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Abstract

We report on a cluster fragmentation study involving collisions of high-energy hydrogen cluster ions with atomic helium
or fullerenes. The experimental characterization of the cluster fragmentation, not only by the average fragment size distributio
but also by a statistical analysis of the fragmentation events, has become possible because of a recently develop
multicoincidence technique in which all the fragments of all the collisions occurring in the experiment are mass analyzed or
an event by event basis. From the breakup in two fragments to the complete disintegration of the cluster, the fragmentatic
phenomenon exhibits a transition with an increase of the fluctuations. The fragmentation events with more thgn one H
fragment evidence the cluster multifragmentation process. An important aspect of these results is that high-energy clust
collision can induce a reaction in the cluster. (Int J Mass Spectrom 192 (1999) 259-266) © 1999 Elsevier Science B.V.

Keywords:High-energy collisions; Hydrogen cluster ions; Cluster multifragmentation; Cluster multi-ionization; Phase transition; Critical
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1. Introduction Nevertheless, there is the recognition that general
features of this phenomenon are rather independent of
Fragmentation [1] covers a wide range of phenom- the actual system and its underlying interaction
ena in science and technology, i.e. polymer, colloids, forces. Thus it is highly desirable to be able to study
droplets, rocks, etc., and studies are developing rap-a model system in as much detail as possible in order
idly in quite different areas such as subatomic parti- to arrive at sound conclusions that may be applied
cles, soft matter, and materials. In addition, fragmen- (and compared) to a larger range of objects. Clusters
tation of atomic nuclei will likely become an effective  that are aggregates of atoms or molecules in the form
way of handling nuclear waste. of microscopic and submicroscopic particles have
Despite intensive research in various fields of revealed themselves to be an appropriate system. The
science and technology, complete analysis and under-hydrogen cluster ions are the simplest ionized molec-
standing of fragmentation has not yet been achieved. ular complexes that have attracted experimental ef-
forts to clarify their structure and properties for
decades [2]. A number of experiments suggest that
* Corresponding author. E-mail: bfarizon@ipnl.in2p3.fr their structure consists of a tightly bound Hore ion
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solvated by more weakly bound,holecules that are  projectile beam is crossed perpendicularly by a he-
symmetrically arranged in solvation shells around the lium gas jet [7] or by a G, effusive beam produced by
core in striking difference to the structure of the evaporation of pure & powder in a single-chamber
neutral clusters. Recent quantum Monte Carlo simu- molybdenum oven (at about 675 °C). Fig. 1 shows a
lation [3] and quantum chemical calculations [4] have schematic view of the experimental setup for thg C
investigated the effect of protonation of pure hydro- target case.
gen clusters (B, at low temperatures. It was shown One meter behind the interaction region the fast
that the added proton gets trapped as a very localizedhydrogen products (neutral and ions) pass a magnetic
and strongly bound kl impurity in the cluster core  sector field analyzer. The charged and neutral frag-
surrounded by stable shells of more spatially delocal- ments are then detected with a multidetector device
ized solvating H molecules. consisting of several surface barrier detectors located
For fragmentation phenomena a natural classifica- at different angular positions at the exit of the ana-
tion should involve the fragmentation size distribu- lyzer. The peak amplitude of the signals given by the
tion. These fragment size distributions often show a detectors is coded with an AD413A module (EG&G
structure that may depend on external control param- ORTEC, Oak Ridge, TN) used in the coincidence
eters like the available energy, the density of the mode. A master gate signal derived from the signal
system, etc. Thus, researchers in many fields aregiven by the detectors causes several analog inputs to
confronted with the need to characterize the data in a be grouped as a set of coincident events. Each set of
meaningful way and to determine the dynamical coincident events is saved as a fragmentation event
processes that cause fragmentation. High energy clus-and can be sorted using various conditions. The width
ter—atom or cluster—cluster collision experiments in of the master gate pulse is 2.5 ms and the intensity of
which all fragments issued from a particular collision the cluster beam is lowered to 1000 clusters per
are detected in the coincidence mode can provide second to avoid fragméation of two incident clusters
valuable information to test the predictions of general during this time window.
models describing fragmentation phenomena. This allows one to simultaneously record neutral
Here, we report on a cluster fragmentation study and charged fragments detected in coincidence for
involving collisions of high energy hydrogen cluster each single event irrespective of the nature of the
ions with atomic helium or fullerenes in which all the collisional interaction, i.e. small or large impact pa-
fragments of all the collisions occurring in the exper- rameters leading to rather “gentle” or “violent” colli-
iment are mass analysed on an event by event basissions. Moreover, in this experimental situation, during
using a novel multicoincidence technique. the collisional interaction the energy is deposited in a
short time compared to the typical time of the internal
motion of the cluster components. Therefore, in each
2. Experimental setup case the excitation can be thought of as being due to
perturbation followed by the cluster fragmentation
Mass selected hydrogen cluster ions of 60 keV/u governed by the energy deposited.
are delivered by the cluster facility of the IPN Lyon
consisting of a cryogenic cluster jet expansion source
combined with a high-performance electron ionizer 3. Size distributions of the charged fragments
and a two-step ion accelerator (for details see [5,6].
After momentum analysis by a magnetic field, the Fig. 2(a) shows the fragment ion yield,Yi.e.
mass selected and pulsed high-energy projectile beamnumber of each fragment iongl—ldivided by the total
(pulse length of 100 ms, repetition frequency of 1 Hz) number of fragment ions per reactive collision) versus
is collimated by two apertures ensuring an angular the fragment sizg (p = 3—-23, odd) resulting from
dispersion of about=0.8 mrad. This cluster ion the fragmentation of ki colliding with helium or G,
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Fig. 1. Schematic view of the experimental setup. Mass selected hydrogen cluster ions of 60 keV/u energy are crossed perpendicularly by
effusive Gy beam in the collision region. Neutral and charged hydrogen fragments pass through a magnetic sector field analyzer one mete
behind this collision region and are then detected in coincidence with a multidetector device consisting of a number of surface-barrier detecto
located at different positions at the exit of the analyzer. For each fragmented cluster, the size and the number of the different fragments a

recorded.

The fragmentation of EL with the helium target
leads to a U-shaped fragment distribution [5]. This
distribution is very different from the one obtained in
low energy collision [8] where the yield of the

fragment ions is observed to increase with the frag-

probability of the different energy depositions that can
result from a collision. Indeed, on average, small
charged fragments are due to violent collisions in-
volving a large amount of energy transfer and large
fragments are due to gentle types of interactions.

ment size. Such behaviour observed here in the right  The presence of IMF in the size distributions could

part of the size distribution has usually been inter-

be interpreted by the occurrence of multifragmenta-

preted in the frame of the evaporative ensemble tion processes. Besides, in Fig. 2(b) the absolute cross

model. The main feature of the size distribution
obtained in high energy cluster—atom collision is the
prominent production of fragments of size that are
intermediate (3= p = 13) between the size of the
evaporated dimers Jand the ones of the correspend
ing charged fragments.

In high energy cluster—cluster collision [9], frag-
mentation of Hg clusters exhibits a monotonously
decreasing distribution that is typical for the interme-
diate mass fragment (IMF) case known in nuclear
physics. The increase at the higlpevalues presentin
the helium target case is not observed in collisions
with Cg,. This can be interpreted from the relative

section of fragment ions of size (3 ton — 2, odd)
resulting from the fragmentation of Hclusters 6 =
9, 13, 21, 25, 31) colliding with helium at 60 keV/u
are reported versus the normalized fragment gine
The discrepancy observed for= 9, 13 is due to the
choice of a scaling parameter that is not well suited
when the value of the cluster size is small. The size
distributions are found to be quite similar. In addition,
specific features can be seen such as the fragment size
9, 19, etc. This can be related to the finite size effect
such as geometrical shell effects in the structure of
ionized hydrogen clusters.

Most importantly, as can be seen in a log-log plot
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Fig. 2. Normalized cluster ion fragmentation distributions for
hydrogen clusters. Upper part (a): Fragment ion cross section vs.
normalized fragment sizp/n for H! (n = 9, 13, 21, 25, 31)
projectile ions interacting at 60 keV/u collision energy with a
helium target. Lower part (b): Normalized fragment ion yielgvé.
normalized fragment siz&' 25 for Hyg projectile ions interacting at

1.5 MeV caollision energy with a helium or{gtarget, respectively.

of these data in Fig. 3, both the entires€Y,
distribution and the left part of the HegYones
(p/n = 0.5) follow a power law yielding ar of 2.56
when fitting all the data (various sizes of clusters and
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Fig. 3. Log—log plot of normalized fragment ion distributions for
H,f cluster ions interacting at 60 keV/u collision energy with a
helium or G target.

similarity between the fragment size distribution and
the predictions of certain models describing critical
phenomena. The most famous is the Fisher droplet
model [11] that allows one to calculate the droplet
size distribution in a vapor. At the critical temperature
the resulting distributiorf(p) in sizesp is propor-
tional top~ ™ and the predicted exponent of 2.23 is
close to the values observed for nuclear [10,12,13]
and cluster fragmentations [14—16]. Although these
observations have been taken as a strong hint for the
occurrence of critical behaviour in a finite system
reminiscent of a second order phase transition in an
infinite system, it cannot be considered definitive proof.

various targets). Even more important, however, is 4. Multi-ionisation, multifragmentation, and

that the present power law dependence is very similar
to the IMF case in nuclear collision where the mass
distribution follows a power law falloff with & value
equal to 2.6 [10]. Moreover, there exists a strong

induced reaction in the cluster

In the velocity range studied here (1.55 times the
Bohr velocity), electronic excitations up to ionisation
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1 distributions. This multiple production of Hhas to
be related to the high efficiency of the exothermic

T

Y™t ) reactionH + H, = H3 + H. It has been studied at
L b o low energy [17] and the relative contribution of
0.1 several competing channels are strongly dependent on
° the mass center collision energy and the initial vibra-

tional states. It has been demonstrated that the pro-
duction of Hy predominates with an impact parameter
smaller than 4 A, the same order of magnitude than

LA |

0.01 . .
| e Hyt-Cy, the close distance between thgddibunits in the cluster
C ’ S (few A). Thus an important feature of these results is that
| | © Hy* -He high-energy cluster collision, cluster—cluster as well as
cluster—atom collisions, can induce reaction in the clus-
0.001 L L ! . S .
0 : N 3 4 ter. There is recombination before fragmentation in the

multi-ionized cluster and formation of Hions that did

m, multiplicity of H;* . .
not pre-exist in the incident cluster.

Fig. 4. Normalized H fragment ion yield B* vs. multiplicity m,
of fragment ion production for ki projectile ions for a helium or
Ceo target. 5. Large fluctuations inherent to phase

transitions
of the incident cluster are involved in the collision.
Moreover, the relative velocity of the projectile and Because percolation models have been used to
the target atom is around or greater than the velocity simulate critical behaviour, they made their entrance
of the electrons in the cluster. Then, the time for a into the description of multifragmentation. Besides
typical collision with a target atom is short enough the power law for the size distributions, percolation
compared to the typical time of the motion of the predicts certain properties associated with the various
protons in the cluster, so that during the collision the moment of the size fragment distributions. Bond
protons can be considered to be stationary in the percolation models have been used to describe nuclear
projectile frame. Thus processes such as ionisation of fragmentation and to simulate critical behaviour pre-
the incident cluster followed by the fragmentation of dicting, besides the existence of a power law, addi-
the unstable multi-ionized cluster can be involved. As tional properties of the fragment size distribution.
can be seen in Fig2 a prominent production of These secondary characteristics (including Campi
ionized fragments of intermediate sizes£t3p = 11) plots, multifactorial moment analysis, etc. [18—-20])
are present in the size distributions. The first of these are, however, only accessible via event by event data
fragments is the protonated hydrogeg.HFig. 4gives analysis as performed in the present experiment.

the normalized fragment ion yield3¥ for the frag Thus, as an example following Campi [18] we plot
ment ion H for both target He and & where the and analyze the results;H-Cg, in the following way:
multiplicity m; is the number of fragments Hpro- in Fig. 5 (upper part) we plot the average sig,, of

duced per collision. Their relatively high value shows the largest fragment produced in a single event
the importance of the ionization procesgs of the (normalized to the number of constituents, 25, in the
same order of magnitude for the two targets and both primary hydrogen cluster ion projectile) versus the
observed multiplicities reaching a value of three. total number of fragments; this is called multiplicity
Moreover, the fragmentation events with more than m (normalized as done foP,,,, to the size of the
one H; demonstrated the multifragmentation process system). In comparison we show the corresponding
present in the data of the IMF size fragment ion results obtained from a three-dimensional bond per-
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Fig. 5. Comparison of the fragmentation behaviour for three different systems: (a) hydrogen clusters, (b) three-dimensional (3D) bonc
percolation lattice, and (c) one-dimensional (1D) bond percolation lattice. In the cases of hydrogen clusters and three-dimensional bon
percolation lattice, from the breakup in two fragments (low multiplicity) to the complete disintegration (high multiplicity), the fragmentation
phenomenon exhibits a transition with an increase of the fluctuations. Upper part: Average,size the largest fragment produced in a

single event (normalized to the projectile size 25, to the number of sites 125 of the cubic lattice, or to the number of sites 125 of the linea
lattice, respectively) vs. the normalized multiplicity for the present experimental cluster fragmentation results, for the three-dimensional
percolation model, and for the one-dimensional percolation model. Lower part: Normalized standard deviation (fluctuBtignyioen in

the upper part vam. The normalized standard deviation is defined as &@i(**2) — (Pna0**2).

colation model with 125 sites [18] [upper part of Fig. nance-like peak in the standard deviation function is
5(b)] and a one-dimensional bond percolation model due to the size difference of the two systems.
[upper part of Fig. 5(c)]. Because the fluctuations in We have to point out that for a one-dimensional
fragment size distributions are largest near the critical percolation model [Fig. 5(c)] different results are
point, it is interesting to also plot as a measure for obtained [18] with no resonance-like peak in the
these fluctuations the standard deviation R, standard deviation function and therefore with no
versus the normalized multiplicity (lower part of Fig. indication of a finite-size phase transition.

5). The following observations and points with re- An experimental data set available for such an
spect to these results are noteworthy: (1) First of all analysis of nuclear fragmentation, i.e. a nearly com-
there is a remarkable agreement in the overall shapeplete fragment charge analysis of 1 GeV/u Au ions
of the functions obtained in the cluster—collision bombarding an emulsion [21] of about 400 events
experiment on the one hand, and from the percolation [19], exhibits a similar behaviour [18] as the present
model on the other hand. (2) The shift of the reso- cluster collision data and the three-dimensional per-



B. Farizon et al./International Journal of Mass Spectrometry 192 (1999) 259-266 265

colation model. It should be mentioned, however, that a kind of “chemical reaction” and formation of
according to DeAngelis et al. [19] this nuclear frag- fragments which did not pre-exist in the structure com-
mentation data set is very likely biased towards low ponents of the cluster before the collisional interaction.
multiplicity events because the experimental setup  From a general point of view, quite different
records only those events in which all 79 charges are objects such as nuclei and molecular clusters show
detected (see also another recent multifragmentation similar fragmentation behaviour not only in the inclu-
experiment with gold nuclei where the detector sys- sive fragment size distribution but also in the event by
tem permitted exclusive event reconstruction of event type analysis. This is in accordance with a
nearly all charged reaction products [22]). In contrast, recent scaling prediction concerning large fluctuations
the present cluster collision experiment (with about in finite systems [20,25]. The application of the
6000 events) includes all events and the comparison predicted characterizations of fragment size distribu-
with the percolation model is unbiased from the tions [26] is demonstrated here for cluster fragmenta-
detection probability. tion data (see also a theoretical study by Lutz and
The close resemblance between the results from co-workers [27]). However, besides the usefulness of
percolation and the present cluster collision results this approach for microscopic systems like nuclei
constitutes a further step in ascertaining the occur- (fermi scale) or clusters (nanometer scale) it might
rence of critical behaviour in these finite size collision also be applicable on a more universal scale including
systems: percolation is thought to provide a useful macroscopic phenomena.
method to study phase transitions because of the
similarities in the behaviour with systems exhibiting Acknowledgements
second order phase transitions, such as liquid—vapor

systems at the critical temperature [23]. A particular Most of the results that have been reported were
advantage of this comparison is the fact that according yptained in collaboration with other groups and visi-
to Campi [24] it is possible to compare in this way 45, \We would like to sincerely thank P. Scheier, G.
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