-trig
spectra was insignificant for high velocities. Thus, we m
compare all four spectra of Fig. 5 directly and we note th
the intensities of the more highly charged intact fulleren

y
re

FIG. 4. Inclusive time-of-flight mass spectrum, recorded with
pulsed extraction voltage and a continuous ion beam, for 1 k
H1-C60 collisions. The positions for the intact C60

r 1 molecules are
indicated by r 51, 2, and 3. The evaporation sequences
C6022m

r 1, wherem denotes the number of emitted C2 molecules.

FIG. 5. Time-of-flight mass spectra measured in H1-C60 colli-
sions. The spectra at 2 and 10 keV~measured in Grenoble! and at
60 keV ~measured in Toulouse! are inclusive spectra. The high
energy data at 200 keV~measured in Bielefeld! were recorded with
free-electron trigger~the additional peak at 60 keV corresponds
C70

21 ions!.
5-4
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ELECTRONIC EXCITATION IN H1-C60 . . . PHYSICAL REVIEW A 62 022705
increase with velocity. The maximum charge state for
intact molecules turns out to be 5 at higher velocities~not
shown in Fig. 5!. For a givenr, the intensity of the evapora
tion sequence C6022m

r 1 and its distribution with respect tom
changes with the collision energy. The total evaporation
tensity in relation to the intensity of the parent C60

r 1 and the
corresponding maximumm first increase withv, but de-
crease again at higher velocities. This indicates that2
evaporation is most important at velocities around 1 a.u
behavior which resembles the expected velocity depende
for the electronicenergy loss. In contrast, the nuclear~elas-
tic! energy loss decreases in a monotonic fashion with ve
ity. This result already indicates that C2 evaporation, induced
by H1-C60 collisions in the energy range 1–300 keV,
caused by initial electronic energy transfer to the molec
followed by a redistribution of this energy into the vibr
tional degrees of freedom.

V. DISCUSSION

A. Evaporation and electronic excitation

Information about the internal energy stored in the vib
tional modes of the fullerene ion can be obtained from
intensity distribution of C6022m

r 1 ions in the measured spec
tra. In the present case, these ions are predominantly for
by the sequential emission of neutral C2 molecules. Only for
higher charge states (r>3) does the emission of charge
small carbon clusters become competitive and has to
taken into account@16#. In the following, we will neglect
contributions from these fission processes.

The variation withm, the number of emitted C2 mol-
ecules, as well as the relative intensity with respect to
intact molecule C60

q1 can be used to estimate the deposi
energy. As defined in Ref.@9#, we determine a relative
‘‘hot’’ fraction f e

r 1 ~where ‘‘e’’ stands for evaporation! for a
given charge stater of the molecule. The intensity ratio i
given by

f e
r 15(

m
I ~C6022m

r 1!Y FS (
m

I ~C6022m
r 1! D 1I ~C60

r 1!G ,
~1!

where I (C60
r 1) and I (C6022m

r 1) correspond to the inte
grated intensities of time-of-flight peaks specified byr and
by r and m, respectively. When taking the sum form.0,
contributions from a ‘‘hot’’ distribution which are stil
present in the intact molecule peak are neglected~see discus-
sion below!. The evaporation fractionsf e

11 , f e
21 , and f e

31

are shown as functions of the collision velocity in Fig. 6.
low velocities the evaporation fractions increase withv,
reach a maximum slightly below or close to 1 a.u., and
crease again at higher energies. This behavior is similar
all r, but the maximum values off e

r 1 increase from 12% to
45% and, finally, to 70% asr increases from 1 to 3.

The evaporation data from Grenoble, Toulouse, a
Bielefeld are shown in Fig. 6, and since there is good ag
ment between results from different laboratories in the ov
lapping velocity regions, we have chosen to represent all
data for a givenr with a common symbol. The dashed curv
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denote the electronic stopping power (dE/dx)el and the
nuclear stopping power times 20, 20 (dE/dx)nuc, calculated
with the TRIM code @32#. The stopping power values ar
given by the vertical scale on the right-hand side. We imm
diately see that the electronic stopping power dominates
far the nuclear one in the whole present velocity region. T
former is an order of magnitude larger than the latter at
lowest velocity (v50.2 a.u.!. Further, whereas the nuclea
stopping power~lower dashed curve in Fig. 6! decreases
strongly with increasing velocity, the electronic stoppin
power shows a similar velocity dependence to the measu
fractions, indicating that evaporation and electronic exc
tion are closely related. This means that an apprecia
amount of the electronic excitation energy which is given
the fullerene in the collision is transferred into the vibration
modes during or after the collision. Thus, for the pres
H1-C60 collisions there is no indication of a direct excitatio
of the vibrational degrees of freedom by means of ela
nuclear-nuclear scattering as in the case of He1-C60 colli-
sions@9,20#.

We note that the maximum of the evaporation fracti
occurs for all charge states at lower velocities than the m
mum of the electronic energy loss. In Fig. 7 we show t
relation between the evaporation fractions,f e

r 1 , and the
electronic stopping power from theTRIM code. The evapora
tion increases with the electronic energy loss and reach
saturation value before decreasing again, giving hook-sha
curves. In the hook region, low and high velocity collisio
lead to the same amount of electronic energy loss but, o
ously, different evaporation fractions. This result could p
haps be explained by a different distribution of the electro

FIG. 6. Measured evaporation fractionsf e
r 1 for singly (r 51,

open circles!, doubly (r 52, open squares!, and triply (r 53, full
squares! charged fullerene ions as functions of the projectile velo
ity v ~the full lines are to guide the eye only!. The dashed curves
represent the prediction of aTRIM calculation of the electronic and
nuclear stopping power of H1 ions in graphite@(dE/dx)el and
(dE/dx)nul , respectively#. The data points refer to the left-han
axis while (dE/dx)el and (dE/dx)nuc320 refer to the right-hand
scale.
5-5
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J. OPITZet al. PHYSICAL REVIEW A 62 022705
excitation in C60 at low and high velocities. Indeed, there a
important differences between these two regions. In the l
energy region, energy is transferred by the acceleration
electrons between the projectile and the target frames of
erence, while Coulomb scattering on quasifree electrons
comes more important at the higher velocities. In the la
case, a non-negligible part of the deposited energy is
pected to show up in the kinetic energy of ionized electro
and the part of the electronic energy loss which will be l
for internal excitations of the molecule is reduced. A simi
phenomenon has been found for ion collisions with thin s
ids and large biomolecules. In the first case, the elec
yield and the secondary ion yield induced by bombard
carbon foils with He projectiles showed a strong veloc
dependence@33#. In a similar way, strand breaks of the DN
molecule induced by heavy ions may create a sim
‘‘hook’’ phenomenon@34,35#. For solids, biomolecules, an
C60 the hook feature is caused by the fact that the calcula
electronic stopping power continues to increase with the
lision velocity while the damage~strand breaking, fragmen
tation! has already reached its maximum and has starte
decrease. Evidently, these damage effects which occur in
ids are also observable in smaller, individual molecul
which indicates that the stopping power concept might a
apply for small systems of finite size.

Assuming that the energy is statistically distributed ov
all degrees of freedom, we can apply the RRK theory~Rice,
Ramsberger, and Kassel!, which describes the behavior of a
evaporative ensemble@36,37#. We express the evaporatio
rate k(m,E) as a function of the numberm of emitted C2
molecules and the stored internal energyE by

k~m,E!5@~6022m!/6#~12Dm /E!@3~6022m!27#/tc , ~2!

FIG. 7. Relation between the evaporation fractionf e
r 1 for a

given charge stater and the electronic stopping power calculat
with the TRIM code for the H1-graphite system. The numbers give
for r 53 correspond to the projectile velocity in atomic units.
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where Dm is the activation energy for the emission of th
mth C2 molecule andtc is a time characterizing the energ
transfer within the vibrational modes@38,39#. A comparison
of the calculated intensity distributions with the experimen
data yields an estimate of the internal energy. In our mo
the activation energy has been taken to be independent o
charge state of the fullerene ion:Dm511.9 eV@40# @a lower
value (Dm57.1 eV! would lower the evaluated internal en
ergies from 75 to 39 eV, for example, see also discussion
Refs.@1,6##.

The fit procedure showed that particularly forr 51 and
partly for r 52 the internal energy has to be described by
least two Gaussian distributions in order to represent the
perimental data. One of them is centered at zero energy
relative amplitude has been normalized with the aid of o
Monte Carlo calculations. The second Gaussian is cente
at a higher internal energy. Fit parameters have been
amplitudes of both distributions as well as the half-width
the second one. The half-width of the ‘‘cold’’ distribution
has been determined by the integrated contribution of
‘‘cold’’ component.

In the upper part of Fig. 8 we show semiempirical intern
energy distributions,f (Eint)dE, for different values ofr. At
a collision energy of 1 keV, the dominant process leads
r 51 by electron capture either in peripheral or in close c
lisions. Doubly charged fullerenes are produced only in p
etrating collisions associated with higher-energy los
~about 60 eV!. At 20 keV, peripheral collisions are stil
dominated by single capture (r 51: 75%;r 52: 25%!, how-
ever a close interaction preferentially leads to double ioni

FIG. 8. Upper part: Semiempirical internal energy distribution
f (Eint)dE, of parent fullerene charge statesr 51 ~short dashed
curves!, r 52 ~long dashed curves!, and r 53 ~short/long-dashed
curve! produced in H1-C60 collisions at 1 and 20 keV. The distri
butions are obtained from the measured intensity distributions
the C6022m

r 1 sequences and the RRK theory describing evapora
ensembles~cf. text!. The full curves show the sums of the partia
r-dependent, energy distributions. Lower part: The total inter
energy distributions~dashed curves! are compared with the elec
tronic energy losses,ds/dEloss

el , as calculated with the Monte Carl
method described in Sec. III~full curves!.
5-6
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tion (r 52) followed by triple and single ‘‘ionization.’’ The
stored internal energy increases with the collision velocit

In the lower part of Fig. 8 we compare the estimat
internal energies with the electronic energy losses calcul
by means of the Monte Carlo method described in Sec.
for H1-C60 collisions in the impact parameter interv
0–14.8 a.u. Both results@the projectile energy lossds/dEloss

el

and the internal energy distributionf (Eint)dE# are in quali-
tative agreement at 1 keV, which seems to indicate that m
of the energy that is lost by the projectile due to electro
excitation is finally transferred into vibrational modes of C60.
The agreement betweends/dEloss

el and f (Eint)dE is much
poorer at 20 keV. The main features are still similar for t
two distributions with colder parts associated with periphe
collisions and hotter parts due to penetrating collisions,
the positions in energies of the latter are rather far apart

It should be noted that only a part of the projectile ene
loss is transferred into vibrational energy causing evapo
tive fragmentation. The other part of the energy loss is u
to ionize C60 and to give kinetic energy to the emitted ele
trons. However, the ionization part appears to be too sma
explain the difference between ‘‘hot-peak’’ positions appe
ing in the lower right part of Fig. 8~ionized electrons are
only expected to carry away;10 eV if they are assumed t
be accelerated to the projectile velocity at 20 keV!. An ad-
ditional and presumably more important reason for this la
difference might be that the Firsov formula@29#, used in our
Monte Carlo calculations for the electronic energy loss, d
not take into account oscillations as a function of the proj
tile nuclear charge. Such oscillations have been observe
Hvelpund and Fastrup@41# with rather large amplitudes thu
giving substantial corrections~up to about 50%! to the pre-
dictions of the Firsov model. Since the proton data are cl
to a minimum in such oscillations and the amplitude d
creases rather strongly withv, the electronic energy los
should vary more slowly with velocity than what is predict
by the Firsov formula for protons.

In the following we use the internal energies for clo
collisions, taken to be the mean values of the hot fraction
the semiempirical energy distributionsf (Eint)dE ~c.f. Fig.
8!. In Fig. 9 we show these mean values as functions of
projectile velocityv and indicate the widths of the distribu
tions by vertical bars. These data are compared with diffe
calculations of theprojectile energy loss. Curves~a! and~b!
show the present results of the Monte Carlo andTRIM calcu-
lations for the projectile energy loss using average ato
surface densities of~first! randomly oriented and~then! pro-
jected C60 molecules. This yields an atomic surface dens
of 1531015 atoms/cm2 ~see also Ref.@31#!. Curve ~c! has
been obtained by means of theTRIM code in which the
fullerene has been replaced by two monolayers of graph
whereby the atomic density corresponds to that of
fullerene surface~see Ref.@21#!. At velocities below 0.4 a.u.
curve ~c! is in good agreement with quantum-mechani
results obtained recently within the nonadiabatic quant
molecular-dynamics approach~NA-QMD! by Schmidtet al.
@42#, in which the motion of the heavy particles is treat
classically and the time-dependent density-functional the
is used for the electronic system. As this method is expec
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to give rather precise results, in the following discussion
will consider among the curves~a!, ~b!, and~c! the latter one
as the most realistic representation of the energy loss in
whole presented velocity region.

At low velocities (0.2,v,0.6) the mean internal ener
gies are nearly velocity independent; the data are in qua
tive agreement with the energy losses, indicating that
major part of the electronic energy is transferred into vib
tional modes. With increasing velocity, a larger amount
the energy loss should be transferred into kinetic energy
emitted electrons. Assuming that these electrons h
roughly the same velocity as the projectile~simulations of
H1-Nan collisions showed this tendency@43#!, we estimate
the sum of the vibrational energyEvib and the energy to
ionize (Eion) and to accelerate (Ekin) the electrons~see
dashed curve in Fig. 9!. For this estimate the average char
state created in close collisions has been taken into acc
~see discussion in the next section!. The estimated sum in
creases steeply with velocity. A comparison with curve~c!
indicates that ionized electrons probably can no longer
low the fast projectile at high velocities. In this region, th
fraction of the energy loss, which is transferred into vibr
tional modes due to electron-phonon coupling, decreases
appears to be of the order of 50%.

B. Multiple ionization

The mass spectra have been analyzed with respect to
tributions from different charge states. At different veloc
ties, the intensities of the C6022m

r 1 peaks have been inte

FIG. 9. Average internal energies of the ‘‘hot fractions’’ an
projectile energy losses for penetrating collisions as functions of
projectile velocityv. Full circles: internal vibrational energy~deter-
mined from the evaporation series; these values include an in
thermal energy of about 12 eV!; the vertical lines correspond to th
widths of the estimated energy distributions. The long dashed
represents the estimated sum of the vibrational energy and the
ergy part which is used to ionize the fullerene (Evib1Eion

1Ekin,e). The full curve~a! is the result of the Monte Carlo calcu
lation describing the average energy loss for ‘‘penetrating’’ co
sions. The full curves~b! and~c! are the results ofTRIM calculations
using different surface densities~cf. text!.
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grated for allm values (m50,1, . . . ). Theobtained values
have been corrected for the detection efficiency assum
that at the highest postacceleration voltage~30 kV! all charge
states are detected with the same probability. For lower
celeration voltages, correction factors are determined
comparing spectra measured at the same collision ene
The results, normalized with respect to the intensity for
51, are shown in Fig. 10. When the collision energy is
creased from 1 to 20 keV@see Fig. 10~left figure!#, the
contributions from higher charge states become more im
tant. It should be noted that the intensity of these cha
states might even be underestimated since losses due t
emission of small charged fragments occur forr>3, which
lower the charge state of the detected residual ion. At e
gies above 60 keV, the probability for multi-ionization d
creases and single ionization becomes more dominant@see
Fig. 10~b!#. In order to represent the results in a single cur
we have defined an average charge state before fragm
tion as^r &5( r@rI (r )#/( r I (r ). HereI (r ) denotes the inten
sity of fullerene ions in the parent charge stater. It should be
noted that this average value does not contain contribut
from neutral fullerenes and, therefore, will show the te
dency to approach the valuêr &51 for zero or very high
velocities. In a similar way, an average charge^r &h can be
determined for penetrating collisions, replacingI (r ) by the
intensity of the modeled ‘‘hot’’ component for a give
charge stater.

In Fig. 11 we compare the average C60 charge before
fragmentation,^r & and ^r &h , with the relative electronic
stopping power for H1 in graphite as calculated with th
TRIM code. The general behavior of all curves is simil
showing that ionization and electronic stopping power
closely related, which is in agreement with results presen
in Refs.@9,20#. In the case of penetrating collisions, the a
erage charge is slightly higher~0.5 units! than in the case
when contributions from all impact parameters are taken
account.

FIG. 10. Relative parent ion charge-state distributionsI (r )
5(m50 – 10I (C022m

r 1) are shown for projectile energies of 1, 2,
10, and 20 keV~left figure! and 60, 100, 200, and 300 keV~right
figure!. The intensities forr 51 have been set to 1000 for all ene
gies. The lines between the data points are to guide the eye.
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VI. SUMMARY

We have studied collisions of hydrogen ions wi
fullerenes (C60) in the energy range from 1 keV up to 30
keV, thus covering the velocity range from 0.2 to 3.5 a
The measured time-of-flight spectra yield information on t
excitation, ionization, and multifragmentation of the pr
duced fullerene ions.

In particular, we have discussed the role of electronic
citation and the transfer of electronic excitation energy in
vibrational modes. Calculations with the aid of theTRIM
code, as well as our Monte Carlo simulations, clearly sh
that in the present collision system the electronic interact
is by far dominant. An analysis of the evaporation sign
~losses of C2 dimers! and its dependence on the project
velocity indicates that the vibrational excitation is due to
two-step mechanism. In a first step, energy is stored in
electronic system probably in the form of a multiplasm
excitation. In a second step, a part of this energy is tra
ferred via the electron-phonon coupling into the heavy p
ticle system. This finding is at variance with results obtain
for He1-C60 collisions, where a direct vibrational excitatio
has been found to be important@9#. It should be noted that in
the latter case the nuclear stopping power becomes m
important due to the higher projectile mass, and that fo
given impact parameter with respect to a carbon atom
larger amount of energy will be transferred which may le
to a direct emission of a carbon atom. This direct emiss
will be less important in the hydrogen case. However,
assume that at larger velocities the electronic stopping po
will contribute to the evaporation in the He case as well.

The intensity distributions of the evaporation sequen
have been simulated within the evaporative ensemble m
and vibrational energies have been estimated. At low en
gies these values compare reasonably well with the ene
loss calculated within the Monte Carlo program and theTRIM

code. This indicates that the electron-phonon coupling i
rather effective mechanism. At higher velocities, an app

FIG. 11. Average charge state^r & of the parent fullerene ion
before fragmentation~cf. text! as a function of the projectile veloc
ity ~open circles, including all impact parameters; full dots, pe
etrating collisions; the short-dashed lines are to guide the eye!. The
full curve indicates the velocity dependence of the electronic st
ping power calculated with theTRIM code~right-hand scale!.
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ciable amount of the electronic energy loss stays in the e
tronic system, probably in the form of kinetic energy giv
to the emitted electrons.

The evaporation yield versus theTRIM-calculated elec-
tronic energy loss is found to be a double-valued function
velocities approaching one atomic unit. We have argued
this result is partly due to a difference in the ratio betwe
the projectile energy loss and the amount of internal exc
tion energy, which is stored in the fullerene for low and hi
velocities. At low velocities, a large part of the electron
loss goes into internal excitation of the molecule, while so
of the corresponding energy is spent as kinetic energy of
emitted electrons at higher velocities. This result confir
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findings which are known from the interaction of ions wi
thin foils and DNA molecules.
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