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Electronic excitation in H-Cg, collisions: Evaporation and ionization
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We have studied energy transfer, fragmentation, and ionization in collisions between protonggand C
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 fragmentggl ins 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 HEg, collisions by Schlathiter 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 trangfer to C
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 £ cage.

PACS numbgs): 34.50.Bw, 34.50.Ez, 34.50.Gb, 34.7#&

I. INTRODUCTION the radius of the g molecule(~7 a.u) makes it clear that a
substantial part of the ionizing events is due to collisions,
Electronic and vibrational excitation of finite many-body where the proton penetrates thg,@age. Referring to the
systems is an active field of current research. In particularenergy loss of Hl ions in graphite, we expect that the elec-
the importance of differently activated decay processes, sudhonic stopping power dominates the nuclear stopping power,
as electron emission, fragmentation, or evaporation of neuparticularly at high collision velocities. Therefore, electronic
tral particles, and the energy sharing among the decay chaexcitation should dominate direct vibrational excitation in
nels including the transfer of electronic excitation energy tothe presented velocity range.
wards vibrational excitation modes, are not well understood. In recent publication$9,20], it was shown for Hé-Cg
Some of these aspects have been studied recently in coli¢ollisions that ionization and multifragmentation ofg@nol-
sions between & fullerenes and different particles such as ecules on the one hand and the evaporation ofi@ers on
photons[1—4], electrond5-7], atoms[8], and singly[9,10]  the other hand have different velocity dependences. In the
or multiply charged ion$10-19. former case, the signal increases strongly with velocity (
In the present contribution we will discuss the degree of=0.1-1 a.u, whereas it decreases strongly in the latter
vibrational excitation and the degree of ionization when acase. This clearly proves that direct vibrational excitation
singly charged ion (H) interacts with a @, fullerene. For leads preferentially to evaporation, whereas electronic exci-
such a collision, we expect that single-electron capture withtation causes ionization and multiple fragmentation @f C
out large excitations of the system dominates at large impadbr He" projectiles[9,20]. In the present work we show that
parameters and low velocities €1 a.u). The critical over-  the velocity dependence for evaporative fragmentation,of C
the-barrier distance for single-electron transfer frong, C molecules is similar to that of the electronic energy loss for
modeled as an infinitely conducting sphétd,19, to a sin-  H*-Cg, collisions. In a way, this is in contrast to results at
gly charged ion is 14.8 a.u. A comparison of this value withsimilar velocities for H&-Cg,, Where a transfer of electronic
excitation energy to vibrational modes seemed to be of little
importance. Studies at high velociti€s1 a.u) with heavy
*Corresponding author. ions in charge states 1 to[31] also show that fragmentation
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is predominantly induced by electronic excitation.

In the following we will briefly describe the main features 5keV. 100 keV
of the experiments and discuss the Monte Carlo method ap 1000 's”’f;‘éfr':; :‘:;Léf::;
plied to calculate the electronic and nuclear energy losses
before presenting and discussing the experimental results. 500, C c c:, JMVLAJ
$2]
=
Il. EXPERIMENTAL TECHNIQUE 3 OM - |
~ The experiments have been performed in three laborato- 20000 2Ky tron TookeY o
ries using different ion sources and accelerators but similar trigger trigger
experimental techniques. It was thus possible to cover wide -
energy and velocity ranges. The basic principle of the differ-
ent experiments is rather similar. A beam of hydrogen ions is M L J
prossed Wlth an effusive beam ogmolgcules. This beam O e 50700 e AT 00
is emerging from a heated oven which is held at a tempera-
ture of about 500 °C and contains a high-purity, owder. Mass / charge (amu)

The interaction zone is a part of the extraction zone of a

linear time-of-flight mass spectrometer of the Wiley- FIG. 1. Time-of-flight mass spectra of intact and fragmentggl C
McLaren type[22,23. Accelerated recoil ions pass a drift ions produced in H-Cg, collisions at 5 keV(left column) and 100
region with lengths varying between 10 cmdah m for the keV (right column. Upper part, inclusive spectra; lower part, spec-
different devices, and are detected by a channelplate detectbi triggered by free electrorisf. texd.

with or without position sensitivity.

Different modes of operation have been applied. Eithedently, G," ions are mainly formed by pure single-electron
the ion beam andor) the extraction voltage applied to the capture, while 2" and Gy>' are often produced together
mass spectrometer have been pulsed with frequencies wfith free electrons at 5 keV. However, at higher velocities
typically a few kHz. In this case, the extraction pulse servedlirect ionization becomes dominant, and capture is further
as a start signal for the time-of-flight measurement and théimited by dynamic effectd24]. Thus, the difference be-
stop signal was provided by secondary ions having passeveen the two spectra at 100 keV is not significant.
the flight path. Both signals are treated with a “multihit” With continuous beams, a delayed start signal for the
time-to-digital converter followed by a workstation as antime-of-flight measurement can also be obtained by the pro-
analyzing device. In this way, all produced ions and frag-jectile, which has to be charge-state-selected after the colli-
ments are detected, yielding what we will refer to as “inclu- sion. In fact, the experimental setup in Grenoble allows us to
sive” time-of-flight (TOF) spectra. They are completely in- measure the charge state, the kinetic energy, and the scatter-
dependent of the charge state, the scattering angle, and tivey angle of the projectile when it remains charged after the
energy losgor gain of the outgoing projectile. collision. In the case of neutralized projectiles, only the scat-

Some of the present experiments have been performe@ring angle can be measured.
with continuous beam operation and a continuous electric The main features of the different experiments are sum-
field was applied to the extraction region. In this case, elecmarized in Table I. The second column shows that the dif-
trons which are emitted during the collision process are acferent experiments allow for a good overlap in the collision
celerated to the opposite side of the ion TOF system and caenergy covering a range between 1 and 300 keV. Whereas
be used as a start signal for the ion TOF measurement. Undeolumn 3 indicates the possible operation modes, column 4
these conditions, the measurement is sensitive only to evenggves the voltages which have been used to postaccelerate
where free electrons are produced and, therefore, contribuhe fullerene ions before they are detected. These values de-
tions from pure electron capture are not detected. In Fig. liermine the detection efficiency for ions in different charge
inclusive spectra of fullerene ions and fragments are comstates. Although the secondary electron yield due to potential
pared with spectra, where free electrons have been used agmission has been shown to be independent of the fullerene
start signal of the TOF measurement. At low collision ener-charge stat¢25], the different kinetic energies will result in
gies (5 keV) the intensity of singly charged ions is strongly different signal heights. An analysis of the spectra obtained
suppressed when the start is provided by the electrons. Ewvwith 6 and 30 kV showed that in the first case the intensity of

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

Energy range Postacceleration
Experiment (keV) Operation mode for recoil ion&kV) Start signal
Grenoble | 1-3 pulsed or continuous 6 pulse or projectile
Grenoble I 2-20 pulsed 30 pulse
Toulouse 5-150 pulsed or continuous 4 pulse or electron
Bielefeld 100-300 continuous 5.5 electron
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singly and doubly charged fullerene ions has to be correctec 1 keV H* - Cq,
by 22% and 14%, respectively. More details on the different
experiments are given in Refsl7,26-28§.

IIl. MONTE CARLO CALCULATIONS OF THE
PROJECTILE ENERGY LOSS IN H *-C4, COLLISIONS 0.1R
We have calculated the projectile energy loss and angula

scattering for the present 'HCq collisions using a newly U0 20 4me6d B0 10
developed Monte Carlo methdd9]. The electronic energy
loss is calculated by means of the Firsov md@4l], which

is based on the concept of electron transfer between twcZ
colliding atoms and the acceleration of electrons from one2,
frame of reference to the other. As one electron is transferrec &
from a target atom at rest to a projectile atom with initial —
velocity v,, the latter is slowed down by an amount o E A (;0;;') 00 20 40 60 B o)
(mg/M)v, and its kinetic energy decread@9] (m, andM cotE cone

being the masses of the electron and the projectiléis FIG. 2. Monte Carlo calculations of electronic, nuclear, and
concept is of course only valid in the velocity range at whichiotal-energy lossegdenoted a€?!, EMC andE, respectively

loss EIoss loss

an electron released from the target is attached to the projegs functions of the impact parametes_for 1 keV H'-Cg, colli-

tile, setting an upper limit of about 20 keV for'HCgo cOl-  sjons. The total-energy loss is calculated as the sum of the nuclear
lisions. At somewhat higher energies, impact ionization beand electronic energy losses for each individual trajectory. The scat-
gins to be important and Coulomb scattering on quasifregering angles, calculated from the elastitnucleay scattering, is
electrons is better at describing the electronic part of thailso shown as a function bf,_ . The full lines indicate the average
energy loss of the projectile. This feature is not included invalues while the points give the results for individual trajectories
the present Monte Carlo calculations. Therefore, the eleckf. text). The densities of points are proportional to the probabili-
tronic energy losses are only valid for proton energies belowies for the corresponding resulting values Bf., EMS, E!%

20 keV. However, it is worthwhile to note here that the ve-andé.

locity dependence of the electronic energy loss at higher ve-

locities is expected to be the same as that of the nuclear

energy loss, i.e., inversely proportional to the velocity. TheThe comparisons were made for low charge states of the

ggglf;% Oirsﬂgfgbﬁé;gegg{j;?;s tﬁng;T ?)f;r?t(i:;a[t??(()j] t?)r]gulg[ltgoing projectiles—the signature of close collisions—and
9 y 9 P rather good agreement with the experimental results was es-

describe the effective interactions between the heavy par-, .
ticles. This picture is valid for the whole present kinetic en-tab“She({lg]' We have also calculated the nuclear and elec-

ergy range(1—300 keV. tronic energy losses for 1-80 keV H¢Cy, collisions in or-

The Monte Carlo program uses four random numbers foFjer to compare the results W'th thg calculat!ons by
each simulated ion trajectory, one to select the impact paSchIathd):eret al.[9]. Our calculations basically confirm the

rameter with respect to the center of,Cbc o) and three to  ©Ones reported in Ref9]. This point is most important since
6!

the comparison between the present experimental and theo-
rotate the molecule randomly. For each randomly selecte‘;]; P P P

; . . tical results on H-Cg, collisions lead us to a conclusion
trajectory and molecular orientation, we calculate the nucle lhich differs from the one by Schiathter et al 9]
and electronic energy losses and the projectile angular sca y e

tering due to 60purely atomichydrogen-carbon collisions In Fig. 2, we show results for electronic, nuclear, and
g due y ydrog . . " total-energy loss and projectile scattering angles as functions
The specific geometry of theggmolecule is taken into ac-

. g
count by positioning free, i.e., unperturbed, carbon atoms i9f Doy, for 1 keV H-Cq, collisions. We have launched 3

the 60 corners of a truncated icosahedron. This randomly¢ 10° trajectories for each plot. The densities of points are
oriented model g molecule is then projected on a plane pr_oportlonal tp.the. number of trajectories giving resglts
perpendicular to the initial direction of the projectile trajec- Within small finite intervals of energy loss and scattering
tory and 60atomic impact parametensiay now be defined. angle in the respectlve_ figures. We note t_hat _the same value
We sum the electronic and nuclear energy losses separatély Pcg, May lead to different results, which is due to the
for the 60 simultaneouatomic collisions using the Firsov many possible orientations of thgdnolecule which in turn
formula [29] and the Moliee potential[30], respectively. may or may not favor close collisions with individual carbon
Further, we calculate the scattering angle for the projectile byatoms. The full curves show the mean values and we note
adding the 60 momentum vectors to tflengitudina) mo-  that these are not representative for the typical events for the
mentum vector of the incoming projectile. nuclear energy loss and scattering. The reason for this is that
The present Monte Carlo program has been used earliex few trajectories give very large values #andE . which

for comparisons with experimental results on angular scatteistrongly affect the corresponding mean values. The mean
ing and energy loss in collisions of &r on Gy, at 26 keV  values have their maxima for trajectories passing close to the
[19] and for energy loss in 100 keV Af-Cy, collisions[31]. surface of the g, cage, i.e., forbc60 close to 6.7 a.u., in all
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FIG. 4. Inclusive time-of-flight mass spectrum, recorded with a
FIG. 3. The distribution of the electronic energy loss of the pulsed extraction voltage and a continuous ion beam, for 1 keV
projectile in 1 keV H-Cg, collisions. These data are obtained by H*-Cg, collisions. The positions for the intact&* molecules are
averaging over the Monte Carlo results for the electronic energyndicated by r=1, 2, and 3. The evaporation sequences are
loss in the impact parameter range 0—14.8 a.u. The two maxima a€s,_,, *, wherem denotes the number of emitteg @olecules.

due to peripheral and cage-penetrating collisi@istexs).

In Fig. 5 we show mass spectra fof 4, collisions at 2,
four figures. By comparing the absolute values for the elec1, 60, and 200 keV. The former three are inclusive spectra
tronic and nuclear energy loss in Fig. 2, we may concludeyhile the last one, recorded at Bielefeld, is measured with
that the former dominates the latter one even for these lowhe free-electron trigger. We showed in Sec(df. Fig. 1)
velocities. This can also be seen in the strong resemblance g{at the difference between inclusive and electron-trigger
Efpss andEjocsas shown in Fig. 2. spectra was insignificant for high velocities. Thus, we may

In Fig. 3, we show the Monte Carlo results e /d EFO'SS compare all four spectra of Fig. 5 directly and we note that
for 1 keV H"-Cg collisions for the impact parameter interval the intensities of the more highly charged intact fullerenes

bc =0-14.8 a.u., where the upper limit was deduced from
60

the classical over-the-barrier criterion for single-electron - " .
capture to the projectile assuming that,€an be modeled as 1000 Coo Coo Ceo
an infinitely conducting spherg9]. The first maximum, at 100
low Ef', is due to trajectories outside the cage whereas the
second maximum close #&{.=60 eV is due to penetrating 10
trajectories. The minimum ida/dESis related to the pas- 10000
sage just outside the cage whég,, changes rapidly as a 1000 10 keV
function of bc,  (cf. Fig. 2. For penetrating collision&f! 100 -
changes slowly Witrbc60 and the width of the peak at 60 eV ‘%
reflects the spread iB. 3 1000 60 keV
100
IV. EXPERIMENTAL RESULTS 10
In Fig. 4 we show an inclusive time-of-flight spectrum for 10000 200 keV
1 keV H"-Cg, collisions. The dominant peaks are due to 1000
ionized and intact g * ions with intensities decreasing with

increasing recoil charge=1-3. r=3 is the maximum 100
charge. The asymmetric peak form is due to the fact that the

spectra have been recorded with a continuous ion beam and

a pulsed extraction voltage. The signals of intact fullerene

ions are accompanied by evaporation sequences, which are g 5 Time-of-flight mass spectra measured -8, colli-

due to the thermally activated evaporation of neutrah®l-  gjons. The spectra at 2 and 10 kéveasured in Grenoblend at
ecules. Depending on the charge state of the parggit C g0 kev (measured in Toulouseare inclusive spectra. The high-
ion, up to seven Cunits have been emitted indicating that energy data at 200 ke{measured in Bielefeldwere recorded with
large amounts of energy have been deposited in the vibraree-electron triggefthe additional peak at 60 keV corresponds to
tional modes of the ionized fullerenes. C,52" ions).

3000 4000 5000

time-of-flight (channel)
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increase with velocity. The maximum charge state for the 1.0 : : : 20
intact molecules turns out to be 5 at higher velocitiest
shown in Fig. 5. For a givenr, the intensity of the evapora-
tion sequence §&_,," " and its distribution with respect to
changes with the collision energy. The total evaporation in-
tensity in relation to the intensity of the parenC and the
corresponding maximunm first increase withv, but de-
crease again at higher velocities. This indicates that C
evaporation is most important at velocities around 1 a.u., a
behavior which resembles the expected velocity dependence
for the electronicenergy loss. In contrast, the nucldetas-

tic) energy loss decreases in a monotonic fashion with veloc-
ity. This result already indicates thap €vaporation, induced

by H'-Cg collisions in the energy range 1-300 keV, is 0 : : ,
caused by initial electronic energy transfer to the molecule 0 1 2 3 4
followed by a redistribution of this energy into the vibra-

tional degrees of freedom. velocity (a.u.)

e

0.8 N (@E/dx), | 15

Y

061 \
. F10
0.4

02109 '\~

Measured evaporation fraction r

FIG. 6. Measured evaporation fractio§" for singly (r=1,
V. DISCUSSION open circleg doubly (=2, open squarg¢sand triply (=3, full
A. Evaporation and electronic excitation _square}schargt_ed fullerene ior_ls as functions of the projectile veloc-
ity v (the full lines are to guide the eye onlyThe dashed curves
Information about the internal energy stored in the vibra-represent the prediction of mim calculation of the electronic and
tional modes of the fullerene ion can be obtained from thenyclear stopping power of Hions in graphite[ (dE/dx) and
intensity distribution of G,y ions in the measured spec- (dE/dx),, respectively. The data points refer to the left-hand
tra. In the present case, these ions are predominantly formestkis while @E/dx)¢ and @E/dx),,X20 refer to the right-hand
by the sequential emission of neutral @olecules. Only for scale.
higher charge statex#3) does the emission of charged
small carbon clusters become competitive and has to be
taken into accounfl16]. In the following, we will neglect denote the electronic stopping powedH/dx), and the
contributions from these fission processes. nuclear stopping power times 20, 20K/dx) ., calculated
The variation withm, the number of emitted .Cmol-  with the TRiIM code [32]. The stopping power values are
ecules, as well as the relative intensity with respect to theiven by the vertical scale on the right-hand side. We imme-
intact molecule " can be used to estimate the depositeddiately see that the electronic stopping power dominates by
energy. As defined in Refl9], we determine a relative far the nuclear one in the whole present velocity region. The
“hot” fraction f.* (where “€” stands for evaporationfor a ~ former is an order of magnitude larger than the latter at our
given charge state of the molecule. The intensity ratio is lowest velocity ¢ =0.2 a.u). Further, whereas the nuclear
given by stopping power(lower dashed curve in Fig.)6decreases
strongly with increasing velocity, the electronic stopping
r+ r+ [+ 4 power shows a similar velocity dependence to the measured
fe _% 1(Co0-2m )/ H% H(Coo-2m ") | +1(Ceo ) fractions, indicating that evaporation and electronic excita-
1) tion are closely related. This means that an appreciable
amount of the electronic excitation energy which is given to
where I (Csg ") and I(Cgo-om" ") correspond to the inte- the fullerene in the collision is transferred into the vibrational
grated intensities of time-of-flight peaks specifiedognd  modes during or after the collision. Thus, for the present
by r and m, respectively. When taking the sum far>0,  H*-Cg, collisions there is no indication of a direct excitation
contributions from a “hot” distribution which are still of the vibrational degrees of freedom by means of elastic
present in the intact molecule peak are neglecsee discus- nuclear-nuclear scattering as in the case of 4g, colli-
sion below. The evaporation fractiong}™, f2*, andf3*  sions[9,20].
are shown as functions of the collision velocity in Fig. 6. At  We note that the maximum of the evaporation fraction
low velocities the evaporation fractions increase with  occurs for all charge states at lower velocities than the maxi-
reach a maximum slightly below or close to 1 a.u., and demum of the electronic energy loss. In Fig. 7 we show the
crease again at higher energies. This behavior is similar fofelation between the evaporation fractiorfg,+ , and the
all r, but the maximum values df,” increase from 12% to electronic stopping power from th&im code. The evapora-
45% and, finally, to 70% asincreases from 1 to 3. tion increases with the electronic energy loss and reaches a
The evaporation data from Grenoble, Toulouse, andsaturation value before decreasing again, giving hook-shaped
Bielefeld are shown in Fig. 6, and since there is good agreecurves. In the hook region, low and high velocity collisions
ment between results from different laboratories in the overtead to the same amount of electronic energy loss but, obvi-
lapping velocity regions, we have chosen to represent all theusly, different evaporation fractions. This result could per-
data for a givem with a common symbol. The dashed curveshaps be explained by a different distribution of the electronic
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FIG. 8. Upper part: Semiempirical internal energy distributions,
f(Ei,)dE, of parent fullerene charge statess1 (short dashed

FIG. 7. Relation between the evaporation fractitfi for a ~ CUrves, r=2 (long dashed curvgsandr=3 (short/long-dashed
given charge state and the electronic stopping power calculated CUrve produced in H-Cg, collisions at 1 and 20 keV. The distri-
with the TRIM code for the H-graphite system. The numbers given butions are obtained from the measured intensity distributions on

for r=3 correspond to the projectile velocity in atomic units. the Geo—2m' " sequences and the RRK theory describing evaporative
ensemblegcf. text). The full curves show the sums of the partial,

r-dependent, energy distributions. Lower part: The total internal
o ) N energy distributiongdashed curvegsare compared with the elec-
excitation in G at low and high velocities. Indeed, there are tronic energy lossesio/dEL,, as calculated with the Monte Carlo

loss?

important differences between these two regions. In the lowmethod described in Sec. Iffull curves.
energy region, energy is transferred by the acceleration of
electrons between the projectile and the target frames of ref-

erence, Wh”e.COU|°mb scatterlrjg on q“as'.ffee electrons b?ﬂ/here D, is the activation energy for the emission of the
comes more important at the higher velocities. In the latter . : o
h C, molecule and, is a time characterizing the energy

case, a non-negligible part of the deposited energy is ex- e S C .
pected to show up in the kinetic energy of ionized electronér"’mSfer within the vibrational mod¢88,39. A comparison

and the part of the electronic energy loss which will be leftOf the calculated intensity distributions with the experimental
for internal excitations of the molecule is reduced. A similardata yields an estimate of the internal energy. In our model
phenomenon has been found for ion collisions with thin solAN€ activation energy has been taken to be independent of the
ids and large biomolecules. In the first case, the electrofi?ar9€ state of the fullerene ioby,=11.9 eV[40] [a lower
yield and the secondary ion yield induced by bombarding’'u¢ ©m=7.1 eV) would lower the evaluated internal en-
carbon foils with He projectiles showed a strong velocity €rgies from 75 to 39 eV, for example, see also discussions in
dependencg33]. In a similar way, strand breaks of the DNA RefS-[1,6]] _

molecule induced by heavy ions may create a similar e fit procedure showed that particularly fior-1 and
“hook” phenomenon[34,35. For solids, biomolecules, and partly forr=2 th.e mtgrngl energy has to be described by at
Ceo the hook feature is caused by the fact that the calculatelfast wo Gaussian distributions in order to represent the ex-
electronic stopping power continues to increase with the colP€rimental data. One of them is centered at zero energy; the
lision velocity while the damagéstrand breaking, fragmen- relative amplitude ha_s been normalized with '_[he _aud of our
tation) has already reached its maximum and has started iflonte Carlo calculations. The second Gaussian is centered
decrease. Evidently, these damage effects which occur in sgit @ higher internal energy. Fit parameters have been the
ids are also observable in smaller, individual molecules@mplitudes of both distributions as well as the half-width of

which indicates that the stopping power concept might als he second one. The half-width of the “cold” distributions

Calculated electronic energy loss (eV/A)

apply for small systems of finite size. has been determined by the integrated contribution of the
Assuming that the energy is statistically distributed over c0ld” component. , o
all degrees of freedom, we can apply the RRK the(ice, In the upper part of Fig. 8 we show semiempirical internal

Ramsberger, and Kasselhich describes the behavior of an €nergy distributionsf(E;,)dE, for different values of. At
evaporative ensembli86,37. We express the evaporation & collision energy of 1 keV, the dominant process leads to
rate k(m,E) as a function of the numben of emitted G r=1 by electron capture either in peripheral or in close col-

molecules and the stored internal eneEjpy lisions. Doubly charged fullerenes are produced only in pen-
etrating collisions associated with higher-energy losses

(about 60 eV. At 20 keV, peripheral collisions are still
dominated by single capture £ 1: 75%;r=2: 25%), how-
k(m,E)=[(60—2m)/6](1—D,/E)[360-2m=7l;t ~(2)  ever a close interaction preferentially leads to double ioniza-
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tion (r=2) followed by triple and single “ionization.” The
stored internal energy increases with the collision velocity.

In the lower part of Fig. 8 we compare the estimated
internal energies with the electronic energy losses calculated
by means of the Monte Carlo method described in Sec. llI
for H™-Cgy collisions in the impact parameter interval
0-14.8 a.u. Both resulfshe projectile energy losso/d Eff)'ss
and the internal energy distributidi{E;,;)dE] are in quali-
tative agreement at 1 keV, which seems to indicate that most
of the energy that is lost by the projectile due to electronic
excitation is finally transferred into vibrational modes @f,C
The agreement betweato/dEf and f(E;,)dE is much
poorer at 20 keV. The main features are still similar for the
two distributions with colder parts associated with peripheral 0 1 2 3 4
collisions and hotter parts due to penetrating collisions, but
the positions in energies of the latter are rather far apart. projectile velocity (a.u.)

It should be noted that only a part of the projectile energy
loss is transferred into vibrational energy causing evapora- FIG. 9. Average internal energies of the “hot fractions” and
tive fragmentation. The other part of the energy loss is use@rojectile energy losses for penetrating collisions as functions of the
to ionize G, and to give kinetic energy to the emitted elec- pr_ojectile velocityv. Full ci_rcles: ir1terna| vibrational _enerq;deter-_ N
trons. However, the ionization part appears to be too small tmned from the evaporation series; tr.rese. values include an initial
explain the difference between “hot-peak” positions appear-th_ermal energy o_f about 12 e,\/the_vertlcerl lines correspond to the_
ing in the lower right part of Fig. Sionized electrons are widths of the estlrrlated energy dlstrlbqtlon_s. The long dashed line
only expected to carry away 10 eV if they are assumed to represents the_ estrmated sum 01_‘ th_e vibrational energy and the en-
be accelerated to the projectile velocity at 20 keXn ad- ergy part which is useql to ionize the fullerend, b+ Ei,
ditional and presumably more important reason for this Iargr{r Eiin,e). The full curve() is the result of the Monte Carlo calcu-
difference might be that the Firsov formuag], used in our e_ltlon describing the average energy loss for penetratmg_ colli-

. D sions. The full curvegb) and(c) are the results ofRim calculations

Monte C{;\rlo calculations _for rhe electronic energy loss, d_oeﬁsing different surface densitiésf. text.
not take into account oscillations as a function of the projec-
tile nuclear charge. Such oscillations have been observed by
Hvelpund and Fastrupt1] with rather large amplitudes thus to give rather precise results, in the following discussion we
giving substantial correction@ip to about 50%to the pre-  Will consider among the curves), (b), and(c) the latter one
dictions of the Firsov model. Since the proton data are clos@s the most realistic representation of the energy loss in the
to a minimum in such oscillations and the amplitude de-Whole presented velocity region. _
creases rather strongly with, the electronic energy loss At low velocities (0.2<v<0.6) the mean internal ener-
should vary more slowly with velocity than what is predicted 9ies are nearly velocity independent; the data are in qualita-
by the Firsov formula for protons. tive agreement with the energy Iosses, |nd|cat|n_g tha_t the

In the following we use the internal energies for closeMajor part of the electronic energy is transferred into vibra-
collisions, taken to be the mean values of the hot fractions ofional modes. With increasing velocity, a larger amount of
the semiempirical energy distributiorf$E;,)dE (c.f. Fig. the_energy loss should be t_ransferred into kinetic energy of
8). In Fig. 9 we show these mean values as functions of th@Mmitted electrons. Assuming that these electrons have
projectile velocityv and indicate the widths of the distribu- foughly the same velocity as the projectigimulations of
tions by vertical bars. These data are compared with differerfil -Na, collisions showed this tenden¢43]), we estimate
calculations of thevrojectile energy lossCurves(a) and(b) ~ the sum of the vibrational energl,;, and the energy to
show the present results of the Monte Carlo a4 calcu-  i0nize (Ejon) and to accelerateE;,) the electrons(see
lations for the projectile energy loss using average atomiélashed curve in Fig.)9For this estimate the average charge
surface densities dfirst) randomly oriented anéthen pro- ~ State created in close collisions has been taken into account
jected G, molecules. This yields an atomic surface density(see discussion in the next sectiofihe estimated sum in-
of 15X 10'° atoms/cr (see also Ref[31]). Curve (c) has creases steeply with velocity. A comparison with cufee
been obtained by means of th®im code in which the indicates that ionized electrons probably can no longer fol-
fullerene has been replaced by two monolayers of graphitdoW the fast projectile at high velocities. In this region, the
whereby the atomic density corresponds to that of thgractron of the energy loss, which is transferred into vibra-
fullerene surfacésee Ref[21]). At velocities below 0.4 a.u., tional modes due to electron-phonon coupling, decreases and
curve () is in good agreement with guantum-mechanical@Ppears to be of the order of 50%.
results obtained recently within the nonadiabatic quantum
molecular-dynamics approa¢dNA-QMD) by Schmidtet al.
[42], in which the motion of the heavy patrticles is treated The mass spectra have been analyzed with respect to con-
classically and the time-dependent density-functional theoryributions from different charge states. At different veloci-
is used for the electronic system. As this method is expecteties, the intensities of the & ., " peaks have been inte-
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100

average internal energy (eV)

B. Multiple ionization
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FIG. 10. Relative parent ion charge-state distributidis) velocity v (a.u.)
=% -0-1d (Co—am' ") are shown for projectile energies of 1, 2, 3, ]
10, and 20 keMleft figure) and 60, 100, 200, and 300 kevight FIG. 11. Avere_tge charge state) of_ the parent fglle_rene ion
figure). The intensities for =1 have been set to 1000 for all ener- before fragmentatiofct. text as a function of the projectile veloc-
gies. The lines between the data points are to guide the eye. 1ty (open circles, including all impact parameters; full dots, pen-

etrating collisions; the short-dashed lines are to guide thg &ye
full curve indicates the velocity dependence of the electronic stop-

] ping power calculated with therim code(right-hand scale
grated for allm values (n=0,1, . ..). Theobtained values

have been corrected for the detection efficiency assuming
that at the highest postacceleration voltég@kV) all charge
states are detected with the same probability. For lower ac- We have studied collisions of hydrogen ions with
celeration voltages, correction factors are determined bjullerenes (G in the energy range from 1 keV up to 300
comparing spectra measured at the same collision energlgeV, thus covering the velocity range from 0.2 to 3.5 a.u.
The results, normalized with respect to the intensity for The measured time-of-flight spectra yield information on the
=1, are shown in Fig. 10. When the collision energy is in-€Xcitation, ionization, and multifragmentation of the pro-
creased from 1 to 20 keVsee Fig. 10(left figurg)], the  duced fullerene ions. . .
contributions from higher charge states become more impor- ' Particular, we have discussed the role of electronic ex-
tant. It should be noted that the intensity of these charg citation and the transfer of electronic excitation energy into

. . ; ibrational modes. Calculations with the aid of thieim
states might even be underestimated since losses due to tdg4. 45 well as our Monte Carlo simulations clearly show

emission of small charged fragments occur fer3, which  tha¢ in the present collision system the electronic interaction
lower the charge state of the detected residual ion. At enefis by far dominant. An analysis of the evaporation signal
gies above 60 keV, the probability for multi-ionization de- (losses of G dimerg and its dependence on the projectile
creases and single ionization becomes more domifsge® velocity indicates that the vibrational excitation is due to a
Fig. 10b)]. In order to represent the results in a single curve two-step mechanism. In a first step, energy is stored in the
we have defined an average charge state before fragmentglectronic system probably in the form of a multiplasmon
tion as(ry==,[rl(r)]/=,I(r). Herel(r) denotes the inten- €Xcitation. In a second step, a part of this energy is trans-

sity of fullerene ions in the parent charge staté should be ~ f€rred via the electron-phonon coupling into the heavy par-

noted that this average value does not contain contribution%CIe system. This finding is at variance with results obtained

from neutral fullerenes and. therefore. will show the ten-1of He -Ceo collisions, where a direct vibrational excitation

PN ! . has been found to be importd®. It should be noted that in
\cjeln C)i/tifeos alapgogizilg:ew\;alL(:rz_a\l/efr(;r ;ecrﬁaor ;ﬁnhfg the latter case the nuclear stopping power becomes more
elocilies. /ay, an a 9 '_(g h important due to the higher projectile mass, and that for a
determined for penetrating collisions, replacii{g) by the

) . o ) given impact parameter with respect to a carbon atom a
intensity of the modeled “hot” component for a given |3rger amount of energy will be transferred which may lead

charge state. to a direct emission of a carbon atom. This direct emission
In Fig. 11 we compare the averaggo&harge before || pe less important in the hydrogen case. However, we
fragmentation,(r) and (r),, with the relative electronic assume that at larger velocities the electronic stopping power
stopping power for H in graphite as calculated with the will contribute to the evaporation in the He case as well.
TRIM code. The general behavior of all curves is similar, The intensity distributions of the evaporation sequence
showing that ionization and electronic stopping power arehave been simulated within the evaporative ensemble model
closely related, which is in agreement with results presentednd vibrational energies have been estimated. At low ener-
in Refs.[9,20]. In the case of penetrating collisions, the av- gies these values compare reasonably well with the energy
erage charge is slightly highé€0.5 unit9 than in the case loss calculated within the Monte Carlo program anditkex
when contributions from all impact parameters are taken int@wode. This indicates that the electron-phonon coupling is a
account. rather effective mechanism. At higher velocities, an appre-

VI. SUMMARY
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ciable amount of the electronic energy loss stays in the eledindings which are known from the interaction of ions with
tronic system, probably in the form of kinetic energy giventhin foils and DNA molecules.
to the emitted electrons.
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