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Abstract 

Fragment size distributions including multiple fragmentation events have been measured 

for high energy H2S+ cluster ions (60 keY /amu) colliding with a neutral c'o target In contrast to 

earlier collision experiments with a helium target the present studies do not show aU-shaped 

fragment mass distribution, but a single power-law falloff with increasing fragment mass. This 
behaviour is similar to what is known for the intennediate regime in nuclear collision physics 

and thus confinns a recently predicted scaling from nuclear to molecular collisions. 
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Fragmentation of finite size systems such as nuclei, molecules and clusters has attracted 

much interest recently and one intriguing result of these studies is the recognition that the 

general features of this phenomenon are rather independent of the actual system studied [1]. 

Thus not surprisingly one important field in cluster science is the study of the fragmentation 

behaviour of excited cluster ions, ~+*, Le., 

x z+*->:EX + n p (with:E P =n) (1) 

produced by such diverse means as photon, electron, ion impact and surface collisions [2]. 

Whereas fragmentation induced by low energy deposition has been usually interpreted in the 

frame of the evaporative ensemble model [3-5,6], recently reported fragmentation patterns 

obtainedin high energy collisions of hydrogen [7,8] and fullerenecluster [9, 10] ions showing 

bimodal (U-shaped) decay patterns (see Fig. 1) have been interpreted by the occurrence of both 

evaporative cooling reactions and multifragmentation processes. Moreover, beam foil 

experiments with hydrogen cluster ions [11] have lead to a complete disintegration of the 

projectile yielding only atomic fragment ions Xl +. All of these distribution patterns obtained in 

cluster ion fragmentation studies are similar to what has been also observed in nuclear 

fragmentation; see Fig. 1 showing a schematic representation of the different decay patterns 

observed in nuclear reactions. The intermediate regime, however, which is characterized 

experimentally and theoretically in nuclear reactions by a fragment distribution (designated in 

nuclear physics as Intermediate Mass Fragments -IMF- and in Fig. I as curve (3» consisting 

solely by a decreasing function 

(2) 

has so far not been observed in cluster experiments. As this intennediate regime is, however, of 

particular importance, because of the predicted presence of a critical behaviour in the case of 

nuclear fragmentation (Le., liquid-gas phase transition in the fragmentation of hot reaction 

compounds [12-16]), the present study has been devoted to explore for the first time this 

fragmentation regime for the cluster case. 

The present experiments were prompted by theoretical studies of Bonasera and 

coworkers predicting the scaling of this critical behaviour from nuclear to molecular collisions 

[16]. From these studies follows that in extending our previous work [7] involving the 

fragmentation of hydrogen cluster ions (with laboratory energies in the order of 60 keV/amu) 

via impact on a helium target to fragmentation studies with a ~o target, it should be possible 
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due to the different energy deposition in the later case - to reach this intennediate regime. The 

present work not only gives the frrst experimental evidence for the existence of this intennediate 

regime in the case of cluster fragmentation (Le., by not showing any increase in the 

fragmentation distribution at higher masses, see Fig. 1 ), but also contains clear experimental 

proof for the multifragmentation character of the fragmentation mechanism characteristic for this 

regime. Detailed analysis of the decay patterns for both targets, helium and fullerene, shows (i) 

evidence for the general applicability of theoretical descriptions of fragmentation processes for 

finite systems as diverse as nuclei and clusters and (ii) by analogy to nuclear case [12;9]· a frrst 

indication for a possible liquid-gas phase transition in the excited cluster ions during the decay 

reaction. Moreover, the present work also constitutes the first experiment involving reactive 

collisions between different mass selected clusters thus extending the previous cluster cluster 

collision (CCC) studies between fullerenes [17]. 

Mass-selected hydrogen cluster ions of 60 keVlamu are prepared in a high-energy cluster 

ion beam facility consisting of a cryogenic cluster jet expansion source combined with a high 

perfonnance electron ionizer and a two-step ion accelerator (for details see [18-20]). After 

momentum analysis by a magnetic field, the mass selected and pulsed high energy projectile 

beam (pulse length of 100 ms; repetition frequency of 1 Hz) - consisting ofH2s• in the present 

case - is collimated by two apertures ensuring an angular dispersion of about ±0.8 mrad. This 

cluster ion projectile beam is crossed perpendiculary by a ~o effusive beam produced by 

evaporation of pure C60 powder in a single-chamber molybdenum oven (at about 6750 C). The 

C60 beam constitutes for the fast cluster projectile ion beam a gas target of about 5xl012 C60 

clusters per cm2
• 

One meter behind the interaction region with the target the fast hydrogen collision 

products (neutrals and ions) are passing a magnetic sector field analyzer, the corresponding 

flight time being about 0.3 IJ.S. Both, the undissociated H2S• cluster ions and the charged 

fragment ions Hp· are then detected with a multi-detector device consisting of several surface

barrier detectors located at different positions at the exit of the analyzer. This allows to record 

simultaneously and in coincidence neutral and various charged fragment products (for details 

see [20]). From the measured fraction of transmitted H2S+ parent ions and the estimated C60 

target thickness we obtain a total dissociation cross section of about 14xlO-u cm2
, a value which 

is as expected about an order of magnitude larger than the value of (2.9 ± 0.4)xl0-15 cm2 

measured previously with a helium target at the same projectile velocity [6]. 

Fig.2 shows the normalized fragment ion yield Yp (Le., number of fragment ion Hp+ 

divided by the total number of dissocated parent ions H2S+) versus the normalized fragment size 
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p/25. Also shown for the same projectile and projectile velocity are our previous data [8] 

(including here also yields for the light fragment ions Hz+and H+ not given in the Ref. [8]) 

obtained with a helium gas jet. Whereas fragmentation of HZ5+ with the helium target leads to a 

U-shaped fragment ion distribution, interaction with ~o exhibits a monotonously decreasing 

distribution typical for the IMF case known in nuclear physics, i.e., the increase at the higher 

pIn values due to reactions involving sequential evaporation of excited parent ions, present in 

the helium target case, is completely absent in collisions with C60• In addition to this overall 

behaviour of the fragment distribution, size effects are clearly visible for the H9+ and H19+ 

fragment ions, the relative maxima in the Yp-9 and 19 yield being due to shell closure effects 

predicted in the structure of hydrogen cluster ions [21]. 

Most importantly, as can be seen in a log-log plot of these data in Fig.3 the overall Yp 

distribution follows closely the power law given in equ.(2), yielding for the present case of a 

~o target a 't of 2.56 when fitting the data for fragment sizes 23~p~3. The yields for the two 

smallest fragment sizes H+ and H2+ and the yield for H19+ have not been included in Fig.3 and 

this fitting procedure. Whereas in the case of H19+ due to a pronounced shell effect the measured 

yield is larger than that predicted from the power law, in the case of the two smallest fragments 

the data points are lying below the expected values. The latter can be explained by the fact that 

this power law applies to the total fragmentation yield irrespective of the charge of the 

fragments. As has been shown previously [19] about 70 % of the mass of the parent ion ends 

up in neutral fragments consisting mainly of Hz and H. 

As can be seen in Fig.3 our previous data obtained with a helium target also display a 

power law, but only in the lower mass portion of the distribution (Le., from fragment size 3 to 

11) with a 't of 2.63 [7]. Even more important, however, is that the present power law 

dependence is very similar to the IMF case in nuclear collisions where (i) the mass distribution 

follows equ.(2) with a 't value of equal to 2.6 for inclusive (impact parameter integrated) 

reactions [12] and where (il) the fragmentation is associated with abundant multi-fragmentation 

events [22]. This latter rather characteristic feature of the nuclear fragmentation can be also 

observed in the present case (see Fig.4) thereby confirming (i) the similarity between these two 

different collision systems and (il) thus the validity of the scaling law conjectured recently by 

Bonasera and Schulte [16]. 

Fig.4 gives the normalized fragment ion yield Ypm, for the smallest fragment ion H+, 

where the multiplicity m is the number of fragments Hp+ produced per collision. For comparison 

our previous results [23] concerning the helium target for the same projectile velocity are 
included in Fig.4. As can be seen from these data there appears a distinct difference for the two 
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targets. Both the multiplicity and the production probability are much larger for the C60 target, 

which is in line with the fact that in this case there is a larger energy deposition during the 

collision thereby leading to stronger multifragmentation in particular concerning proton 

production. It is interesting to note that in the earlier beam foil experiments with hydrogen 

cluster ions leading to a complete disintegration of the projectile ion a multiplicity for the proton 

production of up to 9 has been observed. Thus the data shown in Fig.4 clearly demonstrate the 

presence of multi-fragmentation events and their dependence on energy transfer, i.e., when 

increasing the energy deposition by going from the helium target to the C60 target. So, from a 

mass distribution (2) to (3) in Fig.1 both, the multiplicity and probability of proton production, 

increase strongly. 

Both the change in the mass fragment distribution (and in particular the observation of a 

distribution following equ.(2) for the C60 target) and the increase in multiple fragment ion 

production can be discussed in light of recent studies by Bonasera and coworkers [14,16,24]. 

These authors have argued that one prerequisite for the occurrence of a critical behaviour of a 

finite classical system such as a liquid-gas phase transition during the fragmentation of hot 

nuclear matter (accompanied by the formation of many fragments in the final stage of the 

reaction) is the observation of a power law in the fragment mass distribution according to 

equ.(2). Such a power law with a 't of 2.23 is expected for condensation near the critical 

temperature indicating thus a liquid-gas phase transition as described by the droplet model of 

Fisher [25]. As a matter of fact as they increase the temperature in their fmite classical systems 

[14] in order to reach this critical behaviour regime they observe with increasing temperature a 

similar transition in the fragment mass distributions as when going in the present case from the 

helium to the fullerene target. Based on this and on a recent theoretical study of these authors 

about the possibility of scaling of this critical behaviour from nuclear collisions to molecular 

collisions [16] we can conclude that we have demonstrated in the present study experimentally 

the occurrence of at least one rather characteristic fmgerprint of this behaviour in the case of 

cluster cluster collisions. 

In concluding, the present results show 0) convincing evidence for the general 

applicability of the same theoretical description and possible interpretation of fragmentation for 

such diverse systems as nuclei and clusters and by this Oi) a first indication for the possible 

presence of a phase transition and concomitant instabilities (as shown to be present in nuclear 

reactions with similar fragmentation features) in the excited cluster ions during the decay 

reaction. 
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FIGURE HEADINGS 

Fig. 1 Schematic representation of nonnalized fragmentation yield versus normalized fragment 

size pIn. (1) Low energy collisions between H2s+ cluster ions and atoms after Reuss and 

coworkers [6]; (2) High energy collisions between cluster ions and He atoms after [7-9]; (3) 

High energy collisions between cluster ions and ~ ; and (4) High energy beam foil collision 

experiment with cluster ions after [11]. 

Fig.2 Measured normalized fragment ion yield Yp versus normalized fragment size p/25 for 

H2s+ projectile ions interacting at 1.5 MeV collision energy with a helium or C60 target, 

respectively. 

Fig.3 Log-log plot of nonnalized fragment ion distributions for H2/ projectile ions interacting 

at 1.5 MeV collision energy with helium or C60 target, respectively demonstrating the power law 

behaviour of the data selected (see text). 

Fig.4 Normalized H+ fragment ion yield versus multiplicity of fragment ion production for H2s+ 

projectile ions for a helium or C60 target. 
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