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Multifragmentation of C60
− was studied by measuring the kinetic energies of outgoing Cn

− �n=2–12� frag-
ments following C60

− collisions with a gold surface at sub-keV impact energies. We observe the transition from
a multifragmentation with common average energy for all fragments �“during-collision” event� to a one with a
common average velocity for all fragments �“post-collision” event�. The energy distributions for both multi-
fragmentation modes were successfully modeled by treating the fragmenting cluster as a hot “gas” consisted of
various Cn fragments and moving with some center of mass velocity.
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Fragmentation modes of highly energized microscopic
systems, ranging from large macromolecular ions to hot
atomic nuclei, are of fundamental physical interest. Their
importance is quite often related with the universal patterns
revealed and shared by the measured distributions �mass, en-
ergy, etc.�.1 These patterns may be applicable for interpreting
and predicting fragmentation processes of different objects
over very large scales of size and energy.2,3 Of special inter-
est in this context are multiparticle breakup �multifragmen-
tation� phenomena which were studied already for several
molecular species but mainly in the complete impact disin-
tegration limit �shattering�, where the projectile is shattered
into its smallest constituents. The so-called shattering
transition4–6 from the region of delayed evaporationlike
emission of elementary subunits to complete disintegration
was observed so far in weakly bound clusters such as
�NH3�nH+ �n=4–40�,6 I2�CO2�n

− �n=1–50�,7 antimony clus-
ters Sbn

+�n=3–12�,8 and also covalent molecular ions such as
Si�Cd3

+�,9 peptide ions,10 and fullerenes.11–13 Fullerene mol-
ecules and C60 specifically have recently turned into a model
system for studying different types of fragmentation phe-
nomena following extreme collisional and optical
excitations.14–16 Shattering-type fragmentation was reported
by Beck et al.11 for C60

+ ions impacting a graphite surface
over the 200–1800 eV energy range based on the evolution
of mass distributions alone. The common assumption in the
literature is that surface-impact-induced multifragmentation
event is completed when the fragments are still in close con-
tact with the surface. This should result in uncorrelated ve-
locities of the outgoing fragments. However, since the re-
ported experimental characterization of these fragments is
very limited, not much is known about the actual dynamics
of the multifragmentation event. Recently we have shown
that the sub-keV multifragmentation of C60

− impacting a gold
surface at near-grazing incidence is a fully correlated event,
where all scattered Cn

− fragments have nearly the same
velocity.12,13 Here we show that by changing the scattering
angle � by 90°, from near grazing ��=45°� to near normal
��=135°�, we observe a dramatic transition from a
common-velocity multifragmentation event to a common-
energy one �with corresponding kinetic energy losses of 60%
and over 99%�. Our measurements thus provide information
about fragmentation modes which are intermediate between
on-flight unimolecular decay and complete shattering at the
surface. Interestingly, the two �seemingly� very different
multifragmentation modes are described within a single

model based on the assumption that the species leaving the
surface is a superhot precursor composed of loosely intercon-
nected Cn groups. The actual multifragmentation event can
therefore be treated as an expansion/evaporation process of
the Cn groups off the outgoing precursor, which occur either
away from the surface or at the surface.

The experimental setup was described before.13 Briefly,
C60

− anions were accelerated to kinetic energies of 300–900
eV and collided with an atomically clean polycrystalline gold
surface maintained under UHV conditions. C60

− ion beam pu-
rity �99.99%� and energy width ��0.6 eV� were measured
using an online mass filter equipped with retarding field en-
ergy analyzer. Surface preparation procedures were as de-
scribed before.13 In order to assure surface cleanliness and
avoid C60 sticking, surface temperature was kept at 950 K.
The scattering configuration is that of a rotating surface and
a fixed detector which could be positioned at two different
scattering angles �=45° �near-grazing incidence� or �
=135° �near-normal incidence� given by �=�− ��i+�r� with
incidence angle �i and reflection angle �r both defined with
respect to the surface normal. Mass-resolved energy and
incidence-angle dependences of scattered Cn

− fragments were
measured by a mass-spectrometer equipped with an on-axis
retarding field energy analyzer. All kinetic energy distribu-
tions �KEDs� were measured under completely field-free
conditions and fully screened flight path of the fragments ion
to the energy analyzer.

A shattering-type fragmentation was observed for both
near-grazing ��=45°� and near-normal ��=135°� colli-
sions. One of its main characteristics in C60

− -surface impact is
odd/even �n-numbered� Cn

− mass distributions as reported
before.11–13 Note that under strict grazing incidence �1° –4°�
no shattering behavior was observed.15,16 Here, a clear shat-
tering threshold, a sharp rise in the total yield of small Cn

−

ions �n=2–22 for �=45° and n=2–15 for �=135°� as a
function of Eo, was observed. The shattering threshold for
�=45° was found to be at Eo�150 eV, followed by a sharp
rise of the integrated Cn

− signal by 2 orders of magnitude
increase in the integrated Cn

− signal over the Eo
=150–350 eV range gradually approaching a plateau region
at 900 eV.13 For �=135°, we observe an even more dramatic
behavior, resembling a phase transition curve: a threshold at
Eo�80 eV, 2 orders of magnitude steep rise over the Eo
=80–150 eV range, and then a relatively sharp transition to
a plateau region extending up to 900 eV. It should be noted
that the low-threshold value measured for both scattering
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angles, but especially for �=135° �with respect to the full
cohesion energy of C60, estimated �500 eV�,13 supports a
description of the results presented here in terms of a multi-
fragmentation process into a few relatively large fragments.
This description seems to be more appropriate here than a
complete shattering into the smallest constituents as ob-
served for weakly bound clusters.6

Figure 1 shows the kinetic energy distributions of the Cn
−

fragment anions scattered at an angle of �=135° ��i
=20�1°� for impact energies Eo=300 eV �E0�=265 eV,
n=4,6 ,9�, Eo=600 eV �E0�=530 eV, n=4,6 ,9�, and Eo
=900 eV �E0�=795 eV, n=2−7,9�, where E0�

=Eo cos2 �i. Generally, all KEDs peak at most probable en-
ergies Emp in the range of 1–1.5 eV, except for C2

−, C3
−, and

C4
− at Eo=900 eV with Emp�2 eV. The full width at half

maximum �FWHM� for all KEDs is roughly twice their Emp
values. A closer inspection of Fig. 1 reveals clear trends be-
tween KEDs of different Cn

− measured for a given Eo value
�KEDs family� and also evolution of these trends with in-
crease in Eo. At Eo=300 eV the KEDs are getting broader
with an increase in the fragment ion size, namely, the C9

−

KED is the broadest one. This trend is getting weaker, but
still persists at Eo=600 eV �e.g., the C9

− KED is still the
broadest one�. However, when Eo is increased to 900 eV the
trend is completely reversed; the C9

− KED is now the narrow-

est one while the KEDs for C4
−, C3

−, and C2
− �where the effect

is most pronounced� gradually become broader.
In order to understand and to model the �practically�

common-energy KEDs for Cn
− fragments �for n�4� scattered

at near-normal ��=135°� configuration, we will use the
clear conclusion drawn from the former common-velocity
observation for all Cn

− fragments scattered at near-grazing
��=45°� configuration.13 Namely, all fragments originate
from a common parent �precursor� species. It was proposed
that the precursor species for “post-collision” multifragmen-
tation is a scattered C60

− with center of mass �CM� velocity
Vcm and so highly internally excited that it looses its intrinsic
structure and can be considered as a superhot ensemble of 60
carbon atoms which temporally organize into a cluster of Cn
groups, loosely interconnected but tightly confined. Both
temperature T of this hot ensemble and its Vcm define the
kinetic energy distributions of the Cn fragments which
“evaporate” from the ensemble. Regarding the issue of pos-
sible charge exchange processes, we have shown
previously,12,13 that the origin of the negatively charged frag-
ments is indeed a multifragmentation of the superhot C60

−

precursor sufficiently far away from the surface such that
direct fragment-surface charge exchange is negligible. Spe-
cifically, a lower limit of 18 Å was estimated for the dis-
tance of formation for C5

− at 300 eV impact energy.
Assuming a Maxwellian velocity distribution for the dif-

ferent Cn groups within the precursor species �in its CM
frame� one can write a flux-velocity distribution for the Cn
groups �dNn /dV� in the laboratory frame within a small solid
angle �	,

dNn

dV
= A�nm�3/2V3 exp�−

nm�V − Vcm�2

2kT
� , �1�

where A=no�	 / �2�kT�3/2, no is the volume density of Cn
groups, m is the mass of a carbon atom, k is the Boltzman
constant, and �	=�
2 with 
 as the angular collection ap-
erture of the experimental setup. The corresponding flux-
energy distribution is given by

dNn

dE
= 2A�nm�−1/2E exp�−

��E − �n��2

kT
� , �2�

where �=mVcm
2 /2 is the kinetic energy of a carbon atom

moving with the precursor CM velocity Vcm. For low Vcm
values with n��kT �or �n� /E�1 for E�kT� the flux-
energy distributions of the Cn groups �Eq. �2�	 are practically
the same for all n with most probable energies Emp�kT. In
the opposite case with high Vcm values �n�
kT� one gets
different shifted distributions with Emp�n�. In the follow-
ing, we will show that Eq. �2� can describe all the experi-
mental KEDs for both �=45° and �=135° reasonably well
using only a single pair of fitting parameters �kT ,�� for all
KEDs within a given Eo value.

First we will test this model using the formerly measured
Cn

− KEDs under near-grazing ��=45° and �i=63�1°�
configuration.12,13 These measurements were discussed be-
fore only in terms of most probable energies but no attempt
was made at analyzing the complete KEDs shape. Figure 2
shows the measured Cn

− KEDs for �=45° and E0=300 eV

0 1 2 3 4 5 6 7 8
0.0

0.2

0.4

0.6

0.8

1.0

7C
−

5C
−

3C
−
2C
−

0 900 eVE =

E (eV)

x

+

9C
−

6C
−

4C
−

0.0

0.2

0.4

0.6

0.8

1.0
0 600 eVE =

dN
/d
E
(r
el
at
iv
e
un
its
)

exp.

9C
−
6C
−
4C
−

calc.

0.0

0.2

0.4

0.6

0.8

1.0

exp.

9C
−
6C
−
4C
−

o135ψ = 0 300 eVE =

calc.

Maxwellian
(ε = 0)

FIG. 1. Kinetic energy distributions of scattered Cn
− fragment

anions following impact of C60
− on a gold surface with energies

E0=300, 600, and 900 eV at near-normal incidence ��=135° and
�i=20°�. Both measured and calculated �lines� distributions are
shown. The calculated distributions are given only for E0=300 and
600 eV. A single pair of parameters �kT and �� was best fitted �see
text� for each E0 value �a complete family of distributions�. All
distributions are normalized to the same peak intensity.
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�n=4,7 ,10�, E0=600 eV �n=4,7 ,12�, and E0=900 eV �n
=4,6 ,8� together with calculated KEDs using Eq. �2�. All
distributions are normalized to the same peak value at the
most probable energies.

All calculated Cn
− KEDs for a given E0 value �a complete

KEDs family� were simultaneously best fitted to the
corresponding measured KEDs family. The resulted uniquely
fitted pairs of parameters �kT ,�� for each family are
kT=0.51�0.07 eV and �=1.63�0.10 eV �Vcm
=5210 m /s� for Eo=300 eV, kT=0.65�0.06 eV and �
=3.66�0.01 eV �Vcm=7810 m /s� for Eo=600 eV,
and kT=0.83�0.11 eV and �=5.90�0.27 eV �Vcm
=9920 m /s� for Eo=900 eV. The spread of each parameter
value is a mean one derived from the least-squares fitting of
the calculated and measured KEDs separately for each n
within a given KEDs family. The calculated KEDs families
agree rather well, within relatively narrow spreads, with the
measured ones �excluding the C2

− KED for Eo=600 eV�.
We now turn to analyze the near-normal KEDs measured

here at �=135°. The agreement obtained between measured
and calculated �using Eq. �2�	 KEDs of Cn

− fragments �n
=4,6 ,9� for E0=300 eV and 600 eV is presented in Fig. 1.
Again, the pair of parameters �kT ,�� is best fitted for each

complete family of KEDs corresponding to a given E0 value.
The values obtained are kT=0.68�0.08 eV and �
=0.032�0.023 eV �Vcm=730 m /s� for Eo=300 eV
and kT=0.64�0.07 eV and �=0.01�0.01 eV �Vcm
=410 m /s� for Eo=600 eV. The agreement between calcu-
lated and measured KEDs is again quite good. The trend for
increased width of the KEDs with increase in fragment size n
is well reproduced by the calculation. Note that although the
velocity Vcm �as given by the fitted � value� is very small for
�=135° collisions, trying to fit the KEDs in Fig. 1
�Eo=300 and 600 eV� using �=0 will result in a broader
mass-independent Maxwellian distribution �with Emp=kT
=1.3 eV� which cannot reproduce the mass-dependent varia-
tion in the measured KEDs. For the near-grazing scattering at
�=45°, the kT value of the outgoing precursor ensemble of
carbon atoms increases from 0.51 to 0.83 eV with increase in
E0 from 300 to 900 eV. The kinetic energy loss of the scat-
tered precursor is �0.6 E0. However, for �=135°, when the
relative kinetic energy loss is nearly 100%, the parameter kT
practically does not change and even slightly decreases with
E0, from 0.68 eV for E0=300 to 0.64 eV for E0=600. Note
that for �=135° the precursor kinetic energy also decreases
with E0, namely. 60��1.9 eV for E0=300 eV and
�0.6 eV for E0=600 eV. It can be argued that in this case
the disintegration event is completed “during collision”
while the departing Cn fragments are still in close contact
with the surface. Estimating the fragmentation distance from
the surface Z�n�=�l�Vcm cos �r /Vrel�n�	 �with Vrel�n� as the
average relative velocity of fragmenting Cn groups and �l as
the characteristic increase in separation between these groups
due to the fragmentation process	 and assuming �l�2 Å
with Vcm=�2� /m, Vrel�n�=�16kT /� nm we obtain for Eo
=300 eV, Z�4�=0.51 Å and Z�9�=0.77 Å, and for Eo
=600 eV, Z�4�=0.30 Å and Z�9�=0.45 Å. The subang-
strom distance indeed implies that in this case the multifrag-
mentation process occurs practically at the surface although
there is a residual velocity correlation which gradually di-
minish with increase in Eo.

At E0=900 eV the behavior of the KEDs family �see Fig.
1� can no longer be described in terms of an evaporating
precursor, leaving the surface with some velocity Vcm. The
trend observed for the KEDs width for the E0=300 and 600
eV is now reversed. The distributions are getting narrower
with increase in cluster size n from C2

− to C5
− but maintain a

nearly constant width for C5
− to C9

−. This KED behavior
closely resembles the behavior of KEDs of neutral clusters
�in the range of E�20 eV� sputtered off metals under bom-
bardment by Ar+ ions with E0�3–5 keV �see, for example,
the KEDs of Aln �Ref. 17� and Agn,18 n=2–6	. Such simi-
larity possibly points at similar mechanisms underlying the
formation of both scattered Cn

− fragments and sputtered me-
tallic clusters. One can suggest that under near-normal inci-
dence of C60

− ions the collision process begins by stopping of
frontal C atoms �on the front C60 hemisphere� so that these
atoms now serve as a new “target” atoms for the still propa-
gating atoms at the back hemisphere. These still moving at-
oms transfer their impulse and energy to the “target” C atoms
and sputter them as Cn

− clusters. This mechanism can be
named “self-sputtering.”19

The similar behavior observed for KEDs of scattered Cn
−
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FIG. 2. Kinetic energy distributions of scattered Cn
− fragment

anions following impact of C60
− on a gold surface with energies

E0=300, 600, and 900 eV at near-grazing incidence ��=45° and
�i=63°�. Both measured and calculated �lines� distributions are
shown. A single pair of parameters �kT and �� was best fitted �see
text� for each E0 value �family of distributions�. All distributions are
normalized to the same peak intensity.
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fragments under the C60
− impact and KEDs �in the range of

E�20 eV� of neutral clusters sputtered from metals under
atomic ion bombardment mentioned above suggests that the
collision cascades induced in the metal following impact of
few keV atomic ions can also be characterized by a “tem-
perature” parameter. It is interesting to mention in this con-
text that the KED behavior of sputtered clusters �e.g., Aln
�Ref. 17� and Agn �Ref. 18� as mentioned before	 is still
considered to be an unresolved issue. The correlation drawn
here between the two �assumingly� related phenomena can
therefore shed some light on this intriguing impact
excitation/emission process.

Next, we would like to discuss the collisional internal
energy excitation of the precursor species for the case of
near-grazing incidence ��=45°�. The average internal en-
ergy Ēv of the highly vibrationally excited C60

− precursor spe-
cies can be evaluated in the equipartition limit via Ēv
=174 kT. Using the fitted kT values from Fig. 1, this expres-

sion leads to Ēv−ZPE
Ev
eff�79, 103, and 134 eV for E0

=300, 600, and 900 eV correspondingly �here ZEP is the C60
zero point energy and equals 9.7 eV�.20 These values of Ev

eff

exceed �or are nearly the same as� the normal components of
the kinetic energy loss of the precursor species calculated as
�E��E0�= �E0 cos2 �i−n��E0�cos2 �r	: 52, 103, and 152 eV
correspondingly ��i=63°, �r=72°�. Taking into account also
an appreciable part � of �E� which is lost to surface exci-
tation, one gets Ev

eff� �1−���E��E0�, thus leading to the
conclusion that a substantial part of Ev

eff is contributed by the
parallel component of the kinetic energy loss �E�. It is thus

quite possible that the vibrational excitation is partly medi-
ated by an efficient translational to rotational energy transfer
as proposed earlier for the supersonically accelerated neutral
C60 in the E0=10–40 eV impact energy range.21 A possible
mechanism involves friction forces �due to some C60-surface
adhesive interactions� associated with a translational slip
during the scattering process. These forces can generate a
torque leading to C60 rotation and �asymptotically� to rolling
without slipping.

In summary, we have observed two distinct multifragmen-
tation modes following the surface impact of C60

− : a post-
collision event at near-grazing incidence with a common av-
erage velocity for all fragments and a during-collision event
at near-normal incidence with a common average energy for
all fragments. It was demonstrated that a transition between
the two multifragmentation modes can be induced by vary-
ing the scattering angle. Using a unified approach and de-
scribing the disintegrating cluster �outgoing precursor� as a
high-temperature highly confined hot “gas” of Cn groups
moving with some CM velocity, we have reproduced all
measured KEDs for the two �seemingly� different multifrag-
mentation modes. In spite of the very different energy losses
for the two scattering angles, the mutifragmentation event is
found to be velocity correlated even for the near-normal in-
cidence, where we observe a gradual increase in distribution
width with the size of the Cn

− fragment. This tendency gradu-
ally weakens with impact energy till complete reversal while
the system approaches an intrinsic self-sputtering behavior.
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