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Collisionally induced multifragmentation of Cg,
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The inclusive yield distribution of  fragments from 45 keV g collisions with Ar gas, exhibits compa-
rable yields for fragments with in the 10—25 range and for fullerene fragments witm the 40—-58 range.
Single-collision two-fragment coincidence measurements show a high probablity for formation of two frag-
ments with similar size in the=15-25 range. Three Cfragments each withn>2, have been observed in
triple coincidence measurements. An enhancement of the yield of the lightest fragments with an odd number of
carbons is observed.
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[. INTRODUCTION incidence experiment]. Briefly, we use reverse kinematics,
bombarding an argon gas target with a beam gf iGns.
When G is excited to energies of several hundred eV, aBecause of the heavy projectile incident on a light target, all
broad spectrum of products are observed, including all everyf the reaction products are emitted in a narrow cone in the
n fragments from 32 to 58, and both even and odd fragmentgynward direction. The energy of a particular fragment is pro-
for n=1 to 30[1-5]. Typically the yield of evem frag-  portional to the number of carbons in the fragment. We ana-
ments, falls off nearly monotonically asdecreases, reflect- ;¢ the positive ions in electrostatic deflectors with Chan-
ing largely the deposition energy spectrum for either colli-pe|ton (Burle 4839 detectors whose signals are observed in
sional excitation or multiphoton absorptip8]. These even- 156 mode. To examine coincidences between fragments
n fragmgrllts forndlalrger than 30, éeSlf“t from a mixture of of similar size, we use a single deflector followed by two
F?eﬂg%nt;\?\d%rgqhognﬁte{o i\;?/"g a ?ullreargiln:rs]irlfcr?tﬁzloggm Channeltrons side by side in the horizontal plane of the de-
of thé light fragmentsginthazl to roughlyn=10 range.are fiector. The.del‘.lector plates are sufficiently far apart Fhat
either the primary even- fragments from the fullerene fr_agments differing by one or two carbons can be transmitted
0%lmultaneously through the deflector. The apertures for the

breakup, or their sequential decay products. The dissociati .
energies for even- fragments in this mass range favor se- tW.O channeltron detectors ha_ve to be dls_placed by the appro-
priate amount for the two sizes one wishes to study. This

guential breakup into two odd-fragments, accounting for . . .
) AT displacement is typically between 1 and 2 cm.
the presence in the fragment distribution of adfragments >
To study coincidences between three fragments, two of

%Ser??rtig?ésirfothee\:]e'ln'lfg”foresnoe sriizlcjr:ﬁSéMcu;:ngI g;e derJaegt-o which are of comparable size, a second electrostatic deflector

coIIisigns where on_l w2 fra men?s 1of which one is a is inserted upstream of the deflector with dual detectors. The

fullerene. are roduyced A likel gmechénism for producin additional deflector is used to analyze fragments of apprecia-
’ P : y P gny smaller size(lower electricstatic rigidity than the other

IL?SZ%T%Q;?EZSE: ?22; |§r;nulrt(|)fcrii%?den_tragilgn, r(\;vcheesrstwo' It is operated at lower electrostatic fields and has an exit
9 P : P slot, which allows the larger, more electrostatically rigid,

may be ar)alogous_to multifragmentation in nuclear reaCtionﬁagments to pass on to the second deflector. Fast timing
i[io’lf ?t ilnterg: ee:atéonta d?é‘g]e a; ?r?el'{g?/ scr,‘rz])tlt‘;c:rr:ib?]rd—f signals are derived from each of the three Channeltron de-
g energies. Frevious stu of muttiragmentation ot o145 One of the signals from the dual detectors is used to
Co have shown that its competition with evaporation andg, time-to-amplitude converter, and the ottafter ap-
asymmetrlcal fission increases with the charge state and tkbq'opriate delay to stop the converter. Fragments from the
excitation energy. _The _resu!ts are presented, to our I(nc’\’\/l'ame collision show up as a prompt peak in the time differ-
fedge, fo: the f"ﬁt t'{?‘i’ |2n this pgper, V\(/jhere three coinciden nce spectrum, while accidental coincidences are uniformly
ragments, each wi , are observed. distributed in time. The correction for accidental coinci-

hi hrfulti[fr:agr?ﬁnttgti(zﬂ of Bs, a’: a proj_ectilet vr:alocti)ty muc;h di dences between these two detectors was typically about 25%.
Igner than that In the present experiment, has been Stutiet,q | width at half-maximum of the prompt peak is typi-

b1)/3Farizon§at .‘?I' [t13'14|' Thle ts_,caled I’deS|U|tSh.6)|f]hi|?it a pattzrn cally 0.2 us. The ratio of the net area of the prompt peak to
[13] very similar to a percolation model, which also provi ®Sthe number of pulses from the start detector is proportional

a reasonable account of nuclear_ fragmentation of Au nuclqo the probability that the fragment observed in the start de-
at 1 Geviamu. The Hi fragmentat!qn results have al_so_ beentec:tor is accompanied by a fragment of the size accepted by
interpreted 13] as evidence for_c_rltlcgl beh_a\{pr reminiscent g, o stop detector. For coincidences between three fragments,
to a second-order phase transition in an infinite system. a second time-to-amplitude converter is started by the third
detector associated with the upstream deflector and stopped
by one of the stop detectors of the dual deflector. A window
The experimental apparatus used in this present experis put on the prompt peak from this time difference spectrum.
ment is similar to that used in our previously described co-This is used as a gate on the time difference spectrum be-

II. EXPERIMENT
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FIG. 1. Yield distribution of positively charged fragments for 45 F|G. 2. Relative yield of a lighter coincident fragment when
keV Cg on Ar as a function of electrostatic rigidity. For singly eijther ann=18 orn=19 fragment is detected.
charged ions, this is proportional to the number of atanis the

cluster. Some typicai values for singly charged ions are indicated. range, whereas at the present higher energy the vyield of frag-

ments in the two size ranges are comparable.
tween the dual detectors. To determine the accidental rate the
window is moved from the prompt peak to a region of the B. Two-fragment coincidence(doubles results
time difference spectrum containing only accidental coinci-

dences. This accidental subtraction is typically less than YVe first present the limited two-fragment coincidence re-
20%. sults for the dual detector deflector. This deflector is only

capable of transmitting pairs of fragments close in mass. For
n=19, we find about a 1.5% probability for detecting a co-

Ill. RESULTS incidentn= 18 fragment. Fon=23, we find that the prob-
ability for detecting the adjacent mass=22 fragment has
dropped to 0.3%. Fon= 27, the probability for detecting a

We give an overview of the inclusivesingles yields of  coincidentn=26 fragment has dropped furthur to 0.07%.
positively charged ions in Fig. 1. Note the logarithmic scale. We have more extensive two-fragment coincidence results
The yield distribution in Fig. 1 is in good agreement with for the probability of detecting a light fragment in coinci-
that reported for the same system at 50 keV bombardinglence with a heavy fragment. Some of these results are il-
energy by Larseet al. [15]. Comparison of the neutral yield lustrated in Fig. 2, where we show the probability of detect-
distributions of Lykke[16] with previously reported distribu- ing different light fragments in coincidence with=18 or
tions for positively charged species, suggests our positive-ion= 19 fragments. There is a kinematic effect that reduces the
yield distribution is qualitatively representative of the total detection efficiency for the lightest fragments when using
yield distribution. Our apparent relative yields for lanare  reverse kinematics, as in the present experiment. This effect
affected by the detection efficien¢$]. The most important is most easily recognized for binary breakup, where conser-
observation regarding the lighter fragmefiislown=230) is  vation of momentum requires the light fragment to have a
that the yields of both even and oddiragments are compa- higher velocity than its heavier partner. This leads to a larger
rable, in distinction to the results for the heavy fragmentsangular spread of the lightest fragments and a reduced detec-
This is indicative that these fragments do not have aion efficiency. This was modeled in our previous experiment
fullerene structure. and an efficiency given approximately by (0.9—h)livas

The maximum energy available in the center-of-mass sysfound. It is not possible to model quantitatively the present
tem in the present experiment is 2368 eV. It is interesting taeexperiment as typically more than three fragments are
contrast the yield distribution in the present experiment withformed, some of which may result from prompt multifrag-
that where the excitation energy is an order of magnitudenentation and some which may result from the sequential
lower[5]. At the lower bombarding energy the yield of even- decay of binary fragmentations. We have, however, found
n fullerene fragments fell off exponentially from the maxi- that at the present bombarding energy, when two coincident
mum yield forn=58. In the present experiment, the maxi- fragments are detected, that the above efficiency is approxi-
mum yield for fullerene fragments was far=44 ton=50.  mately correct if the multiplicity of the lightest fragments
This shift to highest yields for lowenr reflects the increase in varies weakly withn. In the absence of better information,
the most probable energy deposition with increasing energwe have corrected both the twofold and threefold light-
available in the center-of-mass system. At the lower bomfragment yield by the aforementioned factor. The uncertainty
barding energy the yield of fullerene fragments considerablyn this correction does not compromise the odd-even depen-
exceeded the vyield of fragments in tlme=10 to 25 size dence of the yields or the comparison between yields for

A. Inclusive singles distribution
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_ FIG. 3. Relative yield of a lighter coincident fragment when  FiG, 5. Relative yield of a lighter third coincident fragment
either ann=22 orn=23 fragment is detected. when both am=22 andn=23 fragment has also been detected.
different heavy-fragment partners. IV. DISCUSSION

The relative yields of light fragments per heavy fragment
are nearly identical fon=18 andn=19. This result is inde-
pendent of the detector efficiency. It is also found that it is
more probable to emit a light fragment with an oddalue
than an evem value. Similar results for the probability for
observing a particular light fragment, in coincidence with
=22 orn=23 fragments, are shown in Fig. 3.

Larsenet al. [15] have discussed the singles yield distri-
bution of the fullerene products with>30 in terms of a
simple model of the sort used in stopping power calculations.
The projectile undergoes elastic collisions with the indi-
vidual carbon atoms of the target. Both prompt knockout and
delayed emission of Lunits are considered. No attempt to
describe the yield of fragments with<30 was attempted.

We turn now to a discussion of our coincidence results.

C. Three-fragment coincidence(triples) results The yields of light fragments in both the experiments where

We now go on to present the results where three fragone or where two heavier partner fragments were detected,

ments from a single collision were observed. Figure 4 show&xhibit an enhancement of the odd number carbon clusters.

the relative yields of the lightest fragment observed in eventd his cannot arise from effects based on the conservation of
in which both am= 18 and am= 19 fragment was detected. the total number of carbons, as in no case does the sum of

Figure 5 shows similar data for the case in which both arihe observed number of carbons in all fragments reach that of
n= 22 and am= 23 fragment was detected. Since the sum ofthe initial Cso. Furthurmore the effect in the doubles results
the threen values never reaches 60, then for the triple eventds independent of whether the heavy partner is odd or even.

observed, there must have been at least a fourth fragmefhe observed effect probably results from energetic consid-
emitted. erations on the sequential decay of heavier primary frag-

ments. Both for chains and rings in the=4-10 ranggand
perhaps for largen for which energetics data are not avail-
able the energy required for binary fragmentation of even-
clusters favors breakup into two oddfragmentq17,1§. In

all cases the most energetically favored breakup split is the
one in which a G is formed.

A comparision of then dependence of the light-fragment
yield for the triples data shows a steeper falloff with n when
ann=22 andn=23 pair(Fig. 5 is in coincidence as com-
pared to ann=18 andn=19 pair (Fig. 4). This is to be
expected; as for the latter pair, 8 less carbons are available
for lighter fragments. There is some hint of a similar falloff
for the doubles data, but less of an effect would be expected
when less than half of the available carbons are detected.

If one assumes our results for fragments in the
=18-23 range are representative of fragments in the inter-
mediate mass range between 15 and 25, one can estimate that
the probability for a positively charged second fragment in

FIG. 4. Relative yield of a lighter third coincident fragment this mass range is of the order of 25%. Similarly, for the
when both am=18 andn=19 fragment has also been detected. three-particle results, one can estimate that when two posi-
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tively charged fragments in the intermediate mass range ament with two heavier multifragmentation products. Often
produced, there is a probability of about 5% that there willthe multifragmentation primary products have considerable
be a third light positively charged fragment witt>2 pro-  excitation energy and break up sequentially into still lighter
duced in the collision. Since it is likely that there are a sig-fragments. This is consistent with the observation that the
nificant number of events where one of the three fragments isum of then values of the three observed coincident frag-
neutral rather than positively charged, one can conclude thaments is less than 60. The relative yields of the different
multifragmentation into three particles heavier than the carbreakup channels are probably governed by statistical con-
bon dimer is an important reaction channel at this collisionsiderationg6] as evidenced by the enhancement of energeti-
energy. cally favored odda lighter fragments.

The results we have obtained are consistent with the fol- It would be interesting to have available molecular-
lowing scenario. For impact parameters which result in moddynamics calculation$20,21] for this system. In order to
est excitation energy depositio0—200 eV the excited compare these with experiment, it would be necessary to
fullerene evaporates,dand sometimes longer chains such consider the secondary decf,6] of the excited primary
as G, G, ... [5]) giving rise to the evem peaks forn fragmentation products.
>32 in Fig. 1. For larger energy deposition, the excited
fullerene often multifragments into three or more fragments
with n>2. The multifragmentation probability is expected to
increase fairly rapidly with excitation enerdyL9], so that This work was supported in part by the U.S. Deptartment
generally multifragmentation precedes €vaporation. This of Energy. | thank D. I. Will for the construction and devel-
is consistent with the absence of an unusually large contriepment of the g, source. G. H Harper and T. Van Wechel
bution of G in the lighter-fragment size distribution coinci- devised useful scanning capabilities.
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