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Angular distributions, fragmentation, and charge fractions are studied for grazing scattering of C60
+ fullerenes

with keV energies from a clean and flat Al�001� surface. At low energies for the motion along the surface
normal, C60

+ ions are scattered nearly elastically, whereas for larger normal energies energy loss is substantial.
We compare our experimental results with classical trajectory simulations exploiting the Tersoff potential
between atoms in the cluster and different types of interaction potentials for the cluster with the surface. The
internal energy of scattered clusters is deduced from the analysis of fragments. We observe that the loss of
kinetic energy for the motion along the surface normal is transferred to internal excitations of the cluster,
whereas the energy transfer to the metal surface is negligible. The charge state distributions for scattered
projectiles can be understood by a full neutralization of incident ions at the surface and subsequent delayed
electron emission.
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I. INTRODUCTION

Studies on the interaction of hyperthermal molecular spe-
cies scattered from solid surfaces are of interest from a fun-
damental point of view and for technological applications,
as, e.g., catalysis, particle detectors, etc. However, compared
to the large body of literature and considerable progress to-
ward a quantitative understanding of atom-surface interac-
tions in the last decades �1,2�, studies on the interactions of
molecules and clusters with surfaces are rare and suffer from
an enhanced complexity introduced by the additional degrees
of freedom. During collisions, internal excitations of the
molecules can trigger delayed processes, such as electron
emission or fragmentation, which may dominate the outcome
of experiments �3�. Due to their symmetrical shape, stability,
well-known electronic structure, and simple production
fullerene ions, especially C60

+ , are promising candidates for
exploring cluster-surface interactions.

From the few studies on the impact of C60 ions on sur-
faces �3�, we mention work by Lill et al. �4�, where 100–700
eV C60

+ ions are scattered under near-normal incidence from
graphite, diamond, WSe, and oxidized Ni surfaces. The scat-
tering process with the surface was observed to be inelastic
with energies of only 3–11 eV for outgoing clusters. From
the analysis of fragment spectra it was concluded that
15%−40% of the incident energy was converted into internal
excitation of the clusters. For impact on fullerite surfaces
rainbow scattering was observed. Beck et al. �5� have scat-
tered C60

+ and other fullerenes with energies of several 100
eV from clean and adsorbate covered graphite surfaces under
an angle of incidence of 45°. They found energies for outgo-
ing clusters of about 20 eV independent of the incident en-
ergy. From fragment spectra it was concluded that in case of
a clean graphite surface about 30% of the collision energy
�10% for the adsorbate covered surface� was transfered to
internal excitations. For collision energies larger than about

400 eV the clusters were shattered upon surface impact. In
order to reduce the energy transfer to the surface Hillenkamp
et al. �6� performed measurements at a near-grazing angle of
incidence of 15°. However, a considerable fraction of the
projectile energy was still transferred to the crystal lattice of
the surface. Charge state distributions revealed that C60

+ was
efficiently neutralized ��99% of scattered clusters were neu-
tral�, whereas the fraction of negative ions amounts to some
10−3 for a graphite surface �7�. Kolodney et al. �8� have
scattered neutral C60 molecules with energies of some 10 eV
from a polycrystalline nickel surface and studied carbon
deposition on the surface. Furthermore, angular and energy
distributions as well as the vibrational excitation of scattered
clusters were investigated. The energy of scattered projec-
tiles scaled linearly with the impact energy, and kinetic en-
ergy losses of 40%−85% �depending on the scattering angle�
were found. The internal excitation of the fullerenes was
below 2% of the impact energy, which is much lower than
observed in other experiments with fullerenes. From shifts of
the angular distributions caused by the attractive force owing
to image charge interaction �9� for negative C60

− and neutral
C60

0 clusters formed during near-grazing scattering from a
carbonized nickel surface, a distance for the formation of
negative ions of about 13 Å was derived �10�. This value is
in accord with the distance for negative ion formation de-
rived from negative ion yields measured for near-normal in-
cidence �11�. Recently, Kaplan et al. �12� investigated a post-
collision shattering of C60

− during near-grazing scattering
from a gold surface with energies of several 100 eV. For
potential electron emission during neutralization of multi-
charged fullerenes at a gold surface no dependence on the
cluster’s charge was found �13�. This was interpreted in
terms of a fast quenching of the primary excitation energy
via fragmentation of the projectiles.

Cluster-surface scattering experiments performed at a
grazing angle of incidence of about 1°, i.e., surface channel-
ing conditions �14�, have been reported recently by Tamehiro
et al. �15�. For 3 keV C60

+ ions and C60
0 atoms scattered from

a KCl�001� surface, clusters were elastically reflected for
normal energies up to about 20 eV with negligible energy
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transfer to the target surface. The neutralization rate for posi-
tive clusters as a function of distance from the surface was
derived by measuring fractions of surviving ions as a func-
tion of the polar and azimuthal angle of incidence.

We have recently scattered C60
+ ions with keV energies

under a grazing angle of incidence of about 1° from an
Al�001� surface. From the analysis of angular distributions as
a function of azimuthal rotation close to a low-indexed di-
rection we found that crystal channels formed by strings of
atoms in the surface plane can induce a rotation of the cluster
that results in an azimuthal deflection and guiding of clusters
along low-indexed directions �16�. The neutralization of C60

+

and C60
2+ ions at Al�001� was studied via shifts of angular

distributions due to image charge attraction prior to neutral-
ization �9,17�. The observed shifts were in good accord with
calculations using a classical over-the-barrier charge transfer
model in which the fullerene was modeled as a polarizable
sphere �18�. It was concluded that final neutralization occurs
at a distance of 6.6a0 �fullerene cage radius 6.7a0� between
the closest C atom in the fullerene and the surface �17�.

In this work, we measured angular and charge state dis-
tributions as well as fragmentation of scattered clusters for
C60

+ ions scattered with keV energies under a grazing angle of
incidence of typically 1° from an Al�001� surface. Scattering
proceeds in the regime of surface channeling in a series of
small-angle scattering events with surface atoms, where the
motions of projectiles parallel and normal with respect to the
surface are widely decoupled �2,14�. Within the resolution of
our experiments, we observe no dependence of our data on
the grazing angle of incidence for constant normal energy.
The trajectory length determines the energy transfer to the
surface and depends on the grazing angle of incidence.
Therefore, the observation that our data does not show a
dependence on angle for constant normal energy is consistent
with a negligible energy transfer to the surface �2�. For nor-
mal energies smaller than about 5–7 eV the clusters are scat-
tered elastically, while for normal energies larger than about
10 eV scattering is inelastic and normal energy losses can
amount to more than 90% of the incident normal energy. The
data is compared to trajectory calculations exploiting the em-
pirical Tersoff potential �19� for the cluster and different in-
teraction potentials for the cluster with the surface. By an
analysis of fragment spectra of scattered clusters we investi-
gate the transfer of energy to internal degrees of freedom of
the clusters. Delayed electron emission is studied via charge
fractions of scattered clusters.

II. EXPERIMENT AND RESULTS

In our experiments we have scattered 2.5–62.5 keV C60
+

ions under grazing angles of incidence ranging from 0.8° to
3.1° along high-indexed �“random”� directions from a clean
and atomically flat Al�001� surface. The target was prepared
by cycles of grazing sputtering with 25 keV Ar+ ions and
subsequent annealing at 500 °C for about 10 min. The qual-
ity of the surface was controlled by the shape of angular
distributions �2�. C60

+ ions were produced by evaporation of
C60 powder in a 10 GHz electron cyclotron resonance �ECR�
ion source �Nanogan, Pantechique� at an Ar pressure of

10−4 mbar �15,20,21�. Ions from the source are mass
separated by means of a magnet. The clusters have a rela-
tively high internal excitation energy of about 35 eV �see
below� so that already a small additional energy transfer to
internal excitations during the collision with the surface trig-
gers delayed fragmentation. Trajectories of scattered clusters
are hardly affected by internal excitations of the incoming
clusters �5� �see also simulations below�. Angular distribu-
tions for scattered particles are measured with a position-
sensitive micro-channel-plate detector �Roentdek, Kelkheim-
Ruppertshain� at a distance of 66 cm behind the target.
Spatial variations of the detection efficiency of the channel
plate were corrected by wobbling the direct beam over the
active area of the detector. As reference for the angle of
incidence serves scattering of Ar0 atoms, which are elasti-
cally reflected from the surface �2�. Projectiles were dis-
persed with respect to their charge and fragment state in an
electric field between target and detector.

A. Inelastic scattering, analysis of angular distributions

In Fig. 1 we show polar angular distributions after scat-
tering of E0=5–20 keV C60

+ ions as well as 2.5 keV Ar0

atoms from the Al�001� surface under a grazing angle of
incidence of �in=2.25°. For low energies the clusters are
scattered nearly elastically with well-defined peaked angular
distributions similar to the distribution for Ar0 atoms. For
increased energies, the clusters are scattered subspecularly,
the distributions become broader, and deviate from a Gauss-
ian line shape. In Fig. 2 we show the outgoing normal energy
Ez

out=E0 sin2 �out as a function of incoming normal energy
Ez

in=E0 sin2 �in obtained from the peak positions �full sym-
bols� as well as the positions of both half-maxima �open

FIG. 1. Waterfall plot of polar angular distributions for scatter-
ing of Ar0 atoms and C60

+ clusters with energies indicated under a
grazing angle of incidence of 2.25° from Al�001�. Ticks on the
vertical axis indicate offsets of zero level for distributions. Arrows
indicate outgoing angles for which fragment distributions have been
measured �see below�.
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symbols� of angular distributions for different angles of in-
cidence. For low normal energies Ez

in�5–7 eV the clusters
are scattered almost elastically while for normal energies
Ez

in�10 eV the outgoing normal energy is substantially re-
duced, Ez

out�Ez
in. For normal energies Ez

in�30 eV the ma-
jority of scattered clusters leaves the surface with normal
energies Ez

out�5 eV, which is equivalent to a normal energy
loss of about 90%. Within our experimental resolution, the
data is independent of the angle of incidence �trajectory
length, number of small-angle collisions with surface atoms�
for constant normal energy. From this finding we conclude
that the observed energy loss cannot be attributed to an en-
ergy transfer to the surface.

In order to analyze the angular distributions we performed
classical trajectory calculations using the empirical Tersoff
potential �19� for the C-C interaction. The Tersoff potential
contains both two-body and three-body contributions that de-
pend on the local environment of the atoms �bond angles and
bond order�. It was optimized to describe structural and en-
ergetic properties of a number of carbon structures. Before
the collision with the surface, the clusters were relaxed to
equilibrium, consistent with the Tersoff potential. This re-
sulted in small changes of the atom positions �22� only. For
each trajectory the clusters were randomly oriented and
placed with respect to a unit cell of the surface. The Al�001�
surface was represented by a rigid cluster of 7�7�2 atoms
centered below the projectile and Newton equations of mo-
tion were numerically solved using a fourth-order Runge-
Kutta method �23�. Correlated thermal vibrations of target
atoms were included within the Debye model at T=300 K
and Debye temperatures from Ref. �24�. For details see Ref.
�25�. Temperature effects have only a minor effect on the
results presented here. Our simulations have been success-
fully applied to the description of azimuthal shifts of angular
distributions, observed for grazing scattering in the vicinity
of low-indexed directions of an Al�001� surface �16�. Also,
the onset of shattering of C60 clusters during impact on a
hard wall at much larger energies than in our experiments
analyzed using the Tersoff potential by Sabin et al. �26� is in

quantitative accord with our simulations. As the interaction
potential of the clusters with the surface is only vaguely
known, we have implemented different types of interaction
potentials.

In Fig. 3 we compare results from our trajectory calcula-
tions �curves with symbols� with the data of Fig. 2 �circles�.
Fifteen to twenty trajectories have been calculated for each
point and the outgoing normal energy Ez

out has been derived
from the mean outgoing angle ��out� via Ez

out=E0 sin2��out�,
where E0 denotes the projectile energy. The accuracy of the
calculations is limited by the number of calculated trajecto-
ries. In order to estimate the uncertainty due to this statistical
effect we have included two curves calculated using a Mo-
liere potential with a corrected Firsov screening length aOCB
by O’Connor and Biersack �OCB� �27� for the interaction of
the cluster atoms with the surface. In addition, we present
results obtained for a planar attractive potential for embed-
ding carbon atoms into the electron gas in front of the sur-
face �added to the OCB potential� via Ec�z�=−1 eV�1
−tanh�z /a0−4�� /2, which vanishes for larger distances z and
saturates at an energy Eemb=−1 eV inside the crystal. This
potential reproduces the data reported in �16� and typical
adsorption energies for molecules at metal surfaces of a few
eV �28�. Furthermore, we show results for a reduced screen-
ing length a=0.8aOCB, i.e., a relatively hard surface. In order
to check a possible influence of electronic friction on our
results we performed calculations using a friction force for
carbon atoms in a jellium metal �2,29� extrapolated to the
velocities v relevant here assuming proportionality to v. The
distance dependence of the friction force was derived from
the electron density �30� for a jellium edge at z=1.91 a0.
This friction force per carbon atom was further increased by
almost an order of magnitude resulting in an estimate on an
upper bound for the cluster-surface friction force. In addi-
tion, we present calculations for incident clusters with an
internal excitation of 50 eV distributed over the vibrational
degrees of freedom.

The results in Fig. 3 reveal that the outgoing normal en-
ergy does only slightly depend on the choice of the cluster-

FIG. 2. �Color online� Outgoing normal energy Ez
out as a func-

tion of incident normal energy Ez
in for clusters scattered under

angles of incidence indicated. Full symbols �open symbols�: results
obtained from peak �half-maximum� positions of angular distribu-
tions. The dotted curve indicates specular reflection.

FIG. 3. �Color online� Comparison of data of Fig. 2 �circles� for
outgoing normal energy Ez

out as a function of incident normal en-
ergy Ez

in for grazing scattering of C60
+ from Al�001� to results from

simulations �curves with symbols�. The dotted curve indicates
specular reflection. For details see the text.
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surface potential, the electronic friction force, or the excita-
tion of incident clusters. In the simulations, the clusters have
significantly larger outgoing normal energies than found in
our experiments. The discrepancies of the simulations with
the data will most likely stem from deficiencies in the de-
scription of the binding of the deformed cluster by the Ter-
soff potential. A further analysis using more sophisticated
carbon potentials �3,31,32� and a realistic modeling of the
cluster-surface interaction, however, goes beyond the scope
of the present paper.

Our data is different than the results of Kimura et al. �15�
for grazing scattering of C60

+ from KCl�001�, where elastic
scattering for larger normal energies up to 20 eV was found.
Preliminary measurements performed by us with a LiF�001�
surface show similar results as reported for KCl. In the case
of KCl�001� and LiF�001�, C60

+ clusters are predominantly
scattered as positive ions while in case of the metal surface
Al�001� they are efficiently neutralized �cf. Fig. 7�. The dif-
ferences have to be attributed to different elastic properties
of neutral and charged C60 or different interactions with the
metal and insulator surfaces. We note that our results cannot
be compared with former studies performed at larger angles
of incidence �4,5,8� �see above�, where the surface is
strongly deformed upon cluster impact.

B. Internal excitation, fragmentation and delayed
electron emission

In order to analyze the internal excitation of scattered
clusters we have measured fragment distributions for scat-
tered projectiles at the maxima and also at other positions of
the angular distributions �e.g., arrows in Fig. 1�. A small slit
was placed within the angular distribution and charged frag-
ments were dispersed in an electric field. As an example, we
show a fragment size distribution for scattering of 12.5 keV
C60

+ clusters under �in=2.85° in Fig. 4. Charged Cx
+ frag-

ments are well identified in the spectra. In our experiment
only even-numbered Cx

+ fragments were found, which indi-
cates that the fragment spectra result from delayed evapora-
tion of C2 segments and delayed electron emission �3�. Shat-

tering at the surface results in both even and small odd
fragments and is expected only for much larger normal en-
ergies �200 eV �4,5,8,12,26�. At the onset of shattering the
distribution of large fragments is centered at about C50

+ �5�,
which indicates that larger internal excitations of the clusters
than found in our experiments �see below� are needed to
induce shattering of the clusters at the surface. When plotted
as a function of the normal energy loss �Ez=Ez

in−Ez
out the

fragment distributions measured at different positions of the
angular distributions fell on common curves. In Fig. 5 we
show normalized fractions of C60

+ , C58
+ , and C56

+ ions as a
function of normal energy loss �Ez for different angles of
incidence. For a given Ez the data does not depend on the
angle of incidence so that an energy transfer to the surface
can be neglected. In Fig. 6 we present fragment fractions of
C60

+ −C52
+ as a function of normal energy loss �Ez. For low

normal energies and normal energy losses predominantly in-
tact clusters are found, but as the normal energy loss is in-
creased fragmentation sets in, the C60

+ fractions decrease, and
smaller fragments appear in the spectrum.

In order to estimate the internal energy Ein of the scattered
clusters, we performed simulations of fragment spectra using
an Arrhenius representation of rate constants for delayed C2
loss and electron emission. Based on the concept of the mi-
crocanonical temperature �33–36� we describe relative popu-
lations Fm

q �t� of C60−2m
q+ fragments with charge q+ that have

emitted m C2 fragments by the rate equation

dF m
q �t�

dt
= − F m

q �t��km→m+1
q + km

q→q+1� + F m
q−1�t�km

q−1→q

+ F m−1
q �t�km−1→m

q , �1�

where

FIG. 4. Fragment-size distribution for scattering of 12.5 keV C60
+

clusters under �in=2.85° from Al�001�. Signal for neutral clusters
Cx

0 scaled down by factor 200.

FIG. 5. �Color online� C60
+ , C58

+ , and C56
+ fragment fractions nor-

malized to C60
+ –C52

+ as a function of normal energy loss �Ez for
different angles of incidence indicated.
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km→m+1
q = Ad exp�−

Ed

kBTe
� , �2�

km
q→q+1 = Aion�Tf�exp�−

Eion

kBTe
� �3�

are Arrhenius representations of the delayed evaporation
rates and the ionization rates, respectively. Ed is the dissocia-
tion energy for C2 loss, Eion the �q+1�th ionization energy,
and Te �Tf� the emission �fragment� temperatures of the clus-
ter, which are related to the microcanonical temperature Tm
of the cluster via

Te = Tm −
Ed/ion

2cm
, �4�

Tf = Tm −
Ed/ion

cm
, �5�

where the second term in Eq. �4� represents the finite-heat-
bath correction �33,37� and cm is the microcanonical heat
capacity. The caloric curve for C60 can be calculated using
harmonic oscillator partition functions �38� and is well ap-
proximated for parameters relevant here by �38,39�

Ein = 0.0147
eV

K
Tm − 8.46 eV, �6�

with a heat capacity only slightly different from high-
temperature limit �3·60−7�kB=0.0149eV

K . Therefore, we ap-
proximate the microcanonical heat capacity by

cm =
3n − 7

173
0.0147

eV

K
, �7�

where n=60−2m is the number of atoms in the cluster. For
the Arrhenius factors Ad �36,40,41� and Aion �35,39�, the dis-
sociation energies Ed �36,40,41�, and the ionization energies
�42–44� we use the values of Concina et al. �45,46�, which
are given in Table I. The Arrhenius A factors and dissociation
energies are not precisely known, but the results for the in-
ternal energies are not sensitive on their exact choice. In the

calculations we start with neutral C60
0 with an internal energy

Ein and solve the differential equations �1� up to the time
�	 few �s� when the projectiles pass the electric field
plates at a distance of 30 cm behind the target. Then the
charge fractions as well as the fractions of singly charged
fragments are extracted for comparison with data.

The internal energies of the scattered clusters were de-
rived by fitting the fragment spectra with Gaussian distribu-
tions of internal energies. The mean internal energy and the
width of the energy distribution can be unequivocally de-
rived only for fragment spectra with at least three fragments
present, which is the case for normal energy losses
�Ez�13 eV. We have first analyzed data in this region and
found a linear dependence FWHM=0.47�Ez+14 eV of the
width of the energy distribution as a function of the normal
energy loss �Ez �cf. dashed curve in Fig. 8�. This function
was extrapolated to �Ez�13 eV and used to fix the width in
the low energy region where only the mean internal energy
was derived from fits of the fragment spectra. As shown in
Fig. 6 our fits �plus signs� reproduce the measured spectra
�symbols�.

In Fig. 7 we show positive ion fractions for large frag-
ments �full circles� as a function of normal energy after scat-
tering of C60

+ ions from Al�001�. Ion fractions are small and
consistent with an efficient neutralization of clusters on the
incoming part of the trajectory �17�. Those fractions can be
calculated from the internal energies �cf. Fig. 8� derived from
the fits of the fragment spectra under the assumption that the
clusters are efficiently neutralized at the surface and that ions
predominantly result from delayed electron emission as de-
scribed by Eq. �1�. For Ad and Aion as given in Table I, the
calculated ion fractions are a factor three too small �squares
in Fig. 7�. The agreement with measured ion fractions is
improved for increased Aion or reduced Ad leading to en-
hanced probabilities for delayed electron emission events.

TABLE I. Parameters used in the simulation of the chain of
ionization and C2 emission �42–46�. Parameters for ionization of
charged fullerenes are not relevant for the analysis here as they
predominantly decay by dissociation. For details see the text.

Ed

�eV�
Ad

�s−1�
Eion

�eV�
Aion�Tf�

�s−1�

C60
0 10.6 2.3�1021 7.6 1�1015 Tf

4000 K

C58
0 8.4

C56
0 8.6 2�1019 7.1 5�1014 Tf

4000 K

C54
0 8.4

C52
0 8.4

C60
+ 10.1 1.2�1021 11.4 5�1014 Tf

4000 K

C58
+ 8.4

C56
+ 8.6 2�1019 11.4 5�1014 Tf

4000 K

C54
+ 8.4

C52
+ 8.4

FIG. 6. �Color online� C60
+ –C52

+ fragment fractions as a function
of normal energy loss �Ez �symbols�. Plus signs show results from
fits of fragment spectra. For details see the text.
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Compared to the uncertainties for the knowledge of the
�temperature-dependent� Arrhenius A factors and dissocia-
tion energies �3,33–36,39–41,45–47� only moderate adjust-
ments of the rate constants are needed and simulations using
�3Aion ;Ad� �upward triangles� or �Aion ; 1

4Ad� �downward tri-
angles� are in better accord with the data. The open �full�
symbols show results where the linear extrapolation for the
width of the energy distribution was used �not used�.

In Fig. 8 we present mean internal energies Ein and
FWHMs of the Gaussian energy distributions as a function
of the normal energy loss �Ez as deduced from fits of the
fragment distributions using different Arrhenius A factors.
The A factors have only a minor effect on the internal energy

distributions. The mean internal energies and the FWHM of
the energy distributions for the scattered clusters increase
with increasing normal energy loss. The solid line represent-
ing Ein=�Ez+34.5 eV is in good accord with our analysis
and corresponds to a full transfer of normal energy loss to
internal excitations. Then the initial internal energy for in-
coming clusters is about 35 eV.

The efficiency for energy transfer to internal excitations is
larger than found in previous studies �4,5,8�, because the
incoming energy is not transferred to the surface. We note
that our results measured for a range of grazing angles of
incidence of �in=1°−3° scale with the normal energy loss,
but do not depend on the motion parallel to the surface.
From our trajectory simulations using typical electronic
friction forces for atoms �2,29� one would expect excitations
of clusters from several up to some 10 eV. Keeping the
normal energy fixed, the energy loss due to electronic fric-
tion 
dE /dx dx is expected to scale as 1/sin2 �in, since both
the trajectory length as well as the stopping power dE /dx
scale as 1 /sin �in and dE /dx	v=vz / sin �in in the regime of
slow atom- �molecule-� surface collisions. The distance of
closest approach is the same for the same normal energies.
This would result in a factor of 3 difference for the parallel
energy loss for �in=1.65° and �in=2.85°. The internal ener-
gies determined from the fragment spectra for both angles of
incidence, however, are the same within the experimental
uncertainty. Possible explanations could be small electronic
stopping forces for C60

0 in front of the metal surface or that
the energy of an additional rotational excitation of the cluster
as a whole induced by friction parallel to the surface does not
affect delayed fragmentation. Therefore, it is of interest to
determine also the energy loss of the complete projectile mo-
tion by time-of-flight techniques in future experiments.

III. SUMMARY AND CONCLUSIONS

We have scattered keV C60
+ fullerenes from a clean and

flat Al�001� surface under grazing angles of incidence of
typically 1° along high-indexed �“random”� directions and
recorded angular, fragment, and charge state distributions for
scattered projectiles. The results show no dependence on the
grazing angle of incidence �trajectory length� for constant
energy of motion of projectiles along the surface normal.
This shows that energy transfer to the surface and effects of
the parallel motion on the data are negligible. For normal
energies Ez�5–7 eV the projectiles are scattered nearly
elastically, but for higher normal energies projectiles lose a
substantial amount of their normal energy. We compare an-
gular distributions with results from trajectory simulations
using the empirical Tersoff potential for the C-C interactions
of the cluster atoms and different interaction potentials with
the surface. The agreement with the data is poor and more
sophisticated theoretical attempts are needed to describe an-
gular distributions. As the energy transfer to the surface is
negligible for our scattering conditions, the normal energy
loss is expected to be transferred to internal excitations of
scattered fullerenes. The internal energy of the scattered clus-
ters was deduced from fitting fragment distributions using an
Arrhenius ansatz for the rate constants for delayed C2 loss

FIG. 7. �Color online� Measured fractions of positive ions after
scattering of C60

+ ions from Al�001� �full circles� as a function of
incident normal energy Ez

in. Data compared to charge fractions de-
rived from fits of fragment spectra using different rate prefactors as
indicated. Full symbols: results from fits of both mean value and
FWHM of internal energy distribution. Open symbols: results from
fits of mean energy only, with FWHM from linear approximation.
For details see the text and Fig. 8.

FIG. 8. �Color online� Mean internal energy Ein and FWHM of
internal energy distribution derived from fits of fragment spectra as
a function of normal energy loss �Ez for different rate prefactors
indicated. Full symbols: results from fits of both mean value and
FWHM of internal energy distribution. Open symbols: results from
fits of mean energy only, with FWHM from linear approximation
FWHM=0.47�Ez+14 eV. The solid line corresponds to Ein=�Ez

+34.5 eV, which means full transfer of normal energy loss to in-
ternal excitations of clusters. For details see the text.
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and delayed electron emission. From our data we conclude
that the impinging clusters have excitation energies of about
35 eV. These energies are sufficiently large in order to study
small energy transfers to internal degrees of freedom via the
analysis of fragments. Charge state distributions for scattered
projectiles are consistent with a full neutralization of incident
ions at the surface and subsequent delayed electron emission.
The normal energy loss is completely transferred to internal
excitations of the cluster, whereas excitations due to the par-
allel motion are negligible. The efficiency for the transfer of
normal energy to internal excitations of the clusters of up to
90% is much higher than found in previous studies on

fullerene-surface collisions. Finally, we point out that studies
as performed here provide an interesting regime of collisions
of clusters with a hard wall, since the energy transfer to the
surface turns out to be negligible. This might offer an unique
testing ground for the description of C60 potentials.
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