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Angular-resolved studies of fragmentation in fullerene-fullerene collisions
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Fragmentation channels in collisions between fullerenes were studied as a function of collision energy
(115-1400 eV center of masand scattering angle using a rotatable reflectron time-of-flight mass spectrom-
eter. The products from fusion reactions and those from inelastically scattaredot 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 numbd(s): 36.40—c

[. INTRODUCTION the fusion cross section decreases much more rapidly than
predicted by the simple modEgL1]. This has been attributed

In recent years there has been increasing interest in tH® a change in fragmentation behavior due to the onset of a
study of collisional interactions between atomic clusters. Thdinite-system analog of a phase transition in the fusion prod-
behavior of such processes is governed by the dynamics &Kt [11]. Below this energy, the fragmentation can be de-
systems with a large yet finite number of degrees of freedongcribed as predominantly occurring via successive loss
and also has analogies to the physics of colliding atomidevaporation of C, units. This does not deflect the fusion
nuclei and liquid droplet§1]. In particular, the observation product sufficiently out of the beam path to entirely avoid
of effects such as deep inelastic scattering, fusion, and mupetection, although, as we will discuss later, there is likely to
tifragmentatior{ 2—6] can be closely related to the dynamics be some loss of signahll the experiments reported up until
of collisions between atomic nuclgr]. now have been at a laboratory detection angle af 006°)].

Collisions between fullerenes are the most studied sysThe more drastic decrease and disappearance of the fusion
tems[2—-4,9-29 and have proved a very convenient modelSignal reported at the higher kinetic energies around 200 eV
for such research. Fullerenes are covalently bound atomic,10] were interpreted as indicating the rapid loss of the
clusters with a hollow cage structyr@| and therefore cannot fullerene structure after collision and the onset of a multi-
be regarded as “typical” atomic clusters due to their uniquefragmentation behavior leading to the production of a num-
geometry. Their highly directional covalent bonding doesber of large fragments, one of which carries the positive
lead to some significant differences in collisional behaviorcharge. These fragments would be expected to be scattered in
compared to calculations of metal cluster-cluster collisiong larger angular range and thus avoid detection. The work
or collisions between atomic nuclei. This is particularly ap-reported in this paper improves on our previous measure-
parent in the fusion reaction cross secti@s3,10. How-  ments and, in particular, extends the measurements to the
ever, there are still many similarities in behavior and, sincedetermination of the angular dependence of the fragmenta-
fullerenes are the only systems that are experimentally avaition. These measurements allow a much greater insight into

able for detailed investigations, they have been the moghe dynamics of the fullerene-fullerene collisions in the in-
widely studied. teresting collision energy range where fusion is a significant

Investigations of cluster-cluster collisions involving reaction channel. The measurements reported cover a colli-
fullerenes have included charge-transfer stufigss26—-29  sion energy range from 115 eV up to 1400 eV and a labora-
and very high energy fragmentation investigatiphg]. As  tory scattering angle range up to 12°. We confirm the picture
well as the study of charge-transfer collisioi26—29, the  inferred from our earlier work and clearly show that the rapid
main interest of our group has been the study of fusion andecrease in the fusion cross section reported earlier is due to
fragmentation reactions at low to intermediate collision en-an abrupt change in the fragmentation mechanism related to
ergies of 60—200 eV[in the center-of-mas$CM) frame]  the onset of a “phase transition.”

[2,4,9-11. In this energy range, fusion was found experi-
mentally to be a significant reaction channel in agreement
with MD [13,16,17,23,2and QMD calculationg3]. The
experimentally determined energetic threshold for fusion and The experimental setup for the measurement of mass
the increase of the fusion cross section in the low kineticspectra as a function of both detection angland collision
energy region close to threshold can be easily understood ignergy E is a modification of the apparatus we have used
terms of a simple phenomenological absorbing sphere mod@kreviously to study fusion reactions between fullerenes and
[2]. In the range of moderate kinetic energies150 eV), has been described in detail befd@. Therefore, we only
briefly describe the main modifications for the current ex-
periments here. A schematic diagram of the apparatus is
* Author to whom correspondence should be addressed. FAX: shown in Fig. 1. The pulsed beam of projectile iong{Cin
46 31 772 3496. Email address: Eleanor.Campbell@fy.chalmers.seur experimentsis formed and mass-selected in the usual
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FIG. 1. Schematic view of the reaction-detection part of the experimental setup.

way as described befof@] and directed into the scattering velocities differing by 5—10%depending on the mass
cell. The scattering cell is a cylindrical oven with a circular  In the experiments using the above acceleration unit, the
entrance of 2 mm diameter and a horizontal exit slit of 2 mmacceptance angle is a dynamically changing quantity depend-
height allowing the detection of scattered ions at laboratoryng on the scattering angle, the ion velocity and mass, and
angles up to 80°. Fullerene powder of high purity the value of the acceleration field. This configuration is thus
(=99.4% G) is evaporated inside the cell forming the tar- not particularly well suited for the determination of angular
get gas. Single collision conditions are ensured by keepingistributions but it still gives a useful overall picture of the
the temperature of the scattering cell in the region ofscattering behavior.
450-500°(2]. The temperature of the oven is monitored by
a thermocouple. , = _ Ill. RESULTS

Projectile and product ions exiting the scattering cell are
detected by a reflectron time-of-flight mass spectrometer In the present experiments we have studied collisions be-
coupled with a multichannel plate detector. The reflectrortween Gy" and Gy in the range of center-of-mass kinetic
together with the ion detector can be rotated in the horizontagnergies from 115 e\(fusion region up to 1400 eV and
plane thus scanning the scattering angles. The kinetic energgattering angles from 0° up to 12°. We prefer to give the
of the detected ions can be analyzed by applying a positiveollision energies in the center-of-mass reference fréime
potential on the grid in the front of the detector. The angularour case simply half of the laboratory collision energince,
resolution of the apparatus is=(0.6)° and similar to the first, this is the amount of energy available for conversion to
resolution of the previous experiments carried out at a scatnternal energy of the collision products and, second, for
tering angle of 092]. The apparatus resolution is predomi- consistency since we have always referred to the center-of-
nantly defined by an aperture placed in front of the first gridmass energies in our previous papers. We will, however,
of the reflectronsee Fig. 1. Because of the very low prod- report the scattering angles in the laboratory frame of refer-
uct intensity, a digital multichannel scaler is coupled to aence. As will be seen below, there are many different pos-
discriminator for data acquisition in a single ion counting sible reaction channels with a large range of product sizes
mode. The angular spread of the parent ion beam was meand inelasticities ranging from zero up to the entire center-
sured to be (20.5)° [full width at half maximum of-mass energy. It is thus extremely difficult to clearly sepa-
(FWHM)] with an energy spreadFWHM) of 5% of the rate the different contributions. This makes a reliable conver-
laboratory collision energy. sion from the laboratory to center-of-mass scattering angle

In order to increase the detection efficiency of low masspractically impossible.
ions with different velocities and thus to clearly identify the  Typical time-of-flight mass spectra for different scattering
source of the fragments, i.e., whether they arise from inelasangles are shown in Fig. 2. The kinetic energy for the pri-
tically scattered g or the fusion product, an additional mary Gy,* projectiles for this experiment was (1000
acceleration unit was added to the apparatus. Two grids werg 50) eV (500 eV center-of-mass collision enejgwell be-
placed at a distance of 60 mm from the center of the scatteitond the energy range where fusion was observed in the
ing cell with 10 mm distance between them. The second grig¢arlier experiment$2]. For zero scattering angle, the mass
was set at zero potential and a positive pulsed potentisgpectra are dominated by the,C primary peak around
(higher than the initial projectile enerpyas applied to the 115 us. There are also low-intensitywo to three orders of
first grid. The timing of the pulsed field could be adjusted tomagnitude small@rsharp peaks sitting on a broad structure-
detect ions within a defined velocity range. A distance of 10ess background in the region of 16213 us. The two
mm between the grids proved to be a good compromisg@eaks directly in front of the primary ion peak arise from
choice allowing the resolution of ions of the same mass bumetastable fragmentation of the hot primary ions beyond the
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FIG. 2. Time-of-flight spectra for different scattering angles. /././'\.\.
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mass selector. They correspond to the two fragments C

and Gg" . The peak at lower flight times is an experimental  FIG. 4. Integrated fragment intensities for different collision en-

artifact and arises due to fragmentation of primag'Con  ergies as a function of laboratory scattering an@le(a) 131 eV,

the grid inside the reflectron. Its intensity is proportional to(b)160 eV,(c) 285 eV,(d) 500 eV,(e) 750 eV, (f) 860 eV,(g) 1200

the primary ion signal. With increasing scattering angle theesV, (h) 1380 eV.

intensity of the primary " signal drops as well as the _ , , ,

signal due to collisions with the reflectron grid and meta-flight spectra for each scattering angle, and the intensity of

stable fragmentation of the primary ions. elastically scattered p_rOJectlle ions. The angula_r distribution
For scattering angles between 3° and 9°, a broad signﬁf the parent ion beartin the_ absence of ta_rget gas shown _

due to fragments can be clearly detected at flight time§0r compfr[son. The behgwor of thg elastically scattered pri-

102-113 us. It reaches its maximum value at about 6°. TheMa"Y o ions will be discussed in a separate paf&h]

signal drops below the noise level for scattering angle nd is just shown here for completeness. The angular distri-

higher than 10°. The arrival time-of-flight window for the ution of the fragment ions is considerably broader than the

fragment signal is practically independent of scatteringelaSt'Ca"y scattered primary ions with a maximum intensity

angle, indicating that there is no major change in the masgt @ detection angle of approximately 5°. A clear signal is
range of the detected fragments as the angle is increasd§tectable up to an angle of about 10°. Beyond this, it is not

although the intensity distribution may shift somewhat. possible to distinguish any scattering signal from the noise

Integrated signal intensities are plotted in Fig. 3 as a funcl€Vel-

tion of laboratory scattering angle for the same collision en- Similar behavior is seen over the entire range of collision
ergy. Here we plot both the fragmentation intensity, obtainectN€rgies investigated. Some examples are shown in Fig. 4.

by integrating over the fragment distributions in the time-of-At the lowest collision energies the distribution has a clear
maximum(at 8° for 165 eV decreasing to 6° as the collision

—— energy increases to 500 gVlhe distribution is rather nar-
1 % 1 row for 165 eV (3°—-4° FWHM and increases with increas-
Y ing collision energy. For intermediate collision energies
00l \ \ ] (665—860 eV no maximum is observed in the angular range
"\ b covered and the signal appears to be still increasing beyond
‘\ \\ 10°. Beyond center-of-mass energies of 1 keV the distribu-
100E.. T e e e : : tion again shows a maximum at an angle of 5° and a FWHM
N in the range 4°-5°.
1oL Lo ¢ T ] The time of flight at which an ion signal is detected de-
\ e pends both on the mass of the ion and its velocity. The broad
\ ~rr signals shown in Fig. 2 thus cannot be identified with par-
1E . 3 ticular fragment sizes without further information. As de-
2 10 scribed in detail previously2], we have the possibility to
0 (degree) measure the kinetic energy distribution of the detected ions
by using a retarding field analyzer. From the knowledge of
FIG. 3. Integrated signal intensity for different ions, collision the geometry of the experimental setup and the kinetic en-
energy 500 eV. Not scattered primary ions signal prdfiguares ~ ergy of the primary and product ions, we can calculate the
elastically scattered primary ions signal profiteoen circley pro-  expected flight times for ions of different masses and com-
jectile fragmentgopen triangles pare them with the experimental time-of-flight data. Thus we

integrated intensity

»
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FIG. 6. Time-of-flight spectra for collision energy 131 eV for

FIG. 5. Mean product cluster size as a function of collision !
different laboratory scattering anglés

energy. The bars show the range of detected masses.

can determine the distribution of fragment masses correthe position of the projectile ion signal making an unambigu-
sponding to the detected signal. Such an analysis shows thatis identification difficult. For this reason it is necessary to
the fragment signals seen in Fig. 2 and used to calculate thgse the post-acceleration unit, described above, to determine
angular distributions shown in Fig. 4 can only be attributedwhether any fusion products, corresponding to small carbon
to fragment ions with relatively high velocities (75—-95% of fragment ions 1<<30), are present at high collision energies.
the velocity of the primary ionsand masses lower than the  Typical time-of-flight mass spectra for a collision energy
projectile ion mass of 60 carbon atoms. These fragments am@f 155 eV and a scattering angle of zero degrees are shown
therefore the result of fragmentation of primary,Cexcited in Fig. 7 for different delay times before the post-
in inelastic collisions and do not have their origin in a short-acceleration field is switched on. The time is measured with
lived fusion complex. respect to the initial extraction pulse for the projectile ion
The above analysis also allows us to determine the depeipeam. The time-of-flight spectrum measured o=, i.e.,
dence of the fragment mass distribution on collision energywhen no post-acceleration field is switched on, is identical to
That this changes noticeably with collision energy con-
trast to the angular distributions with the possible exception LA S| | T
of the intermediate energiesan be clearly seen in Fig. 5. Coo 90 acoslerated
Here we have plotted the average fragment size after correct- Ll § ‘ :
ing the data for the velocity-dependent detection efficiency | * w il :
[2]. The bars on the symbols do not indicate error bars but | “ § o0
Wﬂmnww e
HWW” |
s 134

LI 1
¢ao fusion

show the range of detected masses. The intermediate energy
range, which shows a broader angular distribution, is also the
energy range where the fragment mass distribution is clearly
bimodal. This will be discussed further in the following sec-
tion.

lons from a fused collision product can be clearly seen at

Signal Abundance

lower collision energies. An example of the scattering angle 132

dependence of the ion signal for a collision energy of 115 eV

is shown in Fig. 6. The large broad signal, arriving at times

considerably longer than the projectile ions, is due to the 130

products of a fusion reaction. The dashed lines indicate the

position of ions of mass 1440 u (&) and 1080 u (G). 128

There is only a slight shift of the intensity distribution of the

signal towards lower flight timegsmaller fragmeniswith

increasing angle with a cutoff at about 4°. At this collision : : 124

energy there is practically no fragmentation observed from J : §

inelastically scattered projectiles. I TN K
The detection efficiency for smalh& 30) fragment ions 160 170 180 190 200 210 220 230 240 250 260

from a fused product is rather low in the above experiments Time of Flight (us)

since they have very low energies and it is possible that some

do not complete their trajectory through the reflectron to be FIG. 7. Time-of-flight mass spectra for collision energy 155 eV,
detected on the channel plates. In addition, depending on thecorded at zero scattering angle for different post-acceleration de-
collision energy, the small fragments can arrive very close tday times.

033202-4



ANGULAR-RESOLVED STUDIES OF FRAGMENTATION . .. PHYSICAL REVIEW /&2 033202

.
C'* CGO C'm"
fragmts fragments |
¢ 8] ‘| 0
|
| 118 ’l 118
|
| 14 8 . 14
8 fuswnfrag'rents r % fusion agments ‘
: : il
° 110 : . 110
; 3 W
E “ 108 8 ‘ 108
z 2
% 106 106
i 104 104
doneid b b e Ly i b L “"‘%@102 i 102
R T £ - T T T 22098
100 110 120 130 140 150 160 170
Time of Flight (:s) Time of Flight (y:s)

FIG. 9. Time-of-flight mass spectra for collision energy 240 eV,

FIG. 8. Time-of-flight mass spectra for collision energy 240 eV, ; ° 19)
recorded at 3° scattering angle for different acceleration times.

recorded at zero scattering angle for different acceleration times.

the one measured under normal circumstances. The pealstribution centered aboutgg , without the extra accelera-
from Cgo" primary ions dominates the spectrum and showsion. The second, smaller part that appears at 1604475
the typical tail to longer flight times. The fusion signal is corresponds to fragment ions with a velocity close to half of
observed at 222—-24%s and the maximum of the distribu- the initial projectile ion velocity(indicating completely in-
tion corresponds to thegg™ fusion fragment. When a posi- elastic, fusion collisionsand a mass distribution centered
tive pulsed field(in this case 400 Yis applied to the first around Go" .

grid of the acceleration unit, as described earlier, then at very A second example at a higher collision energy of 240 eV
short delay times no ion can pass through the potential bawhere no fusion signal was detected in the earlier experi-
rier made by the first acceleration grid and no signal is dements[2] is shown in Fig. 8. It shows all the above men-
tected. At approximatelypt=120 us the accelerated pri- tioned features except there is no clear, broad signal from
mary ion signal is detectggbeak at approximately 198cs).  fusion products at flight times longer than the projectile ions
This arrives at later times than normal although it has beein the absence of the acceleration field. Again, the spectra are
additionally accelerated because the ions can penetrate fudlominated by the primary &" signal with a flight time of
ther into the reflectron and thus travel a longer distance bet58 us, without additional acceleration. The signal from
fore detection. Atést=128 us, the primary signal has fragmented projectile ions is observed at 145-1568. On
gained its original shape indicating that all ions with theincreasing the delay time of the acceleration field, the spec-
velocity of the primary ion beam have passed through therum gains it original shape at =118 ws. Whenét is be-
acceleration unit before it has been switched on and ar@veen 104 and 11Qus, an additional signal is detected
therefore not accelerated. The time-of-flight spectrum fully(shown between sloped dashed linedich changes some-
gained its original shape including the fusion signaldéat what in size and shape as the delay time is changed, shifting
=136 us, indicating that all product ions have passed theiowards longer flight times as the delay increases. It disap-
acceleration unit by this time. There is a short time windowpears again for longer delay times. Analysis of the flight
betweenst=130-134 us, as shown by an arrow in Fig. 7, times and delay times shows that this signal must be due to
where fusion products were accelerated. This is exactly themall fragments r{<30) from a fused product. These ions
time window we expect assuming that the velocity of thecould not be detected in earlier experiments since they were
fusion compound is half that of the projectile ions. It can alsocompletely masked by the long tail on the projectile ions
be seen that this signal has split into two p&aiso indicated (and also due to the problem of detection efficiency, dis-
by arrows from the top the main part is around 21@s, cussed aboye

unfortunately partially masked by the tail of the primary sig- The same experiment is shown in Fig. 9 for a scattering
nal but still visible. These are the same ions as the broadngle of 3°. Although the noncollided projectile ions are no
peak observed at around 23%, corresponding to a mass longer detectable at this scattering angle, there is still a small
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FIG. 10. Collision energy 240 eV, same experiment as in Figs. 8 FIG. 11. oAverage fragment size of products of earlier experi-
. . . ments at 0° detector anglg] (squares and data from post-
and 9, post-acceleration delay 108s. Difference between time- . . . :

. . ; acceleration experimentepen circle plotted as a function of col-
of-flight spectra recorded with room-temperature scattering(nell lision enerav. The bars indicate the range of detected masses
collisions and with heated scattering celtollisions. The bars oy 9 '
show the calculated times of flight for small clusters at this post-

ok

acceleration delay time. Ceo + Ceo

/ N\
Cso" signal due to scattered projectile ions. The dependence Ceo + C% CH(v < vp) + kCny
of the mass spectra on delay time is essentially the same as
for zero scattering angle but the signal from both fragmented N
inelastically collided projectiles and from a fused compound Ci
is more pronounced compared to the previous spectra since
the large background signal from the intense projectile ion h
peak is missing. The signal from the fusion fragments is CF (v = 0.5v,) + kCin

similar in form to that recorded at 0° and there is no indica-
tion of a significant change in fragment mass distribution\,\,herevp is the velocity of projectile ionsy’ is the velocity
with increasing scattering angle. of the product ions after fragmentation, angk,m are the
Unfortunately, the experiments have shown that a signifinumber of atoms in the fragmented fullerenes. Here the up-
cant part of the signal with flight times corresponding toper channel indicates inelastic scattering of the projectile ion
accelerated fusion products also contains signals from baclith subsequent fragmentation. The velocity of the fragment
ground gas, also observable under conditions in which nén this case is somewnhat less than the velocity of the projec-
collisions between fullerenes can take pléceld scattering tile, depending on the degree of inelasticity plus a contribu-
cell). In order to better analyze the fragment distributiontion from the kinetic energy released in the fragmentation.
coming from a fused compound and to remove the artifactrhe lower channel indicates the fusion reaction with the for-
signal, we have recorded the spectra with and without thenation of the highly excited compound cluster and subse-
presence of target fullerenes and subtracted one from amguent fragmentation. In this case, the velocity of the frag-
other. An example of such a difference spectrum is shown ifent ions will be half the projectile velocity in the laboratory
Fig. 10. The experimental data are compared with calculateftame (zero in the center-of-mass frainglus the kinetic en-
flight times for fragment ions assuming they are producecrgy released in the fragmentation process. In the following
with a velocity equal to half the projectile ion velocity. Al- we will discuss these two processes in more detail and pro-
though the individual mass peaks are not resolved, the exjide some explanations for the dependence of the observed
perimental data clearly show the “magic number” structuremass and angular distributions on collision energy.
well known for small carbon cations with maximarat 7,
11, 15, 19, and 23. The agreement between the simulated A. Fusion products
flight times and the structure in the experimental data is very

good over the entire delay range where the fusion products The situation with regard to the products from fusion re-
can be detected. actions is somewhat simpler than the situation for inelastic

scattering since we know that the collisions have to be com-
pletely inelastic. The dependence of the fragment size distri-
bution from the fusion reaction is plotted as a function of
collision energy in Fig. 11. The symbol gives the average
From a first consideration of the experimental data it isfragment size with the bars indicating the range of the mass
clear that there are two main channels for fragment formadistribution. Two bars plotted for the same collision energy
tion in our experiment: indicate that the mass distribution is bimodal. For compari-

IV. DISCUSSION
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FIG. 13. Newton diagram for " +Cg collision for (a) fusion
reaction andb) inelastic scattering. Here is velocity in the lab
system,u is velocity in the center-of-mass systemis the projec-
tile, t is the target, andygr is velocity due to kinetic energy release
of a fragment.

fragmentation from inelastically scattered projectile ions
(Fig. 4. We do not give angular distributions for higher
collision energies here since this requires the post-
acceleration unit to be sure of detecting the small fragments
and such measurements have poorer angular resolution.
Assuming that the fusion compound formed in the colli-
FIG. 12. Integrated fusion signal intensft( 6)sin 6] plotted as ~ SIOn undergoes a very rapid energy equilibratishown by
a function of scattering angle. Collision energies@f122 ev,(b) ~ QMD calculations in[3]) and then undergoes a completely
131 eV, (c) 165 eV. Intensities have been normalized to the samestatistical fragmentation, we can estimate the expected cutoff
maximum value. The arrows indicate the estimated maximum sca@ngle as a function of collision energy. A Newton diagram
tering angle for the maximum and minimum sized fullerenelike for the collisions is shown in the upper part of Fig. 13. Im-
fragments detected in the experiment. The horizontal bar indicatesiediately after collision, the velocity of the fusion com-
the estimated maximum scattering angle range for the small fragpound in the center-of-mass reference frame will be zero.
ments detected at this collision energy. The final center-of-mass velocity of the fragment ions
(uker) Will be given by the accumulated kinetic energy re-
son we have plotted the earlier data frp2j. In these earlier leased in the fragmentation process. This will be randomly
experiments it was not possible to observe the small ( distributed in space. The maximum detectable laboratory
<30) fragments which we can now see but in very lowscattering angle(,,5,) is thus determined by the magnitude
intensity for a collision energy of 130 eV. This is exactly the of the kinetic energy release which, in turn, depends on the
collision energy where the earlier experiments showed théemperature of the fused compound and the mass of the frag-
beginning of an abrupt decrease in the magnitude of the fument. We assume that the small fragmemts:80) are pro-
sion cross section. The onset of a bimodal fragment distribuduced by a multifragmentation process in which the highly
tion in experiments in which & is excited, either in colli- excited fusion compound disintegrates into a number of ring
sions or by photon absorption, has been shown, with the heland chain fragments, one of which carries the positive charge
of a simple statistical maximum entropy model, to be relatecand is detected in the experimgdt{11]. This may undergo a
to the onset of a “phase transition” in the fullerene that further evaporative step by emitting a @olecule. The large
occurs for an excitation energy of around 85[@1]. Similar  fullerenelike fragments are assumed to be produced by suc-
behavior is expected for the,§" fusion compound but at a cessive evaporative loss of, @oleculeg2]. Obviously, this
higher excitation energy in the range 150—200 [éY/ If the  is an oversimplification—the small fragments may undergo
internal energy in our projectile ions is taken into consider-further evaporative cooling and the large fragments may well
ation (~25 eV), this range is in excellent agreement withbe produced with the loss of neutral fragments larger than
the observed onset of the bimodal distribution on Fig. 11C,, especially at such high excitation energies. However, for
The new experiments are thus a very nice confirmation oh first approximation, these seem to be reasonable assump-
our interpretation of the abrupt drop in the fusion cross sections. In order to obtain an estimate of the temperature of the
tion discussed if2]. fragments, we make use of the maximum entropy calcula-
The angular dependence of the integrated intensity ofions presented if4] which give the relationship between
fragment ions from a fusion reaction is shown in Fig. 12 fortotal internal energy and fragment temperature, reproduced
collision energies of 115 eV to 165 eV. The distributions arehere in Fig. 14. These calculations extend those fgy, C
concentrated more at small angles than those measured fagported in[31], by making some simple assumptions con-

o

2 4 6 8 10 12
0 (degree)
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FIG. 14. Average excitation energy as a function of fragment

temperature as estimated by a maximum entropy model ggf C FIG. 15. Experimentally measured fusion cross section for
Ceo" +Ceo— Ci0' * collisions as a function of collision energy
and G,o' [4,31]. 60 60— C120

reported in[2] for a detection angle of (80.6)° (squares and
from scattering angle integration experimeftscles.

cerning the binding energies and ionization potentials of the

larger fullerene species based on the expression given by

[32]. Further work on applying the maximum entropy for-

malism to the fragmentation of &, taking the possible role maximum of the reported cross sectipaince many of the

of different isomeric species better into account and comparscattered fragments went undetected. From our present mea-

ing mass distributions with experimental results is insurements we can estimate the corrected value of the cross

progress. section and the behavior of the fusion cross section as the
We can estimate the maximum detectable scattering anglgllision energy is increased. This is plotted in Fig. 15. The

for the different collision energies. The total internal energycross section is now seen to be much higteéthough still

immediately after collision is given by the initial internal considerably lower than the geometrical cross section due to

energy of the projectile and target~@5 eV) plus the e sieric effects discussed in earlier pafgrs0,11). It also

center-of-mass collision energy. From Fig. 14 we can relatg,,q,r5 a5 if there might be a less extreme drop in the cross

this total internal energy to a fragment temperature. We aSsqyion at high energies after the onset of the “phase transi-

sumte 'f[.hat thte kmetéc fener;gylf Il(g’f's rﬁ:iafetq In eaecg f{_agz-it tion” when the scattered fragments are considered, although
mentation stép and for mulliple fragmentation we estim ore data points are needed to be sure. This would give

the net velocity after the chain of fragmentation, consideringoe,[ter agreement with the simple phenomenological absorb-

|tthto bemab rrantf:jof;n V:ﬁ“?]t ;iiror(]:ests, to bdgll) ,txvher\(/al\: IS ing sphere model used to describe the fusion reaction if it
€ number of fragmentation Steps and IS the average proved to be the cadelashed line in Fig. 15

velocity gained by a fragment ion in a single fragmentation.
Assuming successive ,doss, this leads to the maximum
possible laboratory scattering angles indicated by the vertical
arrows in Fig. 4 for the maximum and minimum sized The angular distributions shown in Fig. 4 show an inter-
fullerenelike fragments detected at this collision energy. Theesting trend with increasing collision energy. The distribu-
emission of larger fragments would lead to a decrease in th#gon is centered around a laboratory scattering angle of about
maximum observable angle, mainly due to the decreabk in 8° for the lowest collision energy investigated. It then broad-
The simple estimate gives rather good agreement with thens and moves towards smaller angles, reaching its maxi-
experimental measurements. We also see that as the collisiamum width for a center-of-mass collision energy of 860 eV.
energy increases, the assumption of entirejyf@gmenta- As energy is increased beyond this, the angular distribution
tion steps probably breaks down since the maximum laborabecomes narrower again. We know from measurements of
tory angle is overestimated in this case. We can carry out ¢he kinetic energies of the ions that their velocity is about
similar estimate for the small fragment ions although they85% of the initial projectile beam velocity. With the help of
are of low intensity for these collision energies and do notthe Newton diagram in the lower part of Fig. 13, we can thus
contribute significantly to the overall scattering intensity. estimate the amount of energy converted to internal excita-
The horizontal bar in Fig. 1B) indicates the range of maxi- tion of the projectile and target for projectiles scattered at an
mum scattering angles at this collision energy for the ob-angle corresponding to the maximum in the measured distri-
served mass range=15-23. butions. For all collision energies investigated, this works
It is obvious from considering Fig. 12 that the earlier out as being close to 60% of the center-of-mass energy.
measurements of the fusion cross section, at a scatterifgnowing the internal energy of the projectilestimated as
angle of 0%£0.6°, considerably underestimated the value ofone-half of the total inelasticity, i.e., 30% of the center-of-
the cross section, even at an energy of 130(eldse to the mass energy plus the initial 25 eV internal energy of the

B. Fragmentation after inelastic scattering
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projectile ion and the average fragment sigeig. 5), it is V. CONCLUSION

possible to estimate the width of the angular distribution us- We have reported detailed measurements of the mass and
ing the simple procedure discussed above for the fUSiOIgmgular distribution of the positive ions produced in

product. In this case we consider the energy-temperature Pl iarene-fullerene collisions over a center-of-mass collision
for Cgo" shown in Fig. 14 to estimate the temperature. Weenergy range of 115-1400 eV. Both products from com-
assume that the projectile ions are fi_rsF scattered inel:_’:\sticalIp(|ete|y inelastic fusion reactions and from inelastically scat-
and then subsequently undergo statistical fragmentation. Thared projectile ions are detected. The results are consistent
estimated widths are in very good qualitative agreement withyith a strongly statistical fragmentation of the highly excited
the measurements. They increase fref2° to =5° on in-  collision product. Support is given for an earlier suggestion
creasing the collision energy from 132 to 500 eV. For theof the onset of a “phase transition” at a collision energy of
two intermediate energig§50 and 860 eYwhere one still  about 130 eV leading to a change in fragmentation mecha-
has some fullerenelike fragments but in the low mass rangaism.
for fullerenes aroundh=30, we estimate angular distribu-

tions of about+7°. Going to still higher collision energies,

the fragment mass spectrum consists of only small fragment
ions (where we consider only two steps, as discussed above, The authors would like to thank Dr. F. Rohmund for help-
a multifragmentation followed by an evaporative cooling ful discussions. Financial support from the Swedish Natural
step and the estimated angular distribution decreases agafciences Research Coun¢NFR) is gratefully acknowl-

to about+=5°. edged.
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