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Abstract 

We report on a direct observation of multi-ionization of the H21+ hydrogen cluster in a single 

collision with a helium atom at 60 ke V lu. Up to quadruple ionization of the cluster was obsetved 
and new multi-fragmentation channels were detected. Besides that, the results show two different 

fragmentation processes of doubly charged clusters H212+ : emission of a climer H 2+, or emission of 

a trimer H3+ after a rearrangement in the cluster prior to fragmentation. 
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1. Introduction 

Atomic cluster physics has been developed extensively in several directions for van der 

Waals clusters [1.] and for metallic clusters [2]. Recently, the availability of high-energy cluster 

beams has opened a large field for new experiments, especially cluster fragmentation studies 

involving high-energy cluster-atom collisions. Fragmentation phenomena have been observed in 

many different areas of physics [3,4]. A fragmentation process following a collision or some other 

method of excitation produces a distribution of constituents of the system. Examples are, e.g., 

meteoritic distributions reaching the earth, avalanche and sandpile slides, lunar crater sizes, droplet 

sizes in aerosols, nucleus and atomic cluster fragmentation, etc. Under some initial conditions, the 

dynamical evolution of a highly excited finite-size system creates a power law distribution of 

fragments with a critical exponent t ~ 2.2 [4]. This critical exponent has been found notably in the 

case of fragmentation of hydrogen cluster ions induced by a collision at 60 ke V /u projectile energies 

[5] and in the case of fragmentation of nuclei induced by GeV proton impact [6]. These latter 

features, usually connected with multi-fragmentation processes, could be reminiscent of a second 

order phase transition in an infinite system [4]. Similar fragment mass distributions have been 

observed in the fragmentation of C60 induced by collisions [7,8]. Atomic collision techniques offer 

a powerful tool for investigation of the dynamics of highly excited finite-size systems. In our 

experiments, energy transfer can exceed that involved in previous work on cluster-atom collision by 

several orders of magnitude. The high values of the projectile velocity result in excitation processes 

differing significantly from those observed in studies performed with lower-energy beams or other 

excitation techniques. Here, we report on a direct observation of multi-ionization and multi

fragmentation of the H21+ cluster in a single collision with a helium atom at 60 keV/u using 

coincidence techniques. 

2. Experi mental 

Our measurements were performed with H21+ cluster ions which can be regarded as a 

cluster of nine H2 molecules around a H3+ core. The H2t clusters at 1.26 MeV energy were 

delivered by the high-energy cluster-beam facility of the Institut de Physique Nucl6aire de Lyon. 

The experimental apparatus has been described in detail in ref [9,10]. In brief, mass selected ionic 

H21+ clusters interact with helium atoms from a gas jet under single collision conditions. The 
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charged fragments resulting from the cluster fragmentation were deflected by a magnetic field 0.3 J.lS 

after the interaction. Coincidence measurements were performed for the H3+ fragments [10] and the 

neutral fragments [11]. These fragments were detected with two surface barrier detectors. The peak 

amplitude of the signals given by the detectors was coded with a AD413A module (EG&G ORTEC) 

used in the coincidence mode. A master gate signal, derived from the signal given by the detector of 

neutral fragments, caused the two analog inputs to be grouped as a set of coincident events. Each 

set of coincident events was saved as a fragmentation event and can be sort using various 

conditions. The width of the master gate pulse was 2.5 J.lS and the intensity of the cluster beam was 

lowered to 1000 clusters/second to avoid fragmentation of two incident clusters during this time 

window. 

3. Results and Discussion 

A typical spectrum obtained with the H 3+ fragment detector for the 60 ke V /u - H21+ clusters 

colliding with a helium atom is displayed in Fig. 1. We observe three separate peaks at energies of 

180,360 and 540 keY, corresponding to the detection of one, two, and three H3+ originating from 

the same cluster [10]. From the growth rate method, the cross section for production of at least one 

H3+' 03' has been measured and found to be equal to (14.o±1.4) 10-16 cm2• 

The spectrum obtained with the neutral fragment detector is displayed in Fig. 2(a). It shows 

20 separate peaks the energies of which range from 0.12 to 1.26 MeV. All neutral fragments 

coming from one incident cluster are detected simultaneously. Thus, in this spectrum, each event 

corresponds to a fragmentation of one incident cluster. The number (Sneutral) associated with each 

peak (Sneutral = 2,3,4, ... ,21) corresponds to the value of the sum of the mass numbers of all the 

neutral fragments resulting from the fragmentation of one cluster. Later on, we will call a Sneutral 

event a fragmentation event for which the sum of the mass numbers of all the neutral fragments is 

equal to Sneutral • As an example, Sneutral = 10 is associated with the peak at the energy of 600 keY 

corresponding to the simultaneous detection of 10 mass units. Fragmentation events with Sneutral = 
o and Sneutral = 1 were not detected. The cross section for production of at least one neutral 

fragment, 0neutral' has been measured and found to be equal to (23.9±2.4) 10-16 cm2• The H21+ 

cluster dissociation cross section measured in this experiment has been found to be equal to 

(25.9±2.6) 10-16 cm2, in good agreement with previous measurements [9]. Taking into account the 
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uncertainties, ()neutral is not significantly smaller than the dissociation cross section. Thus, most of 

the fragmentation events are detected. Among the events of the spectrum displayed in Fig. 2(a), we 

have selected those events which were in coincidence with the production of at least one H3+ 

fragment (59% of the total number of events). The spectrum of the events in coincidence with at 

least one H3+ fragment is displayed in Fig. 2(b). It shows 11 significant peaks at energies ranging 

from 0.48 to 1.08 MeV, associated with Sneutral values from 8 to 18. 

The spectra presented in Fig. 3 were obtained by selecting the events which were in 

coincidence with the production of one, two, and three H3+ fragments. The spectrum 3(a) 

corresponding to the events in coincidence with one H3+ fragment shows 11 peaks the energies of 

which range from 0.48 to 1.08 MeV. The spectrum 3(b) corresponding to the events in coincidence 

with two H3+ fragments shows 7 peaks with energies from 0.48 to 0.9 MeV. The spectrum 3(c) 

corresponding to the events in coincidence with three H3+ shows 5 peaks with energies from 0.48 

to 0.72 MeV. As expected, the maximum value of Sneutral observed decreased by three mass units 

with each incremental increase in the number of detected H3+ fragments. Note the varying heights 

of the particular peaks in the spectra. The shapes are very different from the hump shape observed 

in the spectrum of all the events (Fig. 2(a)). 

In the spectra presented in Figures 1-3, spurious events (mainly due to collisions with the 

residual gas) have been subtracted as described in detail in ref. [10] and [11]. The spurious events 

correspond to about 1,7% of the incident cluster beam intensity in the case of the H3+ spectrum 

(Fig. 1), 5.5% in the case of the neutral spectrum (Fig. 2(a)), and 1,7% in the case of the 

coincident spectrum (Fig. 2(b)). The spectra in Figures 1-3, have been obtained for the same 

number of incident cluster ions and for a target thickness equal to (0.95±O.09) 10 14 atoms/cm2• As 

an example, the coincidence spectra obtained without the helium gas target for the same number of 

incident cluster ions are presented in insets in Fig. 3. The target thickness used leads to a number of 

dissociated clusters equal to 20%, and thus, all the data are obtained under single-collision 

conditions [10]. 

From the branching ratio deduced from spectra (a) and (b) in Fig. 2, and from ()neutral and 

()3' we deduce the absolute production yield 't(SneutrJ of Sneutral events, and the absolute production 

yield'tc(Sneutral) of Sneutral events in coincidence with at least one H3+ fragment, respectively. The 
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errors in the production yields deduced from these measurements vary from ±10% to ±15% taking 

into account uncertainty in the target thickness and statistical uncertainties. The histogram of 

't(Sneutral) versus Sneutral is shown Fig. 4. The contribution of the events which are in coincidence 

with at least one H3+ fragment, 'tc(Sneutral), is shown in dark grey. Fig. 4 shows also the 

contribution of the neutral events with no H3+ fragment production (unshaded bars), 'tnc(Sneutral)' 

equal to ('t(Sneutral)- 'tc(Sneutral»' The histogram of 't(Sneutral) can be roughly divided into three Sneutral 

value ranges corresponding to H2 molecule evaporation (Sneutral=2,4, and 6) with 't(Sneutral)' 

decreasing with increasing Sneutral' to ionization (7SSneutralS20) with 't(Sneutral) exhibiting a 

characteristic "hump shape", and to electron capture (Sneutral=21) [11]. 

The two conttibutions to the total yield 't(Sneutral) can be compared. As expected, no H3+ 

fragment production is observed in the Sneutral range (2SSneutralS6, even) connected with H2 

evaporation. We observe that 'tc(Sneutral) contributes mainly to that part of the histogram where 

't(Sneutral) exhibits the characteristic hump shape. For Sneutral values from 15 to 18, most of the 

Sneutral events result from coincidence with at least one H3+ fragment production (from 75% to 

95%). This is also evident for Sneutral equal to 13 and to 11. However, for even Sneutral values 

(10,12,14) an important contribution of fragmentation events with no H3+ fragment production can 

be clearly observed (more than 50%). Moreover, 'tnc(Sneutral) decreases with decreasing Sneutral' 

These events may be interpreted as fragmentation of an unstable doubly-charged cluster emitting a 

dimer H2+. This corresponds to channels: 

(H21 ++) => Hp+ + H2++ neutral fragments (Sneutral) with p=5, 7, .. odd and Sneutral = 19 - p. 

The absolute production yields 'tel (Sneutral)' 'tc2(Sneutral)' and 'tciSneutral)' of Sneutral events 

corresponding to the fragmentation events with the production of one, two, and three H3+ 

fragments, respectively, are presented in Fig. 5. They were deduced from the branching ratios of 

the spectra (a), (b), (c) (Fig. 3) and from 0'30ne, 0'3two, and 0'3three. The latter cross sections were 

deduced from the branching ratios of the spectrum in Fig. I, and from 03" 

The histogram of 'tct(Sneutral) versus Sneutral is given in Fig. 5(a). The highest value of 

'tc1 (Sneutral) was found for Sneutral = 16. These events correspond mainly to the fragmentation 

channel 
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(H21++) :::} H3+ + H2+ + neutral fragments (Sneutral = 16) 

which has to be related to the fragmentation channel (p=3) described above. The fragmentation 

channel leading to the production of two H+( giving also Sneutral = 16) is less probable since it 

corresponds to a double ionization. Nevertheless, it has to be noted that the magnitude of 'tcl(16), 

(2.3±O.3) 10-16 cm2, is of the same order as 'tnc(14), (2.I±O.2) 10-16 cm2. From a comparison of the 

values of 'tnc(IO), 'tnc(I2), 'tn/I4) one would expect a larger value for 'tc1 (I6). An important point 

in this histogram is a relatively high value of'tel(I3), (1.6±O.2) 10-16 cm2, which is connected with 

a fragmentation process different from the one discussed above: 

(H21++) .... Hp+ + H3+ + neutral fragments (Sneutral) with p=5 and Sneutral = 13. 

The unstable doubly - charged cluster decays by the fragmentation process, but at least one of the 

fragments results from a rearrangement in the cluster after ionization. The value of 'tel (11) (with 

p=7 and Sneutral = 11) and 'tcl (9) (with p=9 and Sneutral = 9) can be interpreted in the same way. The 

value of 'tc1(Sneutral) is observed to decrease whith decreasing Sneutral' Another interesting feature of 

this histogram is 'tc(I8) which corresponds to the production of one H3+ fragment and several 

neutral fragments. Its value, (1.3±O.2) 10-16 cm2, is relatively high in comparison with the 

decreasing values of 't(2) (=(1.3±O.2) 10-16 cm2), 't(4) (=(O.7±0.1) 10-16 cm2), and 't(6) 

(=(O.4±O.06) 10-16 cm2) related to sequential evaporation of H2. We surmise that this is due to the 

various energy transfer processes which can occur in the collision, and it shows that a large amount 

of energy can be deposited in the cluster without changing its initial charge. 

The histogram of 'tciSneutral) versus Sneutral is given in Fig. 5(b). The fragmentation 

channels associated with product yield 'tc2(15) cannot be assigned unambiguously. It may be 

assigned mainly to the fragmentation channel (H212+) :::} H3+ + H3+ + neutral fragments. This 

fragmentation channel is evidently related to the fragmentation of an unstable doubly - charged 

cluster, with a rearrangement after ionization. The magnitude of 'tc2(15), (2.8±o.3) 10-16 cm2, is 

greater than 'tcl(13) (=(1.6±0.2) 10-16 cm2), as expected. For other product yields, however, 

unambiguous assignment of fragmentation channels is possible. Events with Sneutral = 14 

correspond to the following fragmentation channel (H213+) :::} H+ + 2H3+ + neutral fragments 
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resulting from a double ionization of the cluster ion. In the same way, the events with S neutral = 12 

result from a triple ionization of the cluster. Indeed, in this case, the sum of the nlass numbers of 

the neutral fragnlents is 12, and two H3+ ions are detected. Therefore, three mass units of charged 

fragments are missing. This undetected mass (which cannot be a H3+ fragment) corresponds to at 

least two charged fragments, one H2+ and one H+. The detection of four charged fragments can be 

explained by a triple ionization of the incident cluster ion. 

The histogram of 'tc3(Sneutral) versus Sneutral is given in Fig. 5(c). All these events 

correspond to multi-fragmentation channels, since three H3+ fragments were detected. We note that 

the triple H 3 + fragment production was observed with the production of other charged fragments 

(66% of the events in this spectrum). Among these events, some channels are completely 

determined such as H214+ => 3H3+ + H+ + neutral fragments (Sneutral = 11). This corresponds to 

fragmentation events after a triple ionization of the incident cluster ion. As discussed for S neutral = 
11 in the spectrum (b) in Fig. 5, the events with Sneutral =9 show that a quadruple ionization of the 

incident cluster ion may occur in a collision. A minimum value of the cross section of quadruple 

ionization is given by'tc3(9) (= (4±o.6) 10-19 cm2). This cross section may be expected to be 

higher, since the observed nlulti-fragmentation channel requires formation of two H3+ in the cluster 

after the quadruple ionization. These events correspond to a fraction of 1.5 10-4 of all the 

fragmentation events. Such ionization of the incident cluster may result from different excitation 

mechanisms. Double ionization of one molecule may be assumed, however, this does not seem to 

be sufficient.The main mechanism is probably an ionization of several molecules (up to 4) at 

various sites of the cluster. Therefore, a higher ionization rate may be expected, with the increase of 

the number of molecules H2 in the cluster (9 in the H21+ cluster). 
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Figure captions 

Figure 1 : Fragmentation of 60 ke V lu - H21+ clusters induced by a single collision with a helium 

atom. Spectrum obtained with the H3+ fragment detector. 

Figure 2 : Fragmentation of 60 keV/u - H21+ clusters induced by a single collision with a helium 

atom. (a) Total spectrum obtained with the detector of neutral fragments. (b) Events in coincidence 

with the production of at least one H3+ fragment. 

Figure 3 : Fragmentation of 60 keV/u - H21+ clusters induced by a single collision with a helium 

atom. Events are shown, which are in coincidence with the production of (a) one, (b) two and (c) 

three H3+ fragments. Inset: the same spectra but obtained without helium gas target for the same 

number of incident clusters. 

Figure 4 : Fragmentation event production yields, 't(Sneutral)' versus S neutral' The contribution of 

the events with at least one H3+ fragment production, 'tc(Sneutral), is drawn in dark grey. 

Figure 5 : Production yields, 'tcl(Sneutral)' 'tc2(Sneutral), and 'tc3(Sneutral)' of fragmentation events 

with production of (a) one, (b) two, and (c) three H3+ fragments, versus Sneutral' 
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