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Collision Energy Dependence of Molecular Fusion and Fragmentation inC 1
60 1 C60 Collisions
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Interactions between systems with a large but finite number of degrees of freedom play an important
role in many branches of physics ranging from nuclear collisions to collisions between galaxies.
We report the first experimental collision energy dependence of the fusion cross section for atomic
cluster-cluster collisions and compare the results with quantum molecular dynamics calculations and
a phenomenological fusion model. In addition, we discuss the similarities and differences to nuclear
heavy ion collisions. [S0031-9007(96)00086-5]
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In order to obtain a more complete understanding of
dynamical behavior of systems with a large but finite nu
ber of degrees of freedom and to develop phenomenol
cal models which are able to describe the basic behavio
such systems, covering many orders of magnitude in s
it is necessary to extend systematic experimental inve
gations, until now only available for nuclear collisions [1
to larger bodies. Calculations of metallic cluster-clus
collisions [2–5] have predicted the occurrence of react
channels which show very close similarities to those o
served in heavy ion collisions and have been termed “co
plete fusion,” “quasielastic scattering,” and “deep inelas
scattering,” in analogy to nuclear collisions [2]. An expe
imental verification of these predictions is, however, n
feasible at the present time due to the difficulties of o
taining mass selected projectile and target metal clus
of sufficient intensity to enable collision experiments to
carried out. For this reason we have decided to carry
the first systematic experimental and theoretical investi
tions for fullerene-fullerene collisions.

Our experimental setup has been discussed in detail
fore [6,7] and consists of a C60

1 ion beam, a target ga
chamber containing neutral fullerenes heated to a te
perature of about 450±C, and a reflectron time-of-fligh
mass spectrometer to detect the product ions with an
ceptance angle of0± 6 0.6±. A number of improvements
have been made to the experiment since the initial rep
where we showed that fusion products could be form
between fullerenes at collision energies between 200
500 eV [6]. The laser desorption ion source has been
placed with an electron impact ionization source whi
provides better control and reproducibility and allows
to work at a higher repetition rate thus improving th
signal to noise ratio. The mass selection of the proj
tile beam has been improved to ensure that we have o
C60

1 present and we use pure (.99%) C60 as the target
material. The primary ion beam intensity is monitored
deflecting the ions before they enter the collision cell a
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measuring the current with a channel plate detector. Th
along with the careful control of the temperature of ou
collision cell, allows us to determine absolute values fo
the fusion cross section. Details will be given elsewhe
[8]. The improved experimental setup has enabled us
show that the initial, preliminary results obtained at a rela
tively high collision energy in the center of mass frame o
200 eV, reported in [6], were due predominantly to colli
sions between fullerene ions and C70 [8].

Figure 1 shows experimentally determined cross se
tions for the fusion of C60

1 with neutral C60 (.99% purity)
as a function of 1yE under single collision conditions. All
collision energies discussed below will be in the center-o
mass frame of reference. The fusion signal can first b
observed for collision energies between 60 and 70 e
reaching a maximum at approximately 140 eV and disa
pearing abruptly at about 200 eV. (In our initial report [6

FIG. 1. Experimental absolute fusion cross sections as
function of 1yE. The full line is a least squares fit to the
experimental data points in the low energy range [#130 eV
Eq. (2)], the dashed line is the expected energy dependen
if the instability of the fused compound is due to centrifuga
fragmentation [Eq. (4)].
© 1996 The American Physical Society 3289
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of the occurrence of molecular fusion in fullerene col
sions we observed a fusion signal at 200 and 250 eV wh
we now know to be due to collisions between fullerene io
and C70 [8].) In Fig. 2 we have plotted the maximum, min
imum, and average cluster sizes produced from the fus
reaction as a function of collision energy. At low energi
very little fragmentation is observed. The product ma
distribution broadens and moves to lower masses as
collision energy is increased.

It is to be expected that the hot C120
1 formed in

the collision will cool by successive evaporation of C2

molecules on the time scale of the experiment. The
line in Fig. 2 gives the cluster size we would expect
see if such a cooling mechanism was taking place.
have ignored the effects of additional cooling chann
such as radiative cooling [9] in this simple model. F
the peanutlike structures of the fusion compounds (
below) relatively low binding energies of some few e
are expected [10]. Therefore, no release of bind
energy has been considered. The calculations, base
an evaporation model discussed by Klots [11], provide
plausible explanation for the observed shift in the ma
distribution of the products but cannot explain the abru
disappearance of a product signal forE ø 200 eV.

In order to obtain microscopic insight into the co
lisional dynamics we have performed a systematic
vestigation of C60

1 1 C60 collisions using molecular
dynamics combined with density-functional theory in th
local density approximation and in a linear combinati
of atomic orbitals representation (hereafter referred to
quantum molecular dynamics). The ingredients of our
proach have been described previously [12–14]. A la
number of collision events with randomly chosen initi

FIG. 2. Maximum (open squares), minimum (full square
and average (full circles) carbon cluster mass observed ex
imentally as the product of a fusion reaction as a function
collision energy. The double points at some energies are
result of two separate measurements. The full line is an
timate of the cluster size that would be expected assumin
statistical thermal evaporation of C2.
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orientations of the two fullerenes was simulated to e
plore the whole range of fusion-relevant incident energ
E ø 0, . . . , 250 eV and impact parameters0 # b # R12

with R12  R1 1 R2 ø 14a0, the contact radius of the
two cages.

At high collision energies (E  500 eV) we have
previously found the dominant reaction channel to
multifragmentation connected with collective-flow effec
[11,12]. Within the energy range of interest here,E #

250 eV, the observed reaction channels can be classifi
according to three categories: complete fusion, deep
elastic collisions, and fragmentation reactions, as illu
trated in Fig. 3. In complete fusion a compound C120

1

cluster is formed which completely loses its memory
the entrance channel. Full momentum transfer occurs a
the excited compound decays by subsequent evapora
of small fragments. In deep inelastic scattering, the tw
cluster system decays into two deformed and highly e
cited products with masses in the vicinity of the projecti
and target mass. The interaction time is very short (ty
ically a few tenths of a picosecond). In a fragmentatio

FIG. 3. Left: Snapshots from the time evolution in quantu
molecular dynamics simulations of C60

1 1 C60 collisions for
three typical events characterizing the reaction channels
complete fusion (aftert  1 ps), (b) deep inelastic collision
(after t  0.36 ps), and (c) fragmentation (aftert  0.24 ps).
Different (randomly chosen) initial orientations of the C60 cages
are used for the two events withE  100 eV andb  6a0 (a)
and (b). Right: Calculated total kinetic energy per atom (fu
lines) and center-of-mass kinetic energy per atom of the relat
motion between the two C60 clusters (dashed lines) for the
same quantum molecular dynamics simulations. The differen
between the curves represents the internal vibrational excita
energy of the system.
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event the two-cluster system formed during the appro
(ca. 0.1 ps) decays simultaneously into a number of pr
ucts within some tenths of picoseconds.

Because of the small acceptance angle of the reflec
in the experiments the reaction products observed
come predominantly from complete fusion. The therm
evaporation of dimers or other small fragments should
deflect the heavy product ions from the beam sufficien
to lead to a loss of signal. On the other hand, de
inelastic scattering and fragmentation would be expec
to lead to large scattering angles for the product io
which could therefore not be detected with the pres
experimental setup. The onset of fragmentation is
most likely reason for the abrupt disappearance of
fusion signal seen experimentally. The collision energy
which this occurssø200 eVd is in very good agreemen
with the quantum molecular dynamics calculations.

In our quantum molecular dynamics calculations,
complete fusion events are found for energies be
80 eV. This upper-limit estimate of the fusion barri
sVBd agrees very well with that obtained in tight-bindin
molecular dynamics studies which found a barrier
84 eV [15], whereas classical molecular dynamics cal
lations give a considerably larger value of approximat
120 eV [16]. These values are larger than the experim
tal value of66 6 7 eV (see discussion below and Fig. 1
however, in the experiment, the projectile ion beam h
a finite temperature which will lower the fusion barrie
When the classical [16] and tight-binding [15] molecul
dynamics simulations were carried out at an initial te
perature of 2000 K in both clusters the fusion barrier w
seen to lie in the region between 60 and 70 eV for b
studies. The temperature in these simulations was so
what higher than that estimated for the experimental c
ditions so it would seem that they slightly overestima
the fusion barrier.

The dissipation of the impact energy into irreversib
stored heat energy of the intrinsic degrees of freedom
one of the necessary conditions of any fusion process
tween complex particles. The energy-dissipation proc
of a typical fusion event is shown in the upper part
Fig. 3. The most important aspect of these results c
cerns the behavior of the total kinetic energy of the s
tem after fusion which is less than the impact energy a
remains practically constant on the time scale of the s
ulations. This is in striking contrast to the fusion mech
nism predicted for metallic cluster-cluster collisions [2]
well as that in nuclear fusion [1] where, due to the gain
binding energy, the total kinetic energy in the fused s
tem is generally larger than the impact energy. The sa
would be the case in the fusion of two C60 if the most
stable cagelike isomer of the fused compound cluster C120

was produced (DE ø 20 eV [10]). Instead, a highly de
formed “peanut” isomer is formed in typical fusion even
(cf. Fig. 3). This effect is a consequence of the stron
directed covalent bonds in the fullerenes in contrast
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the nondirected bonds in metallic clusters and atomic
clei. It drastically reduces the final vibrational energy a
thus stabilizes the fused compound against evaporat
This is the main reason why even C120 clusters can be ob-
served experimentally (on a time scale of microsecon
up to large collision energies of about 120 eV as sho
in Fig. 2.

The second characteristic result concerns the gen
increase of the center-of-mass (and also total) kine
energy after the system has reached the distance
closest approach (corresponding to the first minima of
kinetic energy in Fig. 3). This “bouncing off” mechanism
clearly shows that part of the stored potential ener
can be converted back into that of relative motion. Th
nondissipative mechanism has important consequen
for the absolute value of the fusion cross section (s
below). Fragmentation, however, occurs on a sho
time scale (see caption of Fig. 3), inhibiting comple
transformation of the collision energy into internal energ
As a consequence there is no minimum in the kine
energy curve in Fig. 3 for this reaction channel, a
therefore no bouncing off mechanism is observed.

The third basic property of C60
1 1 C60 collisions is

that, at a given impact energy and impact parameter,
observed reaction channel is strongly dependent on
initial orientation of the two clusters. This is demon
strated in the upper and middle parts of Fig. 3 whe
different reaction channels (complete fusion and deep
elastic scattering) are observed in the exit channel for
same impact parameter and impact energy but differ
initial orientations of the colliding clusters. This effec
originates from the strong directional dependence of
interatomic forces in these covalent systems which res
in an orientational-dependent effective force between b
clusters. This important property of the dynamics, t
gether with the nondissipative bouncing off mechanis
discussed above, finally leads to the “fingerprint” of f
sion between two C60: Fusion appears to be a very ra
process, from the 228 simulated trajectories in the ene
range80 # E # 100 eV above the fusion barrier only a
very small fraction (13 events) leads to fusion, resulti
in a mean fusion probabilityP of only ø0.057. This is in
striking contrast to fusion between metallic clusters [2]
well as atomic nuclei [1].

Besides the exact quantum molecular dynamics ca
lations phenomenological fusion models based on tra
parent assumptions about the underlying mechanism
provide an intuitive picture of the real situation. In th
following, we derive a simple phenomenological mod
for C60

1 1 C60 collisions and point out the similarities
and differences to the fusion of metallic clusters [2–
and atomic nuclei [1].

The angular momentumlCFsEd below which fusion
occurs can be estimated from the centrifugal barrier

E ø VB 1 h̄2l2
CFsEdy2mR2

12 , (1)
3291



VOLUME 76, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 29 APRIL 1996

li

r
ib

e
h
t
s
-

s

e

o
n

i

d
.

a

.
e
-

e-
ns
act
l

s is
el
i-

e
e
by

n)

,

l,

tt.

ll

be

ys.

ys.

,

s.
wherem is the reduced mass of the collision partners.
is assumed that the barrier radius does not depend onl and
is located in the vicinity of the contact radiusR12. One
obtains by integration

sCFsEd  pR2
12s1 2 VByEdP (2)

for the fusion cross section as a function ofE. In this
“sharp cutoff” approximation,P is the mean fusion prob-
ability (assumed to be energy and angular momentum
dependent) andlCFsEd the maximum angular momentum
which contributes to fusion. In nuclear heavy ion col
sions this probability isP  1 due to very strong frictional
forces between the two nuclei [1]. One may expectP # 1
for the fusion of metallic clusters because the strong ene
and angular momentum dissipation leads to an irrevers
transfer of relative kinetic energy into intrinsic heat [2–4
As discussed above, in C60

1 1 C60 collisions the kinetic
energy of the relative motion is not completely convert
into heat energy. This bouncing off mechanism, toget
with the very sensitive dependence of the observed reac
channel on the initial orientation of the colliding cluster
leads to typical values ofP ø 1 as one of the basic prop
erties of fullerene fusion.

The linear fit in the low energy region of Fig. 1 allow
us to determine the fusion barrier to be66 6 7 eV and, by
making use of Eq. (2) withR12  13.4a0 we can obtain
a mean fusion probability ofPexp

 0.022. This can
be compared directly with the theoretical value ofP ø
0.057 obtained by quantum molecular dynamics (abov
Regarding the fact that there are fairly large experimen
uncertainties in the determination of the absolute cr
section as well as in the statistics of our calculatio
this is a good agreement between theory and experim
and one may conclude that the phenomenological fus
model with the parameterP, determined microscopically
is, on average, well able to reproduce the absolute va
of the measured cross section.

Equation (2) is, of course, only valid if the fuse
compound is stable against centrifugal fragmentation, i
if lCF is smaller than a critical angular momentumlcr [5].
Thus, for energies larger than

Ecr  VB 1 h̄2l2
cry2mR2

12 (3)

one expects a decrease of the fusion cross section
function ofE according to

sCF  sp h̄2y2mEdl2
crP, E $ Ecr . (4)

This result is represented by the dashed line in Fig
From the maximum in the experimental fusion cross s
tion one obtainsEcr ø 133 eV and, hence, for the max
imum angular momentum contributing to fusionlcr ø
24 3 103 (or, equivalently, for the impact paramete
3292
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bcr ø 9.0a0). These values are again in very good agre
ment with the quantum molecular dynamics calculatio
where complete fusion has been observed only for imp
parametersb # 9.0a0. The decrease of the experimenta
fusion cross section aboveEcr is, however, much stronger
than that predicted by Eq. (4). As discussed above, thi
most likely due to the onset of the fragmentation chann
(Fig. 3) and may be indicative of a kind of “phase trans
tion” occurring in the fused compound [17].
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