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Using a recently developed multicoincidence technique, fragmentation resulting from collisions between
high energy ~60 keV/u! H27

1 ions with an He target are investigated on an event by event basis. The data
obtained are analyzed in terms of fluctuations in the fragment size distribution. A comparison with results from
two different three-dimensional ~3D! lattice bond percolation models of the same size ~27 constituents! indi-
cates the presence of a critical behavior in the decaying finite system and the importance of accounting in the
percolation model for the specific binding situation in the hydrogen cluster ion.
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Fragmentation covers a wide range of phenomena in sci-
ence and technology, including polymers, colloids, droplets,
and rocks. Therefore, fragmentation can be observed on dif-
ferent scales ranging from the femtometer size in the case of
nuclear decay reactions to astronomical dimensions for col-
lisions between galaxies @1#. Despite intensive research in
these various fields, complete analysis and understanding of
fragmentation has not yet been achieved. Nevertheless, it has
been recognized recently that some features of this phenom-
enon are rather independent of the decaying systems and
underlying interaction forces @2#. Thus it is highly desirable
to identify those features which are common to all kind of
fragmentations and independent of the size and interaction
forces in order to identify more general principles. This can
be achieved by studying either experimentally or theoreti-
cally ~using appropriate models such as percolation models!
a specific decaying system in as much detail as possible, and
then comparing the various features obtained with other dif-
ferently sized and bonded systems. It has been shown re-
cently that a particular useful system for this purpose are
clusters of atoms or molecules @3#.

The hydrogen cluster ions, as the simplest ionized mo-
lecular systems, have recently attracted great interest and it
was thus possible to clarify their structure and other proper-
ties @4–7#. Their structure has been calculated to consist of a
central H3

1 core which is solvated by shells of unperturbed
H2 molecules. One important feature of these cluster ions is
the large difference between the strong intramolecular inter-
action ~covalent bonding with an energy between 4 to 5 eV!
and the rather weak intermolecular interaction ~ion–dipole
interaction with an energy close to 0.1 eV! @6,7#. Recently,
fragmentation of hydrogen cluster ions induced by collisions
with either atomic helium or fullerenes has been studied us-
ing a newly developed multicoincidence technique @8#. With
this technique it was possible to detect and to identify, in

terms of mass ~to charge ratio!, all neutral and ~charged!
fragments produced in a collision on an event by event basis
@8#. Under all experimental conditions a power law falloff in
the fragment mass distribution, i.e., p2t, with p the fragment
mass and t an exponent, has been observed in these experi-
ments with a t derived which was close to ~i! the critical
exponent 2.6 found in nuclear fragmentation experiments
and ~ii! predicted values ~.2.23! using Fisher’s droplet
model @9–14#. Based on these and other results, the question
about the existence of a critical behavior ~i.e., the occurrence
of a second-order phase transition! in the fragmentation of
hydrogen cluster ions has been addressed recently @15#.

The percolation model enables the generation of events
under conditions where the presence of a critical behavior
has been demonstrated @12,16#. In this model, neighboring
sites can be connected by bonds. Each of these bonds is
randomly activated with a probability q. A fragmenting par-
ticle ~cluster! can be viewed as an ensemble of neighboring
sites connected by active bonds. By varying the parameter
q(0<q<1), the shape of the fragment size distribution
changes. If the system is infinite this shape will approach for
q→0.25 a power law resulting from a second-order percola-
tion transition @16#. Moreover, Campi @12# was able to dem-
onstrate the existence of a similar ~power law! behavior also
for finite system. As a matter of fact, he showed that the
existence of a second-order percolation transition can also be
seen in the characteristic behavior of plots of the average size
Pmax ~where Pmax is the size of the largest fragment pro-
duced in a single event for a given multiplicity! versus mul-
tiplicity, and by the presence of fluctuations in Pmax in the
vicinity of the critical point.

Here, we report on a comparison between ~i! experimental
results obtained by fragmentation of H27

1 cluster ions induced
by collisions with an He target and ~ii! the results obtained
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by a calculation using a lattice bond percolation model ~with
the same number of bonds as the number of constituents in
the hydrogen cluster ion! to simulate critical behavior. From
the overall agreement between the two cases in plots of the
average size Pmax versus the multiplicity m, and also related
plots concerning the presence of fluctuations, we can con-
clude and confirm ~thereby extending the earlier conclusions
based on the existence of power laws @13,15,17#! the exis-
tence and presence of a critical behavior in the fragmentation
of hydrogen cluster ions. Slight deviations of the experimen-
tal data from the theoretical predictions by the standard per-
colation model used can be reconciled by the use of a novel
modified ~two-bond type model! percolation model, which
takes into account the fact that in the hydrogen cluster ions
two types of bonds are present and will influence the decay
pattern.

The apparatus used here is shown in Fig. 1. Mass selected
hydrogen cluster ions with an energy of 60 keV/u are pre-
pared in a high-energy cluster ion beam facility consisting of
a cryogenic cluster jet expansion source combined with a
high performance electron ionizer and two step ion accelera-
tor. After momentum analysis by a magnetic sector field, the
mass selected high energy projectiles consisting in the
present study of H27

1 cluster ions are crossed perpendicularly
by a helium effusive target beam. One meter behind this
collision region, the high energy hydrogen collision products
~neutral and ionized! are passing a magnetic sector field ana-
lyzer approximately 0.3 ms after the collision event. The un-
dissociated primary H27

1 cluster projectile ions or the neutral
and charged fragments resulting from reactive collisions are
then detected with a multidetector device, consisting of an
array of surface barrier detectors located at different posi-
tions at the exit of the magnetic analyzer. This allows us to
record for each event, simultaneously, the sum of the masses
of all the neutral fragments and, in coincidence, each charged
fragment resulting from the interaction ~for more experimen-
tal details, see Refs. @8#, @9# and references therein!.

After a thorough event by event data analysis, we are
considering here the dependence of the average size Pmax of
the largest fragment produced in a single event on the total
number of fragments, usually termed multiplicity m. Campi
already showed that the shape of this dependence of Pmax on
multiplicity m will be different in the presence or absence of
a critical behavior @18#. As the fluctuations in the fragment
size distribution are largest near the critical point, it is inter-
esting to also plot ~as a measure for these fluctuations! the
standard deviation of Pmax versus the multiplicity and thus
obtain a further characteristic fingerprint of the presence or
absence of a critical behavior type of situation. In Fig. 2 we

have plotted these two types of correlations ~i.e., Pmax versus
m and the standard deviation of Pmax versus m, both desig-
nated by filled circles! for 29041 analyzed events resulting
from the interaction between H27

1 and the He target. It can be
seen that, in general, the average size of the largest fragment,
Pmax , decreases with increasing multiplicity m. The data
show a distinct change of slope at around m513. In contrast,
the standard deviation of Pmax versus multiplicity curve has
a bell-shaped form with a maximum peak value of 1.5 at
m55.

In order to simulate a critical behavior in a finite system,
we have used here, as mentioned above, a three-dimensional
~3D! percolation model with the same number of bonds in
the lattice as the number of constituents in the hydrogen
cluster ion studied, i.e., a cubic system with 27 sites (333
33). We have carried out these calculations for differing
probabilities q between 0 and 1 in steps of 0.01 and by cre-
ating 10 000 ‘‘fragmentation events’’ for each step. The cor-
responding results in terms of Pmax versus multiplicity m and
the standard deviation of Pmax versus multiplicity for this
model calculations are plotted in Fig. 2 and designated as
open triangles. On a first sight there exists quite a good
agreement in the general shape between the experimental
data obtained in the H27

1 –He collision experiment for Pmax

versus m and the standard deviation of Pmax versus m and the
calculated data from this percolation model. As mentioned
above, from this good agreement we can conclude and con-
firm ~thereby extending the earlier conclusions based on the
existence of power laws! the existence and presence of a
critical behavior in the fragmentation of hydrogen cluster
ions. This is the more convincing as calculations performed
with a simple one-dimensional ~1D! percolation model yield
quite different results, e.g., not showing the peak in the stan-
dard deviation function so characteristic for the presence of
critical behavior @18#.

Moreover, it is interesting to note that there exist only two
other experimental data sets allowing such an analysis as the
present one. One data set ~comprising about 400 events!
comes from a nuclear fragmentation experiment, i.e., consist-
ing of a nearly complete fragment charge analysis of 1 GeV/
amu Au ions bombarding an emulsion @19#. The data are
exhibiting a similar behavior as the present cluster collision
data and 3D percolation model @18,20#. It should be men-
tioned, however, that according to DeAngelis et al. @20#, this
nuclear fragmentation data set is very likely biased towards
low multiplicity events as the experimental setup records
only those events in which all 79 charges are detected. In
contrast, the present cluster collision experiment includes all
events and the comparison with the percolation model is un-
biased from the experimental detection probability. More-
over, using similar plots as in the present case, Bonasera @21#
has recently compared two systems of different nature and
scale finding a surprising similarity between experimental
results for gold–gold nuclear collisions @22# and cluster ion-
fullerene collisions @3#. In passing, Bonasera notes in this
essay that simulations of fragmenting systems based on clas-
sical molecular dynamics give predictions that are similar to
these experimental results obtained @3,22#.

FIG. 1. Schematic diagram of the experimental setup.
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Nevertheless, as can be seen in Fig. 2, there exist slight
deviations of the experimental data from the theoretical pre-
dictions by the 3D standard percolation model used. First of
all, Pmax of the experimental data decreases faster with in-
creasing m than the calculated points and, in addition, the
calculated points do not show the clear change in slope ex-
hibited by the experimental data. Moreover, the absolute
magnitude of the standard deviation of Pmax is much smaller
in the case of the experimental data ~close to 1.5! than in the
percolation model ~close to 3.6!. In order to reconcile these
deviations of the model calculations from the experimental
data, we have modified the percolation model taking into
account the special type of binding situation in the hydrogen
cluster ions. We have noted already above that one of the
most striking features regarding protonated hydrogen clus-
ters ~as well as bulk molecular hydrogen! is the large differ-
ence between the very strong intramolecular interaction
within the neutral cluster constituents H2 and H3

1 ~4–5 eV,
req50.74 Å), and the weak intermolecular potential between
the cluster constituents ~0.1 eV, req51.8 Å for H3

1(H2)3)
@6,7#.

Thus we have developed a novel type of percolation
model ~including two types of bonds! in order to take into
account the fact that there are these two kinds of bonds in the
hydrogen cluster ions, i.e., modeling the decay of the H27

1

cluster ion @which is equivalent to H3
1(H2)12# by a percola-

tion lattice where the two differing bond strengths are char-
acterized by two different probabilities qs and qw represent-
ing the two bond strengths: a strong one and a weak one. In
the hydrogen cluster ion H27

1 there exist 15 strong bonds:
three strong bonds in the core H3

1 and one bond associated
with each covalent bond in the 12 H2 molecules. Neglecting
the very weak interaction between the neutral hydrogen mol-
ecules, there exist, in addition, also 12 weak bonds corre-
sponding to the ion–dipole interaction between the core H3

1

and each of the H2 molecules.
In order to determine the relation between qs and qw ,

taking into account that the energy of the strong bond Es is
forty times the energy of the weak bond Ew in the hydrogen
cluster ion, let us consider a thermodynamical system with
these two kinds of bond in a heat bath of temperature T. In a
canonical ensemble, the probability for activation of a strong
bond can be written as

FIG. 3. Comparison of the fragmentation behavior of a H27
1 clus-

ter ion designated by filled circles and the results from a modified
3D two bonds percolation model ~see text! designated by open
squares. Upper part the average size of the largest fragment, Pmax ,
versus the multiplicity, m, and lower part standard deviation ~fluc-
tuation! of Pmax given in the upper part versus m.

FIG. 2. Comparison of the fragmentation behavior of an H27
1

cluster ion designated by filled circles and the results from a 3D
lattice bond percolation model designated by open triangles. Upper
part the average size of the largest fragment, Pmax , versus the mul-
tiplicity, m, and lower part standard deviation ~fluctuation! of Pmax

given in the upper part versus m. The standard deviation is defined
as A(^Pmax

2 &2^Pmax&
2).
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qs512expS 2

Es

kT
D . ~1!

As an analogy, the probability for activation of a weak bond
is

qw512expS 2

Ew

kT
D . ~2!

Therefore, we obtain a relation between the probabilities of

qw512expS S Ew

Es
D ln~12qs! D . ~3!

‘‘Events’’ are generated in a similar manner as in the single
bond percolation model, however, for each of the values the
associated qw is first calculated with Eq. ~3! using Es

540Ew . In Fig. 3, we have plotted the correlation between
Pmax and multiplicity for the events generated from this two
bonds lattice percolation model ~open squares!. First, a very
good agreement for the decrease of Pmax with multiplicity is
observed between the H27

1 –He collision experiment and this
new percolation model. We can clearly see the presence of a
change of slope at a multiplicity of m513. Second, a peak is
also observed in the standard deviation of Pmax with a maxi-
mum in the same order of magnitude as the one observed in
the case of our H27

1 experimental data ~close to 1 for the new
lattice bond percolation model and close to 1.5 for H27

1 frag-
mentation!.

Nevertheless, the maximum of the peak of the standard
deviation of Pmax versus multiplicity curve is localized at
different multiplicity values, i.e., at m55 in the case of H27

1

and at m513, m514 in the case of the two bonds percola-
tion model. In order to understand this difference, it is help-
ful to analyze in detail the experimental events and ‘‘events’’
by the percolation model with a multiplicity of m53. It turns
out that 98% of the experimental events with m53 proceed
via ‘‘evaporation’’ of two hydrogen molecules, i.e.,

~H27
1 !*→H23

1
12H2, ~4!

whereas about 2% of the experimental events involve a situ-
ation where one of the H2 molecules is excited into a disso-
ciative ionized state that subsequently decays into H1

1H,
i.e.,

~H27
1 !*→H25

1
1H1

1H. ~5!

The presence of two possible decay channels for m53 lead-
ing to different Pmax ~i.e., H23

1 and H25
1 , respectively! is the

reason for a fluctuation in the experimental outcome and
therefore resulting in a nonzero standard deviation value for
Pmax . For the two bonds lattice percolation model, however,
all events are simple evaporation events ~i.e., loss of two H2
molecules! giving thus a zero standard deviation of Pmax for
m53. Actually, in this two bonds percolation model no
event is generated where a strong bond is broken unless also
all the weak bonds are broken. This difference in the model
and the experiment is responsible for the difference in the
results obtained at low multiplicity. This difference, how-
ever, vanishes at higher multiplicity when, also in the perco-
lation model, competing dissociation channels become avail-
able.

In conclusion, correlations between multiplicity and aver-
age size of the largest fragment and its standard deviation in
single event data sets for a given multiplicity are good indi-
cators for the presence or absence of critical behavior @18#.
The present comparison of available experimental data ob-
tained from the analysis of collisions between H27

1 and an He
target and results from a 3D bond lattice percolation model
of the same size shows remarkable similarity in these corre-
lations, in particular, when using instead of the simple cubic
3D lattice percolation model, a modified two bonds percola-
tion model thereby taking into account some of the specific
binding properties of the hydrogen cluster ion. From this
similarity in correlations we conclude that in analogy to the
situation for the percolation transition, also in the decaying
hydrogen cluster ion we encounter the signature for critical
behavior. The observation of a critical behavior has been
interpreted for a long time as evidence for a second-order
phase transition @14,17,23#. Recently, the critical behavior
experimentally observed in the fragmentation of small sys-
tems has been demonstrated to be compatible with a first-
order phase transition because of finite size effects @24#.
Moreover, power laws have been reported along the Kertesz
line @25# at higher densities and temperatures inside the
single fluid part of the phase diagram @25,26#. Thus the pres-
ently observed transition is not necessarily a percolation
transition. The detailed investigation of the caloric curve for
these fragmentation reactions may give further insights about
the true nature of this critical behavior.
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