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Angular-resolved studies of fragmentation in fullerene-fullerene collisions

A. V. Glotov and E. E. B. Campbell*
Department of Experimental Physics, Go¨teborg University and Chalmers University of Technology, SE-41296 Go¨teborg, Sweden

~Received 28 January 2000; published 10 August 2000!

Fragmentation channels in collisions between fullerenes were studied as a function of collision energy
~115–1400 eV center of mass! and scattering angle using a rotatable reflectron time-of-flight mass spectrom-
eter. The products from fusion reactions and those from inelastically scattered~but not fused! projectile ions
represent the two fragmentation channels in the collisions studied. The fragment size dependence is discussed
as a function of collision energy and scattering angle. The results are in good qualitative agreement with
theoretical models. A change in fragmentation behavior due to the onset of a finite-system analog of a phase
transition in the reaction products can be seen in the mass and angular distributions of the fragment ions.

PACS number~s!: 36.40.2c
t
h
s
o

m

u
cs

y
e
m
t
ue
e
io
n
p

c
a
o

g

an
n

ri-
e

an
ti
d
od

than

of a
od-
e-
oss
n
id
to

il

sion
eV

he
lti-
m-
ive
ed in
ork
re-
the

nta-
into
in-
ant
olli-
ra-

ure
id
e to
d to

ass

ed
and

x-
s is

al
:

rs
I. INTRODUCTION

In recent years there has been increasing interest in
study of collisional interactions between atomic clusters. T
behavior of such processes is governed by the dynamic
systems with a large yet finite number of degrees of freed
and also has analogies to the physics of colliding ato
nuclei and liquid droplets@1#. In particular, the observation
of effects such as deep inelastic scattering, fusion, and m
tifragmentation@2–6# can be closely related to the dynami
of collisions between atomic nuclei@7#.

Collisions between fullerenes are the most studied s
tems@2–4,9–29# and have proved a very convenient mod
for such research. Fullerenes are covalently bound ato
clusters with a hollow cage structure@8# and therefore canno
be regarded as ‘‘typical’’ atomic clusters due to their uniq
geometry. Their highly directional covalent bonding do
lead to some significant differences in collisional behav
compared to calculations of metal cluster-cluster collisio
or collisions between atomic nuclei. This is particularly a
parent in the fusion reaction cross sections@2,3,10#. How-
ever, there are still many similarities in behavior and, sin
fullerenes are the only systems that are experimentally av
able for detailed investigations, they have been the m
widely studied.

Investigations of cluster-cluster collisions involvin
fullerenes have included charge-transfer studies@21,26–29#
and very high energy fragmentation investigations@12#. As
well as the study of charge-transfer collisions@26–28#, the
main interest of our group has been the study of fusion
fragmentation reactions at low to intermediate collision e
ergies of 60–200 eV@in the center-of-mass~CM! frame#
@2,4,9–11#. In this energy range, fusion was found expe
mentally to be a significant reaction channel in agreem
with MD @13,16,17,23,24# and QMD calculations@3#. The
experimentally determined energetic threshold for fusion
the increase of the fusion cross section in the low kine
energy region close to threshold can be easily understoo
terms of a simple phenomenological absorbing sphere m
@2#. In the range of moderate kinetic energies (.150 eV),

*Author to whom correspondence should be addressed. FAX1

46 31 772 3496. Email address: Eleanor.Campbell@fy.chalme
1050-2947/2000/62~3!/033202~9!/$15.00 62 0332
he
e
of
m
ic

l-

s-
l
ic

s
r
s
-

e
il-
st

d
-

nt

d
c
in
el

the fusion cross section decreases much more rapidly
predicted by the simple model@11#. This has been attributed
to a change in fragmentation behavior due to the onset
finite-system analog of a phase transition in the fusion pr
uct @11#. Below this energy, the fragmentation can be d
scribed as predominantly occurring via successive l
~evaporation! of C2 units. This does not deflect the fusio
product sufficiently out of the beam path to entirely avo
detection, although, as we will discuss later, there is likely
be some loss of signal@all the experiments reported up unt
now have been at a laboratory detection angle of (060.6°)#.
The more drastic decrease and disappearance of the fu
signal reported at the higher kinetic energies around 200
@2,10# were interpreted as indicating the rapid loss of t
fullerene structure after collision and the onset of a mu
fragmentation behavior leading to the production of a nu
ber of large fragments, one of which carries the posit
charge. These fragments would be expected to be scatter
a larger angular range and thus avoid detection. The w
reported in this paper improves on our previous measu
ments and, in particular, extends the measurements to
determination of the angular dependence of the fragme
tion. These measurements allow a much greater insight
the dynamics of the fullerene-fullerene collisions in the
teresting collision energy range where fusion is a signific
reaction channel. The measurements reported cover a c
sion energy range from 115 eV up to 1400 eV and a labo
tory scattering angle range up to 12°. We confirm the pict
inferred from our earlier work and clearly show that the rap
decrease in the fusion cross section reported earlier is du
an abrupt change in the fragmentation mechanism relate
the onset of a ‘‘phase transition.’’

II. EXPERIMENTAL SETUP

The experimental setup for the measurement of m
spectra as a function of both detection angleu and collision
energyE is a modification of the apparatus we have us
previously to study fusion reactions between fullerenes
has been described in detail before@2#. Therefore, we only
briefly describe the main modifications for the current e
periments here. A schematic diagram of the apparatu
shown in Fig. 1. The pulsed beam of projectile ions (C60

1 in
our experiments! is formed and mass-selected in the usu.se
©2000 The American Physical Society02-1
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FIG. 1. Schematic view of the reaction-detection part of the experimental setup.
g
ar
m

or
ity
r-
in
o

by

ar
te

ro
nt
er
itiv
la

ca
i-
rid
-

a
ng

e

s
e
la
l
e

tte
r
ti

to
1
is
bu

the
nd-

and
us
ar
e

be-
ic

he

to
for
r-of-
er,

fer-
os-
zes
ter-
a-
er-
gle

ng
ri-
0

the
ss

e-

m
the
way as described before@2# and directed into the scatterin
cell. The scattering cell is a cylindrical oven with a circul
entrance of 2 mm diameter and a horizontal exit slit of 2 m
height allowing the detection of scattered ions at laborat
angles up to 80°. Fullerene powder of high pur
(>99.4% C60) is evaporated inside the cell forming the ta
get gas. Single collision conditions are ensured by keep
the temperature of the scattering cell in the region
450–500°C@2#. The temperature of the oven is monitored
a thermocouple.

Projectile and product ions exiting the scattering cell
detected by a reflectron time-of-flight mass spectrome
coupled with a multichannel plate detector. The reflect
together with the ion detector can be rotated in the horizo
plane thus scanning the scattering angles. The kinetic en
of the detected ions can be analyzed by applying a pos
potential on the grid in the front of the detector. The angu
resolution of the apparatus is (60.6)° and similar to the
resolution of the previous experiments carried out at a s
tering angle of 0°@2#. The apparatus resolution is predom
nantly defined by an aperture placed in front of the first g
of the reflectron~see Fig. 1!. Because of the very low prod
uct intensity, a digital multichannel scaler is coupled to
discriminator for data acquisition in a single ion counti
mode. The angular spread of the parent ion beam was m
sured to be (260.5)° @full width at half maximum
~FWHM!# with an energy spread~FWHM! of 5% of the
laboratory collision energy.

In order to increase the detection efficiency of low ma
ions with different velocities and thus to clearly identify th
source of the fragments, i.e., whether they arise from ine
tically scattered C60

1 or the fusion product, an additiona
acceleration unit was added to the apparatus. Two grids w
placed at a distance of 60 mm from the center of the sca
ing cell with 10 mm distance between them. The second g
was set at zero potential and a positive pulsed poten
~higher than the initial projectile energy! was applied to the
first grid. The timing of the pulsed field could be adjusted
detect ions within a defined velocity range. A distance of
mm between the grids proved to be a good comprom
choice allowing the resolution of ions of the same mass
03320
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velocities differing by 5 – 10%~depending on the mass!.
In the experiments using the above acceleration unit,

acceptance angle is a dynamically changing quantity depe
ing on the scattering angle, the ion velocity and mass,
the value of the acceleration field. This configuration is th
not particularly well suited for the determination of angul
distributions but it still gives a useful overall picture of th
scattering behavior.

III. RESULTS

In the present experiments we have studied collisions
tween C60

1 and C60 in the range of center-of-mass kinet
energies from 115 eV~fusion region! up to 1400 eV and
scattering angles from 0° up to 12°. We prefer to give t
collision energies in the center-of-mass reference frame~in
our case simply half of the laboratory collision energy! since,
first, this is the amount of energy available for conversion
internal energy of the collision products and, second,
consistency since we have always referred to the cente
mass energies in our previous papers. We will, howev
report the scattering angles in the laboratory frame of re
ence. As will be seen below, there are many different p
sible reaction channels with a large range of product si
and inelasticities ranging from zero up to the entire cen
of-mass energy. It is thus extremely difficult to clearly sep
rate the different contributions. This makes a reliable conv
sion from the laboratory to center-of-mass scattering an
practically impossible.

Typical time-of-flight mass spectra for different scatteri
angles are shown in Fig. 2. The kinetic energy for the p
mary C60

1 projectiles for this experiment was (100
650) eV~500 eV center-of-mass collision energy!, well be-
yond the energy range where fusion was observed in
earlier experiments@2#. For zero scattering angle, the ma
spectra are dominated by the C60

1 primary peak around
115 ms. There are also low-intensity~two to three orders of
magnitude smaller! sharp peaks sitting on a broad structur
less background in the region of 1022113 ms. The two
peaks directly in front of the primary ion peak arise fro
metastable fragmentation of the hot primary ions beyond
2-2



ta

to
th
e
ta

n
e

he
le
e
in
a
as

nc
en
e

of

of
ion

pri-

stri-
the
ity
is

not
ise

ion
. 4.
ar
n

-
-
es
ge
ond
bu-
M

e-
oad
ar-
e-

ons
of

en-
the
m-
we

s
n

n

n-

ANGULAR-RESOLVED STUDIES OF FRAGMENTATION . . . PHYSICAL REVIEW A62 033202
mass selector. They correspond to the two fragments C56
1

and C58
1 . The peak at lower flight times is an experimen

artifact and arises due to fragmentation of primary C60
1 on

the grid inside the reflectron. Its intensity is proportional
the primary ion signal. With increasing scattering angle
intensity of the primary C60

1 signal drops as well as th
signal due to collisions with the reflectron grid and me
stable fragmentation of the primary ions.

For scattering angles between 3° and 9°, a broad sig
due to fragments can be clearly detected at flight tim
102–113 ms. It reaches its maximum value at about 6°. T
signal drops below the noise level for scattering ang
higher than 10°. The arrival time-of-flight window for th
fragment signal is practically independent of scatter
angle, indicating that there is no major change in the m
range of the detected fragments as the angle is incre
although the intensity distribution may shift somewhat.

Integrated signal intensities are plotted in Fig. 3 as a fu
tion of laboratory scattering angle for the same collision
ergy. Here we plot both the fragmentation intensity, obtain
by integrating over the fragment distributions in the time-

FIG. 2. Time-of-flight spectra for different scattering angle
Collision energy 500 eV.* : signals due to collisions with reflectro
grid and metastable fragmentation of primary ions.

FIG. 3. Integrated signal intensity for different ions, collisio
energy 500 eV. Not scattered primary ions signal profile~squares!,
elastically scattered primary ions signal profile~open circles!, pro-
jectile fragments~open triangles!.
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flight spectra for each scattering angle, and the intensity
elastically scattered projectile ions. The angular distribut
of the parent ion beam~in the absence of target gas! is shown
for comparison. The behavior of the elastically scattered
mary C60

1 ions will be discussed in a separate paper@30#
and is just shown here for completeness. The angular di
bution of the fragment ions is considerably broader than
elastically scattered primary ions with a maximum intens
at a detection angle of approximately 5°. A clear signal
detectable up to an angle of about 10°. Beyond this, it is
possible to distinguish any scattering signal from the no
level.

Similar behavior is seen over the entire range of collis
energies investigated. Some examples are shown in Fig
At the lowest collision energies the distribution has a cle
maximum~at 8° for 165 eV decreasing to 6° as the collisio
energy increases to 500 eV!. The distribution is rather nar
row for 165 eV (3° – 4° FWHM! and increases with increas
ing collision energy. For intermediate collision energi
~665–860 eV! no maximum is observed in the angular ran
covered and the signal appears to be still increasing bey
10°. Beyond center-of-mass energies of 1 keV the distri
tion again shows a maximum at an angle of 5° and a FWH
in the range 4° – 5°.

The time of flight at which an ion signal is detected d
pends both on the mass of the ion and its velocity. The br
signals shown in Fig. 2 thus cannot be identified with p
ticular fragment sizes without further information. As d
scribed in detail previously@2#, we have the possibility to
measure the kinetic energy distribution of the detected i
by using a retarding field analyzer. From the knowledge
the geometry of the experimental setup and the kinetic
ergy of the primary and product ions, we can calculate
expected flight times for ions of different masses and co
pare them with the experimental time-of-flight data. Thus

.

FIG. 4. Integrated fragment intensities for different collision e
ergies as a function of laboratory scattering angleu. ~a! 131 eV,
~b!160 eV,~c! 285 eV,~d! 500 eV,~e! 750 eV,~f! 860 eV,~g! 1200
eV, ~h! 1380 eV.
2-3
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A. V. GLOTOV AND E. E. B. CAMPBELL PHYSICAL REVIEW A62 033202
can determine the distribution of fragment masses co
sponding to the detected signal. Such an analysis shows
the fragment signals seen in Fig. 2 and used to calculate
angular distributions shown in Fig. 4 can only be attribut
to fragment ions with relatively high velocities (75–95%
the velocity of the primary ions! and masses lower than th
projectile ion mass of 60 carbon atoms. These fragments
therefore the result of fragmentation of primary C60

1 excited
in inelastic collisions and do not have their origin in a sho
lived fusion complex.

The above analysis also allows us to determine the de
dence of the fragment mass distribution on collision ener
That this changes noticeably with collision energy~in con-
trast to the angular distributions with the possible except
of the intermediate energies! can be clearly seen in Fig. 5
Here we have plotted the average fragment size after cor
ing the data for the velocity-dependent detection efficien
@2#. The bars on the symbols do not indicate error bars
show the range of detected masses. The intermediate en
range, which shows a broader angular distribution, is also
energy range where the fragment mass distribution is cle
bimodal. This will be discussed further in the following se
tion.

Ions from a fused collision product can be clearly seen
lower collision energies. An example of the scattering an
dependence of the ion signal for a collision energy of 115
is shown in Fig. 6. The large broad signal, arriving at tim
considerably longer than the projectile ions, is due to
products of a fusion reaction. The dashed lines indicate
position of ions of mass 1440 u (C120

1) and 1080 u (C90).
There is only a slight shift of the intensity distribution of th
signal towards lower flight times~smaller fragments! with
increasing angle with a cutoff at about 4°. At this collisio
energy there is practically no fragmentation observed fr
inelastically scattered projectiles.

The detection efficiency for small (n,30) fragment ions
from a fused product is rather low in the above experime
since they have very low energies and it is possible that s
do not complete their trajectory through the reflectron to
detected on the channel plates. In addition, depending on
collision energy, the small fragments can arrive very close

FIG. 5. Mean product cluster size as a function of collisi
energy. The bars show the range of detected masses.
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the position of the projectile ion signal making an unambig
ous identification difficult. For this reason it is necessary
use the post-acceleration unit, described above, to determ
whether any fusion products, corresponding to small car
fragment ions (n,30), are present at high collision energie

Typical time-of-flight mass spectra for a collision ener
of 155 eV and a scattering angle of zero degrees are sh
in Fig. 7 for different delay times before the pos
acceleration field is switched on. The time is measured w
respect to the initial extraction pulse for the projectile i
beam. The time-of-flight spectrum measured fordt5`, i.e.,
when no post-acceleration field is switched on, is identica

FIG. 6. Time-of-flight spectra for collision energy 131 eV fo
different laboratory scattering anglesu.

FIG. 7. Time-of-flight mass spectra for collision energy 155 e
recorded at zero scattering angle for different post-acceleration
lay times.
2-4
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ANGULAR-RESOLVED STUDIES OF FRAGMENTATION . . . PHYSICAL REVIEW A62 033202
the one measured under normal circumstances. The
from C60

1 primary ions dominates the spectrum and sho
the typical tail to longer flight times. The fusion signal
observed at 222–245ms and the maximum of the distribu
tion corresponds to the C80

1 fusion fragment. When a posi
tive pulsed field~in this case 400 V! is applied to the first
grid of the acceleration unit, as described earlier, then at v
short delay times no ion can pass through the potential
rier made by the first acceleration grid and no signal is
tected. At approximatelydt5120 ms the accelerated pri
mary ion signal is detected~peak at approximately 198ms).
This arrives at later times than normal although it has b
additionally accelerated because the ions can penetrate
ther into the reflectron and thus travel a longer distance
fore detection. At dt5128 ms, the primary signal has
gained its original shape indicating that all ions with t
velocity of the primary ion beam have passed through
acceleration unit before it has been switched on and
therefore not accelerated. The time-of-flight spectrum fu
gained its original shape including the fusion signal atdt
5136 ms, indicating that all product ions have passed
acceleration unit by this time. There is a short time wind
betweendt5130–134 ms, as shown by an arrow in Fig. 7
where fusion products were accelerated. This is exactly
time window we expect assuming that the velocity of t
fusion compound is half that of the projectile ions. It can a
be seen that this signal has split into two parts~also indicated
by arrows from the top!: the main part is around 210ms,
unfortunately partially masked by the tail of the primary s
nal but still visible. These are the same ions as the br
peak observed at around 235ms, corresponding to a mas

FIG. 8. Time-of-flight mass spectra for collision energy 240 e
recorded at zero scattering angle for different acceleration time
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distribution centered about C80
1 , without the extra accelera

tion. The second, smaller part that appears at 160–17ms
corresponds to fragment ions with a velocity close to half
the initial projectile ion velocity~indicating completely in-
elastic, fusion collisions! and a mass distribution centere
around C19

1 .
A second example at a higher collision energy of 240

where no fusion signal was detected in the earlier exp
ments@2# is shown in Fig. 8. It shows all the above me
tioned features except there is no clear, broad signal fr
fusion products at flight times longer than the projectile io
in the absence of the acceleration field. Again, the spectra
dominated by the primary C60

1 signal with a flight time of
158 ms, without additional acceleration. The signal fro
fragmented projectile ions is observed at 145–155ms. On
increasing the delay time of the acceleration field, the sp
trum gains it original shape atdt5118 ms. Whendt is be-
tween 104 and 110ms, an additional signal is detecte
~shown between sloped dashed lines! which changes some
what in size and shape as the delay time is changed, shi
towards longer flight times as the delay increases. It dis
pears again for longer delay times. Analysis of the flig
times and delay times shows that this signal must be du
small fragments (n,30) from a fused product. These ion
could not be detected in earlier experiments since they w
completely masked by the long tail on the projectile io
~and also due to the problem of detection efficiency, d
cussed above!.

The same experiment is shown in Fig. 9 for a scatter
angle of 3°. Although the noncollided projectile ions are
longer detectable at this scattering angle, there is still a sm

, FIG. 9. Time-of-flight mass spectra for collision energy 240 e
recorded at 3° scattering angle for different acceleration times.
2-5
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A. V. GLOTOV AND E. E. B. CAMPBELL PHYSICAL REVIEW A62 033202
C60
1 signal due to scattered projectile ions. The depende

of the mass spectra on delay time is essentially the sam
for zero scattering angle but the signal from both fragmen
inelastically collided projectiles and from a fused compou
is more pronounced compared to the previous spectra s
the large background signal from the intense projectile
peak is missing. The signal from the fusion fragments
similar in form to that recorded at 0° and there is no indic
tion of a significant change in fragment mass distribut
with increasing scattering angle.

Unfortunately, the experiments have shown that a sign
cant part of the signal with flight times corresponding
accelerated fusion products also contains signals from b
ground gas, also observable under conditions in which
collisions between fullerenes can take place~cold scattering
cell!. In order to better analyze the fragment distributi
coming from a fused compound and to remove the artif
signal, we have recorded the spectra with and without
presence of target fullerenes and subtracted one from
other. An example of such a difference spectrum is show
Fig. 10. The experimental data are compared with calcula
flight times for fragment ions assuming they are produc
with a velocity equal to half the projectile ion velocity. A
though the individual mass peaks are not resolved, the
perimental data clearly show the ‘‘magic number’’ structu
well known for small carbon cations with maxima atn57,
11, 15, 19, and 23. The agreement between the simul
flight times and the structure in the experimental data is v
good over the entire delay range where the fusion prod
can be detected.

IV. DISCUSSION

From a first consideration of the experimental data it
clear that there are two main channels for fragment form
tion in our experiment:

FIG. 10. Collision energy 240 eV, same experiment as in Fig
and 9, post-acceleration delay 108ms. Difference between time
of-flight spectra recorded with room-temperature scattering cell~no
collisions! and with heated scattering cell~collisions!. The bars
show the calculated times of flight for small clusters at this po
acceleration delay time.
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wherevp is the velocity of projectile ions,v8 is the velocity
of the product ions after fragmentation, andn,k,m are the
number of atoms in the fragmented fullerenes. Here the
per channel indicates inelastic scattering of the projectile
with subsequent fragmentation. The velocity of the fragm
in this case is somewhat less than the velocity of the pro
tile, depending on the degree of inelasticity plus a contrib
tion from the kinetic energy released in the fragmentati
The lower channel indicates the fusion reaction with the f
mation of the highly excited compound cluster and sub
quent fragmentation. In this case, the velocity of the fra
ment ions will be half the projectile velocity in the laborato
frame~zero in the center-of-mass frame! plus the kinetic en-
ergy released in the fragmentation process. In the follow
we will discuss these two processes in more detail and p
vide some explanations for the dependence of the obse
mass and angular distributions on collision energy.

A. Fusion products

The situation with regard to the products from fusion r
actions is somewhat simpler than the situation for inela
scattering since we know that the collisions have to be co
pletely inelastic. The dependence of the fragment size dis
bution from the fusion reaction is plotted as a function
collision energy in Fig. 11. The symbol gives the avera
fragment size with the bars indicating the range of the m
distribution. Two bars plotted for the same collision ener
indicate that the mass distribution is bimodal. For compa

8

t-

FIG. 11. Average fragment size of products of earlier expe
ments at 0° detector angle@2# ~squares! and data from post-
acceleration experiments~open circles! plotted as a function of col-
lision energy. The bars indicate the range of detected masses.
2-6
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ANGULAR-RESOLVED STUDIES OF FRAGMENTATION . . . PHYSICAL REVIEW A62 033202
son we have plotted the earlier data from@2#. In these earlier
experiments it was not possible to observe the smalln
,30) fragments which we can now see but in very lo
intensity for a collision energy of 130 eV. This is exactly th
collision energy where the earlier experiments showed
beginning of an abrupt decrease in the magnitude of the
sion cross section. The onset of a bimodal fragment distr
tion in experiments in which C60 is excited, either in colli-
sions or by photon absorption, has been shown, with the
of a simple statistical maximum entropy model, to be rela
to the onset of a ‘‘phase transition’’ in the fullerene th
occurs for an excitation energy of around 85 eV@31#. Similar
behavior is expected for the C120

1 fusion compound but at a
higher excitation energy in the range 150–200 eV@4#. If the
internal energy in our projectile ions is taken into consid
ation (;25 eV), this range is in excellent agreement w
the observed onset of the bimodal distribution on Fig.
The new experiments are thus a very nice confirmation
our interpretation of the abrupt drop in the fusion cross s
tion discussed in@2#.

The angular dependence of the integrated intensity
fragment ions from a fusion reaction is shown in Fig. 12
collision energies of 115 eV to 165 eV. The distributions a
concentrated more at small angles than those measure

FIG. 12. Integrated fusion signal intensity@ I (u)sinu# plotted as
a function of scattering angle. Collision energies of~a! 122 eV,~b!
131 eV, ~c! 165 eV. Intensities have been normalized to the sa
maximum value. The arrows indicate the estimated maximum s
tering angle for the maximum and minimum sized fullerenel
fragments detected in the experiment. The horizontal bar indic
the estimated maximum scattering angle range for the small f
ments detected at this collision energy.
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fragmentation from inelastically scattered projectile io
~Fig. 4!. We do not give angular distributions for highe
collision energies here since this requires the po
acceleration unit to be sure of detecting the small fragme
and such measurements have poorer angular resolution.

Assuming that the fusion compound formed in the co
sion undergoes a very rapid energy equilibration~shown by
QMD calculations in@3#! and then undergoes a complete
statistical fragmentation, we can estimate the expected cu
angle as a function of collision energy. A Newton diagra
for the collisions is shown in the upper part of Fig. 13. Im
mediately after collision, the velocity of the fusion com
pound in the center-of-mass reference frame will be ze
The final center-of-mass velocity of the fragment io
(uKER) will be given by the accumulated kinetic energy r
leased in the fragmentation process. This will be random
distributed in space. The maximum detectable laborat
scattering angle (umax) is thus determined by the magnitud
of the kinetic energy release which, in turn, depends on
temperature of the fused compound and the mass of the f
ment. We assume that the small fragments (n,30) are pro-
duced by a multifragmentation process in which the hig
excited fusion compound disintegrates into a number of r
and chain fragments, one of which carries the positive cha
and is detected in the experiment@4,11#. This may undergo a
further evaporative step by emitting a C3 molecule. The large
fullerenelike fragments are assumed to be produced by
cessive evaporative loss of C2 molecules@2#. Obviously, this
is an oversimplification—the small fragments may under
further evaporative cooling and the large fragments may w
be produced with the loss of neutral fragments larger th
C2, especially at such high excitation energies. However,
a first approximation, these seem to be reasonable assu
tions. In order to obtain an estimate of the temperature of
fragments, we make use of the maximum entropy calcu
tions presented in@4# which give the relationship betwee
total internal energy and fragment temperature, reprodu
here in Fig. 14. These calculations extend those for C60,
reported in@31#, by making some simple assumptions co

e
t-

es
g-

FIG. 13. Newton diagram for C60
11C60 collision for ~a! fusion

reaction and~b! inelastic scattering. Herev is velocity in the lab
system,u is velocity in the center-of-mass system,p is the projec-
tile, t is the target, anduKER is velocity due to kinetic energy releas
of a fragment.
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cerning the binding energies and ionization potentials of
larger fullerene species based on the expression given
@32#. Further work on applying the maximum entropy fo
malism to the fragmentation of C120 taking the possible role
of different isomeric species better into account and comp
ing mass distributions with experimental results is
progress.

We can estimate the maximum detectable scattering a
for the different collision energies. The total internal ener
immediately after collision is given by the initial interna
energy of the projectile and target (;25 eV) plus the
center-of-mass collision energy. From Fig. 14 we can re
this total internal energy to a fragment temperature. We
sume that the kinetic energy,e5kT, is released in each frag
mentation step and for multiple fragmentation we estim
the net velocity after the chain of fragmentation, consider
it to be a ‘‘random walk’’ process, to beANv8, whereN is
the number of fragmentation steps andv8 is the average
velocity gained by a fragment ion in a single fragmentatio
Assuming successive C2 loss, this leads to the maximum
possible laboratory scattering angles indicated by the ver
arrows in Fig. 4 for the maximum and minimum size
fullerenelike fragments detected at this collision energy. T
emission of larger fragments would lead to a decrease in
maximum observable angle, mainly due to the decrease iN.
The simple estimate gives rather good agreement with
experimental measurements. We also see that as the coll
energy increases, the assumption of entirely C2 fragmenta-
tion steps probably breaks down since the maximum lab
tory angle is overestimated in this case. We can carry o
similar estimate for the small fragment ions although th
are of low intensity for these collision energies and do
contribute significantly to the overall scattering intensi
The horizontal bar in Fig. 12~b! indicates the range of maxi
mum scattering angles at this collision energy for the
served mass rangen515–23.

It is obvious from considering Fig. 12 that the earli
measurements of the fusion cross section, at a scatte
angle of 0°60.6°, considerably underestimated the value
the cross section, even at an energy of 130 eV~close to the

FIG. 14. Average excitation energy as a function of fragm
temperature as estimated by a maximum entropy model for C60

1

and C120
1 @4,31#.
03320
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ng
f

maximum of the reported cross section!, since many of the
scattered fragments went undetected. From our present m
surements we can estimate the corrected value of the c
section and the behavior of the fusion cross section as
collision energy is increased. This is plotted in Fig. 15. T
cross section is now seen to be much higher~although still
considerably lower than the geometrical cross section du
the steric effects discussed in earlier papers@2,10,11#!. It also
appears as if there might be a less extreme drop in the c
section at high energies after the onset of the ‘‘phase tra
tion’’ when the scattered fragments are considered, altho
more data points are needed to be sure. This would g
better agreement with the simple phenomenological abs
ing sphere model used to describe the fusion reaction
proved to be the case~dashed line in Fig. 15!.

B. Fragmentation after inelastic scattering

The angular distributions shown in Fig. 4 show an inte
esting trend with increasing collision energy. The distrib
tion is centered around a laboratory scattering angle of ab
8° for the lowest collision energy investigated. It then broa
ens and moves towards smaller angles, reaching its m
mum width for a center-of-mass collision energy of 860 e
As energy is increased beyond this, the angular distribu
becomes narrower again. We know from measurement
the kinetic energies of the ions that their velocity is abo
85% of the initial projectile beam velocity. With the help o
the Newton diagram in the lower part of Fig. 13, we can th
estimate the amount of energy converted to internal exc
tion of the projectile and target for projectiles scattered at
angle corresponding to the maximum in the measured di
butions. For all collision energies investigated, this wor
out as being close to 60% of the center-of-mass ene
Knowing the internal energy of the projectile~estimated as
one-half of the total inelasticity, i.e., 30% of the center-o
mass energy plus the initial 25 eV internal energy of t

t
FIG. 15. Experimentally measured fusion cross section

C60
11C60→C120

1* collisions as a function of collision energy21

reported in@2# for a detection angle of (060.6)° ~squares! and
from scattering angle integration experiments~circles!.
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projectile ion! and the average fragment size~Fig. 5!, it is
possible to estimate the width of the angular distribution
ing the simple procedure discussed above for the fus
product. In this case we consider the energy-temperature
for C60

1 shown in Fig. 14 to estimate the temperature. W
assume that the projectile ions are first scattered inelastic
and then subsequently undergo statistical fragmentation.
estimated widths are in very good qualitative agreement w
the measurements. They increase from62° to 65° on in-
creasing the collision energy from 132 to 500 eV. For t
two intermediate energies~750 and 860 eV! where one still
has some fullerenelike fragments but in the low mass ra
for fullerenes aroundn530, we estimate angular distribu
tions of about67°. Going to still higher collision energies
the fragment mass spectrum consists of only small fragm
ions ~where we consider only two steps, as discussed ab
a multifragmentation followed by an evaporative cooli
step! and the estimated angular distribution decreases a
to about65°.
, J
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V. CONCLUSION

We have reported detailed measurements of the mass
angular distribution of the positive ions produced
fullerene-fullerene collisions over a center-of-mass collis
energy range of 115–1400 eV. Both products from co
pletely inelastic fusion reactions and from inelastically sc
tered projectile ions are detected. The results are consis
with a strongly statistical fragmentation of the highly excit
collision product. Support is given for an earlier suggest
of the onset of a ‘‘phase transition’’ at a collision energy
about 130 eV leading to a change in fragmentation mec
nism.
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