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We have studied surface impact multifragmentation of C60
− following subkiloelectron volt, near-grazing

collision with a nickel target. Field free, mass resolved kinetic energy distributions and incidence angle
dependences were measured for the outgoing Cn

− �n=2–15� fragments. All energy distributions could be
described within a scenario where Cn groups are statistically �thermally� emitted off an outgoing precursor
away from the surface, as manifested by shifted Maxwellian flux distributions with only two parameters:
kinetic energy � �per carbon atom� associated with the center-of-mass velocity of the moving precursor and its
temperature T. The best fitted parameters were found to be �=2.60 eV and kT=0.86 eV. A distinct narrowing
effect was observed for the incidence angle dependences of the Cn

− fragments yield, going from C4
− to C15

− . The
gradually decreasing angular width as a function of cluster size n was analyzed based on the assumption of
isotropic, statistical fragments emission off an outgoing multifragmenting source �the superhot precursor�. The
predicted 1 /�n narrowing law was found to be in good agreement with the observed width effect and the two
parameters �, kT extracted from the independently measured kinetic-energy distributions. We conclude that
both energy and angle distributions clearly demonstrate a statistical expansionlike, precursor-mediated multi-
fragmentation mechanism.
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I. INTRODUCTION

Multifragmentation phenomena where highly energized
complex and finite system instantaneously disintegrates into
several of its constituents are important in many fields and
are sometimes of a universal nature regarding general pat-
terns which may be revealed. Once the deposited energy ex-
ceeds that corresponding to the evaporation regime �sequen-
tial emission of elementary subunits� approaching the total
cohesion energy of the system, multifragmentation dynamics
will start to dominate, eventually reaching complete disinte-
gration of the system into its smallest units �the shattering
limit�. This multiparticle break-up behavior was observed
over extremely broad size scale ranging from macroscopic
objects,1 through large clusters and molecules and down to
superhot atomic nuclei.2,3 Actually, the subject was most in-
tensively studied, both experimentally and theoretically, in
the context of nuclear multifragmentation following heavy
ions collisions and hadron-nucleus collisions in the range of
3–10 MeV/nucleon where both statistical and dynamical
models are used to describe experimental results.2,3 Multi-
fragmentation of atomic nuclei is often treated in terms of
liquid-gaslike �or “liquid-fog”� phase transition based on a
microcanonical thermodynamic approach.4 Multifragmenta-
tion phenomena for polyatomic molecular/cluster species
were mainly studied following impulsive surface impact ex-
citation in the shattering limit, namely, complete disintegra-
tion into elementary subunits.5–7 The projectiles included
weakly bound clusters such as �NH3�nH+ �n=4–40� �Ref. 7�
and I2�CO2�n

− �n=1–50� �Ref. 8� where the total binding en-
ergy could easily be exceeded by the impact-induced internal
excitation as well as tightly bound molecular ions such as
Sbn

+ �n=3–12�,9 Si�CD3�3
+,10 peptide ions,11 and

fullerenes.12,13 The main experimental evidence in these

studies was the observation of the so-called shattering tran-
sition based on a relatively sharp �in impact energy� variation
in mass abundances from the parent to many small�est� sub-
units but usually without detailed analysis of mass resolved
energy and angle distributions which can reveal fragment
size-dependent correlations. This was also associated with
the underlying assumption that the shattering event is neces-
sarily completed “at the surface” and “during collision”
while all fragments are still in close contact with each other
and with the surface �strong surface interaction regime� im-
plying energy equalization between all emitted fragments
with no velocity correlations. Recently we have reported14

that surface impact-induced multifragmentation of a large
molecular system can be a fully correlated event. By mea-
suring field-free kinetic energy distributions �KEDs� of Cn

−

�n=1–12� fragments following collisions of 300–900 eV C60
−

ions with a gold surface we have observed the transition
from multifragmentation with common average energy for
all fragments �“during-collision event”� to a one with a com-
mon average velocity for all fragments �“post collision
event”�. KEDs for both multifragmentation modes were suc-
cessfully treated within a “precursor mediated statistical mul-
tifragmentation” model. The actual disintegration stage was
described as an expansion/evaporation process of Cn groups
off an outgoing precursor which occurs either away from the
surface �for near-grazing incidence� or at the surface �for
near-normal incidence�. It should be noted that during the
last two decades C60 turned to be a model system for probing
the decay dynamics of a highly energized large molecular
system with emphasize on distinct fragmentation domains.15

Recent interest is focused on charge exchange and fragmen-
tation in grazing incidence collisions14,16–18 Here we extend
the validity of the fully velocity correlated multifragmenta-
tion mechanism for the impact of C60

− with a nickel target
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using not only KEDs of the outgoing Cn
− fragments but also

based on the observation of a new effect of gradual narrow-
ing of incidence angle dependences of the Cn

− fragment yield
as a function of the fragment size n. This effect is analyzed
in terms of a precursor mediated, statistical �expansionlike�
multifragmentation mechanism resulting in a predicted 1 /�n
narrowing law which is found to be in good agreement with
the experimental results.

II. EXPERIMENTAL

Only a brief description of the setup will be given here
focusing on the most relevant experimental aspects. A more
detailed report was given earlier.19,20 C60

− anions were gener-
ated by passing the fullerene vapors through heated ceramic
capillary combined with soft �thermal� electron attachment/
pickup. This results in highly mass pure �99.99%� C60

− ion
beam �no need for any mass filtering� with narrow energy
width ��0.6 eV� as measured using an on-line mass filter
equipped with a retarding field energy analyzer. The C60

− ions
were collided at kinetic energies of 200–900 eV with
sputtered/annealed atomically clean polycrystalline nickel
surface maintained under under ultra high vacuum condi-
tions. In order to assure surface cleanness, avoid C60 sticking
and generally maintain stable surface conditions, surface
temperature was kept at 950 K throughout all measurements.
All the mass resolved energy and angle distributions are
highly reproducible with no sign for any gradually accumu-
lated surface damage. Surface quality �smoothness and flat-
ness� is demonstrated by the near-specular incidence angle
dependences. The experimental configuration is that of a ro-
tating surface and a fixed detector such that the scattering
angle is given by �=�− ��i+�r� with incidence angle �i and
reflection angle �r both defined with respect to the surface
normal. A near-grazing ��=45°� configuration was em-
ployed in the experiments reported here. The detected signal
is therefore confined within the �i=45–90 range. Mass re-
solved KEDs and incidence angle dependences In��i� of out-
going Cn

− fragments were measured by a mass-spectrometer
equipped with on-axis retarding field energy analyzer ��E
=0.4 eV�. All KEDs and In��i� dependences were measured
under completely field-free conditions. All elements includ-
ing sample holder, heater and electrical leads and flight path
of the fragment ions from the surface to the energy analyzer
were fully screened.

III. RESULTS AND DISCUSSION

A. Multifragmentation yield curve

At impact energies above 200 eV the scattered beam mass
spectrum was dominated by small odd/even �n numbered� Cn

−

fragments—a well-established characteristic of the fullerene
multifragmentation regime �n=2–23 for E0=300 eV and n
=2–18 for E0=600 eV�. Figure 1 presents the total �mass
and energy integrated, normalized over primary beam cur-
rent� yield of the Cn

− fragment ions for C60
− impact energies of

200–900 eV. The very steep rise followed by a plateau region
demonstrates a clear shattering-type transition resembling a
first-order phase transition caloric �temperature-energy�

curve. The signal grows up by about a factor of 100 starting
from a threshold value at E0=200 eV till E0=400 eV fol-
lowed by a rather sharp transition to a plateau region beyond
500 eV �over the E0=500–900 eV range measured here�.
According to our “precursor mediated multifragmentation”
model,14 the Cn

− fragments are produced by the decay of a
very highly vibrationally excited precursor ion. The precur-
sor ion is assumed to be a superhot ensemble of 60 carbon
atoms which are temporally organized into a cluster of Cn
groups, loosely interconnected but tightly confined. The in-
coming C60

− is probably fully neutralized upon impact, along
the entrance leg of the scattering trajectory. A small fraction
of the neutralized projectiles reionizes via surface electron
pickup along the exit trajectory resulting in an outgoing sin-
gly charged precursor anion. The absolute yield indicated in
Fig. 1 is mostly due to the relatively low �0.1–0.3 %� reion-
ization probability. This precursor anion can now thermioni-
cally emit the excess electron �thus avoiding detection as an
ion� or multifragments into several neutral Cn fragments and
a negatively charged one. Since we are detecting only nega-
tive ions, each of the counted Cn

− fragments is originating
from a different precursor ion while all other neutral Cn frag-
ments are not detected. The mass integrated Cn

− yield curve in
Fig. 1 is therefore reflecting the net increase in negatively
charged precursor ions as a function of impact energy. The
total Cn yield, including neutrals, is probably increasing even
more steeply. The plateau region reflects saturation in the
formation rate of appropriate precursor ions or some steady
state between rate of precursors formation and rate of some
suppressing decay process such as thermionic emission pre-
ceding multifragmentation, based on different internal energy
dependence of each of the competing rates.

B. Kinetic energy distributions

The measured mass-dependent KEDs for the outgoing Cn
−

�n=2–10� ions are presented in Fig. 2 �dots� along with the
calculated distributions �thin solid line�. As before �for the
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FIG. 1. Multifragmentation yield curve �total yield of Cn
−� for

near grazing ��=45°� C60
− impacting a nickel surface at 200–900

eV. The yield is normalized over primary beam current.
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Au target14� the complete KEDs family of Cn
− fragments was

successfully and uniquely fitted by a shifted Maxwellian flux
distribution

dNn

dE
� E exp�−

��E − �n��2

kT
� �1�

characterized by only two parameters: the precursor center-
of-mass velocity Vc.m. �or corresponding kinetic energy �
=mVc.m.

2 /2 of a single carbon atom with mass m� and its
temperature T �k is the Boltzmann constant�. The best fitted
parameters used for the calculated distributions as given in
Fig. 2 are kT=0.86 eV and �=2.60 eV. Note the good

agreement which provide confidence in the concept of statis-
tical multifragmentation of a nearly thermally equilibrated
moving precursor ion. The temperature T is used in the sense
of a microcanonical temperature �defined for a single, iso-
lated precursor species serving as its own heat bath�. The fact
that it qualifies as a characteristic parameter which describes
rather well the very short-time scale �estimated to be subpi-
cosecond� multifragmentation event is a manifestation of the
momentary high density attained within the precursor ion
upon surface impact. The fitted T value also reflects an en-
semble average over a distribution of outgoing precursors
�each with its own fixed, impact deposited, internal energy�.
The good agreement obtained between experimental KEDs
and the shifted Maxwellian distribution shows that the dis-
tribution of internal energies between the different precursors
is rather narrow and the microcanonical temperature is there-
fore nearly the same as the ensemble averaged one. Similar
arguments regarding Vc.m. lead to the conclusion that the dis-
tribution of kinetic energies of the outgoing precursors is
rather narrow as well. The values of the fitted parameters
imply 60	�=156 eV kinetic energy of outgoing precursor
�74% primary ion kinetic-energy loss� and internal vibra-
tional excitation which is given by Ev

ef f �Ev−ZPE
=140 eV, where Ev=174kT=149.6 eV and ZPE=9.7 eV is
the zero-point energy �ZPE� �estimated as for C60�.21 From
total-energy balance one gets 304 eV energy transfer to the
surface. Note that even the extreme vibrational excitation as
extracted here is still considerably lower than the total cohe-
sion energy of C60 ��450 eV�.22

A different, explosionlike, multifragmentation scenario
for ion impact excited fullerenes was proposed by Cheng et
al.23 �high-energy collisions with multicharged xenon ions�
and Rentenier et al.24 �medium energy collisions with singly
charged light ions�. By analyzing time-of-flight �TOF� line
shapes of Cn

+ �n=1–12� fragments they have extracted nearly
constant fragment ions momentum value PTOF, which corre-
sponds to 1 /n scaling of the most probable energies Emp of
these ions �in c.m. frame�. They have associated this surpris-
ing observation with an explosive type multifragmentation of
a multicharged fullerene. However, there is no fundamental
physical reasoning supporting the description of the explo-
sive multifragment break up as a constant momenta event.
For our thermally equilibrated precursor case, the average
thermal momenta �PkT	=�8kTmn /� of Cn

− fragments �in the
c.m. frame of the precursor ion� is proportional to �n. It is
interesting to note that the constant momentum value of
PTOF
135 a.u. found by Rentenier et al.24 for Cn

+ fragments
with n
6 is comparable with the range of average momen-
tum value �PkT	=94–162 a.u. for n=5–15 in our experi-
ment.

C. Incidence angle dependences—width narrowing effect

The nature of the evaporation/expansion process of the
moving precursor should be reflected also in the angular dis-
tributions of the emitted Cn

− fragments. Figure 3 shows the
incidence angle dependences In��i� as a function of the frag-
ment size n. The width �full width at half maximum
�FWHM� value� of these dependences is decreasing monoto-
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FIG. 2. Kinetic-energy distributions of outgoing Cn
− fragment

ions following impact of C60
− ion on a nickel surface at kinetic

energy E0=600 eV and near-grazing incidence ��=45° , �i

=61° –62°�. Both measured �dots� and calculated �thin solid lines�
distributions are shown. All calculated shifted Maxwell distribu-
tions are given by Eq. �1� with a single pair of best fitted parameters
kT=0.86 eV and �=2.60 eV. All distributions are normalized to
the same peak intensity.
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nously from a value of 12.8° for C4
− to 8.4° for C15

− . Due to
improved signal-to-noise ratio for the angular �integrated�
dependences as compared with the KEDs we were able to get
good quality measurements down to n=15.

We assume that the width of the In��i� dependence of
shattered ions intensities indirectly represent that of the an-
gular distribution Jn��r ,�i=const.� of fragment ions emitted
at an angle �r relative to the surface normal. We also assume
that for an incidence angle �i

max �maximum of the In��i� de-
pendence�, the emission direction corresponding to the angle
�r

max �maximum of the Jn��r ,�i=const.� distribution� coin-
cides with the direction of detection of the fragment ions
such that �r

max=�−�−�i
max. For the near-grazing scattering

configuration ��=45°� the value of �i
max
61° –62° is

smaller than the specular value 67.5° by only a few degrees.
The same result was found for the case of the near-normal
scattering configuration ��=135°� for which �i

max
20° as
compared with the specular value of 22.5°. Taking into ac-
count this similarity along with the experimental condition
�i+�r=const., one can conclude that some arbitrary devia-
tion ��i of the incidence angle from the value of �i

max results

in a corresponding deviation of the registration direction
from �r

max by the value of ��r
−2��i �see also Ref. 25�.
Our model assumes that the thermalized precursor which

is leaving the surface is the source for the emitted fragments.
Within this statistical model, the velocity directions of the
various fragments are isotropic in the center-of-mass frame
while in the laboratory frame they define some angle ��n�
�� /2 with the precursor ion velocity. For the averaged
value ���n�	 one can write

���n�	 = arctg
�V��n�	

Vc.m.
= arctg

0.5V�n�
Vc.m.

, �2�

where V�n� is the velocity of the Cn
− fragment in the

center-of-mass frame and the factor 0.5 at the numerator
results from averaging of the in-plane V��n� component
perpendicular to the precursor velocity ��V��n�	
=V�n��sin 
 cos �	�. Spherical averaging over all possible
orientations �random velocity directions� was carried out
within the azimuthal angle ��� interval �−� /2,+� /2� and
polar angle �
, defined with respect to the Vc.m. vector� in-
terval �0,��. If Jprec��r ,�i=const.� is the angular ��r� emis-
sion distribution of precursor ions relative to the surface nor-
mal �in the scattering plane� with a width �r�prec� then one
can expect that the width �r�n� of the emitted fragment ion
distribution Jn��r ,�i=const.� �in the same plane� will be
larger than �r�prec� by �r�n� such that

�r�n� � �r�n� − �r�prec� 
 2���n�	 . �3�

Since the In��i� dependence of shattered ions intensities in-
directly represents the distribution Jn��r ,�i=const.� of emit-
ted fragment ions, one can also introduce the quantity �i�n�
defined as

�i�n� = �i�n� − �i�prec� , �4�

where �i�n� is the width of the incidence angle dependence
In��i� for the fragment Cn

− ions and �i�prec� is the corre-
sponding width of Iprec��i� for the precursor ions. The broad-
ening of the Iprec��i� dependence is therefore given by �i�n�,
which represents the broadening �r�n� of the Jprec��r ,�i
=const.� distribution. Using the angular deviations relation

��r


2��i
 �see above�, one can conclude that

�i�n� = B
�r�n�

2
. �5�

The proportionality factor B is related with the uncertainty of
the transition from the measured width of the incidence angle
dependence In��i� to the unmeasured width of the Jn��r ,�i
=const.� distribution. It is also related with some uncertainty
of the chosen value of characteristic velocity V in the Max-
wellian distribution, responsible for the broadening of the
Jprec��r ,�i=const.� distribution or Iprec��i� dependence. We
believe that value of the factor B is of the order of unity.

Using Eqs. �2� and �3� one can now rewrite Eq. �5� as

�i�n� = B arctg�0.5V�n�/Vc.m.� . �6�

In the center-of-mass frame the most probable speed of
fragment ions with mass nm is given by �2kT /nm. Since
0.5V�n� /Vc.m.�1, Eq. �6� can be approximated �for any
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FIG. 3. Incidence angle dependences In��i� of outgoing Cn
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ment ions following impact of C60
− ion on a nickel surface at kinetic

energy E0=600 eV and near-grazing incidence ��=45°�. Note the
gradual narrowing of the width �FWHM value�.
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given value of Eo and hence corresponding values of Vc.m.
�or �=mVc.m.

2 /2� and kT� as

�i�n� 
 B 	 0.5V�n�/Vc.m. = A/�n �7�

with A=B	0.5�kT /�.
At this stage, using Eqs. �4� and �7� and treating the value

of �i�prec� as a fitting parameter one can try to describe the
measured �i�n� dependence. For this one have to assume B
=1, taking kT and � as extracted from Fig. 2. Instead, we use
a different approach enabling us to deduce the �i�prec� value
independently from the B value. Assuming that the value of
the coefficient B is not known, we consider the �i�n� depen-
dence relative to some reference value n=nref

�i�n� =�nref

n
��i�nref� − �i�prec�� + �i�prec� . �8�

Figure 4 presents the measured widths �i�n� of the In��i�
dependence of fragment Cn

− ion intensities �taken from the
data in Fig. 3� vs the number n of C atoms in the ion for
E0=600 together with �i�n� dependences calculated by Eq.
�8�. The value of nref =15 was used and the fitted value of
�i�prec�=4° provides good agreement between calculated
and measured dependences. Although the width of the
Iprec��i� dependence is not measurable one can compare this
result ��i�prec�=4°� with the related width of scattered in-
tact C60

− ions. Unfortunately there is no surviving C60
− at E0

=600 eV but there is some signal at E0=100 eV. Indeed,
very narrowly peaked and nearly specular I��i� dependence
��i�C60

− �=3.2°� was measured at E0=100 eV, lending cred-

ibility to the fitted value as deduced here. The correctness of
the chosen value of �i�prec�=4° can now be further exam-
ined using Eqs. �4� and �7�

�i�n� − �i�prec� = B 	 0.5�kT/n� . �9�

As one can see from Fig. 5, when plotting the difference
�i�n�−�i�prec� using the measured values of �i�n� and the
value of �i�prec�=4°, together with the calculated right side
of Eq. �9� �using the best fitted kT=0.86 eV and �
=2.60 eV �Vc.m.=6.47	105 cm /s� from Fig. 2� as a func-
tion of n, a good agreement is achieved with a fitted factor
B=1.04. As was expected �see above� the value of the factor
B is indeed close to one.

Thus it can be concluded that the precursor mediated sta-
tistical multifragmentation scenario �and resulting 1 /�n nar-
rowing law� is indeed in line with the experimentally ob-
served width narrowing effect of the Cn

− yield incidence
angle dependences. The two different types of mass resolved
distributions �energy and angle� observed here, are closely
related as they both reflect features of the same fundamental
multifragmentation mechanism.

IV. CONCLUSIONS

We have studied multifragmentation of C60
− impacting a

nickel target at near-grazing incidence and subkiloelectron
volt kinetic energies. The Cn

− fragments abundances �odd/
even� and characteristic yield curve �as a function of E0�
clearly demonstrate a multifragmentation behavior. By mea-
suring both �field free, mass resolved� kinetic-energy distri-
butions and incidence angle dependences of the product Cn

−
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=600 eV and near-grazing incidence ��=45°�. The calculation is
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eter. Fitting sensitivity is demonstrated by plotting calculated curves
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n, together with the corresponding calculated broadening values as
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�n=2–15� fragment ions we have established the validity of
a velocity correlated �in the laboratory system�, statistical �in
the c.m. system� multifragmentation scenario where the mul-
tifragmenting source is an outgoing, nearly-thermally equili-
brated negatively charged precursor ion. A narrowing effect
of the incidence angle dependence �or angular distribution�
of the Cn

− yield was observed. We believe that this is the first
report of such an effect in dissociative molecule/cluster—
surface scattering. Analysis of the effect shows that it is fully

consistent with the kinetic-energy distributions and thus pro-
vides an additional finger print of the surface impact-induced
multifragmentation event.
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