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Cluster multifragmentation and percolation transition: A quantitative comparison for two systems
of the same size
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Using a recently developed multicoincidence technique, fragmentation resulting from collisions between
high energy(60 keV/u Hj; 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-dimension&BD) lattice bond percolation models of the same 2@ constituentsindi-
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 scterms of masgqto charge ratiy all neutral and(charged
ence and technology, including polymers, colloids, dropletsfragments produced in a collision on an event by event basis
and rocks. Therefore, fragmentation can be observed on dif8]. Under all experimental conditions a power law falloff in
ferent scales ranging from the femtometer size in the case @he fragment mass distribution, i.@.; 7, with p the fragment
nuclear decay reactions to astronomical dimensions for COlmass andr an exponent, has been observed in these experi-
lisions between galaxiefl]. Despite intensive research in ments with ar derived which was close t6) the critical
these various fields, complete analysis and understanding @hponent 2.6 found in nuclear fragmentation experiments
fragmentation has not yet been achieved. Nevertheless, it hagq (i) predicted values(=2.23 using Fishers droplet
been recognized recently that some features of this phenorga)oda[g_m]_ Based on these and other results, the question
enon are r_ather mdependent of the_ qecﬁy'”g Systems angl .t the existence of a critical behavioe., the occurrence
un(_JIerIyl_ng Interaction forceEZ_]. Thus it is highly des'“ﬁ‘b'e of a second-order phase transitidn the fragmentation of
to identify those features which are common to all kind of .

; . . . ._hydrogen cluster ions has been addressed recgtfly
fragmentations and independent of the size and interaction The percolation model enables the generation of events
forces in order to identify more general principles. This can perco 9 . ;

under conditions where the presence of a critical behavior

be achieved by studying either experimentally or theoreti- : . .
cally (using appropriate models such as percolation m())deléﬁ'_as been demonstrat¢ti2,1§. In this model, neighboring

a specific decaying system in as much detail as possible, artifeéS can be connected by bonds. Each of these bonds is
then comparing the various features obtained with other diffahdomly activated with a probability. A fragmenting par--
ferently sized and bonded systems. It has been shown réicle (clustej can be viewed as an ensemble of neighboring
cently that a particular useful system for this purpose aréites connected by active bonds. By varying the parameter
clusters of atoms or molecul¢3]. g(0=qg=1), the shape of the fragment size distribution
The hydrogen cluster ions, as the simplest ionized mochanges. If the system is infinite this shape will approach for
lecular systems, have recently attracted great interest and dt— 0.25 a power law resulting from a second-order percola-
was thus possible to clarify their structure and other propertion transition[16]. Moreover, Campj12] was able to dem-
ties[4—7]. Their structure has been calculated to consist of anstrate the existence of a similgrower law behavior also
central H core which is solvated by shells of unperturbedfor finite system. As a matter of fact, he showed that the
H, molecules. One important feature of these cluster ions i€xistence of a second-order percolation transition can also be
the large difference between the strong intramolecular interseen in the characteristic behavior of plots of the average size
action (covalent bonding with an energy between 4 to 3 eV Pmax (Where P, is the size of the largest fragment pro-
and the rather weak intermolecular interactigon—dipole ~ duced in a single event for a given multiplicityersus mul-
interaction with an energy close to 0.1 ep6,7]. Recently, tiplicity, and by the presence of fluctuations Ry, in the
fragmentation of hydrogen cluster ions induced by collisionsvicinity of the critical point.
with either atomic helium or fullerenes has been studied us- Here, we report on a comparison betwegrexperimental
ing a newly developed multicoincidence technid8g With  results obtained by fragmentation oftluster ions induced
this technique it was possible to detect and to identify, inby collisions with an He target an(i) the results obtained
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have plotted these two types of correlatigns., P, versus

+
\}‘I" B, r o . m and the standard deviation &%, versusm, both desig-
’H\z" ' ,.QH3 3027 o odd nated by filled circlesfor 29041 analyzed events resulting
‘ ¥ : - Hje;r:[}f;;:m from the in'teraction between Hand Fhe He target. It can be
- seen that, in general, the average size of the largest fragment,
Eﬁf:jﬁm Helium Fragment Prax. decreases with increasing multiplicity. The data
gas jet detection show a distinct change of slope at arounet 13. In contrast,

the standard deviation d? ., versus multiplicity curve has
a bell-shaped form with a maximum peak value of 1.5 at

by a calculation using a lattice bond percolation mggeth m=5. . . o i
the same number of bonds as the number of constituents jn I order to simulate a critical behavior in a finite system,
the hydrogen cluster iorto simulate critical behavior. From We have used here, as mentioned above, a three-dimensional
the overall agreement between the two cases in plots of th&D) percolation model with the same number of bonds in
average siz®,,, versus the multiplicitym, and also related the lattice as the number of constituents in the hydrogen
plots concerning the presence of fluctuations, we can coreluster ion studied, i.e., a cubic system with 27 sitex @3
clude and confirnithereby extending the earlier conclusions X3). We have carried out these calculations for differing
based on the existence of power lajt$,15,17) the exis- probabilitiesq between 0 and 1 in steps of 0.01 and by cre-
tence and presence of a critical behavior in the fragmentatioating 10 000 “fragmentation events” for each step. The cor-
of hydrogen cluster ions. Slight deviations of the experimen+esponding results in terms Bf,,,, versus multiplicitymand
tal data from the theoretical predictions by the standard perthe standard deviation d®,,,, versus multiplicity for this
colation model used can be reconciled by the use of a novehodel calculations are plotted in Fig. 2 and designated as
modified (two-bond type modglpercolation model, which open triangles. On a first sight there exists quite a good
takes into account the fact that in the hydrogen cluster ionggreement in the general shape between the experimental
two types of bonds are present and will influence the decayata obtained in the H—He collision experiment foP
pattern. versusm and the standard deviation Bf,,, versusm and the

The apparatus used here is shown in Fig. 1. Mass selecte@culated data from this percolation model. As mentioned
hydrogen cluster ions with an energy of 60 keV/u are pregpove, from this good agreement we can conclude and con-
pared in a high-energy cluster ion beam facility consisting offirm (thereby extending the earlier conclusions based on the
a cryogenic cluster jet expansion source combined with @xistence of power laysthe existence and presence of a
high performance electron ionizer and two step ion accelerecritical behavior in the fragmentation of hydrogen cluster
tor. After momentum analysis by a magnetic sector field, thgons. This is the more convincing as calculations performed
mass selected high energy projectiles consisting in thQiith a simple one-dimensionélD) percolation model yield
present study of B cluster ions are crossed perpendicularly quite different results, e.g., not showing the peak in the stan-
by a helium effusive target beam. One meter behind thiglard deviation function so characteristic for the presence of
collision region, the high energy hydrogen collision productscritical behavior 18].
(neutral and ionizedare passing a magnetic sector field ana-  Moreover, it is interesting to note that there exist only two
lyzer approximately 0.3cs after the collision event. The un- other experimental data sets allowing such an analysis as the
dissociated primary El,cluster projectile ions or the neutral present one. One data s@omprising about 400 events
and charged fragments resulting from reactive collisions areomes from a nuclear fragmentation experiment, i.e., consist-
then detected with a multidetector device, consisting of aring of a nearly complete fragment charge analysis of 1 GeV/
array of surface barrier detectors located at different posiamu Au ions bombarding an emulsi¢t9]. The data are
tions at the exit of the magnetic analyzer. This allows us taexhibiting a similar behavior as the present cluster collision
record for each event, simultaneously, the sum of the massefata and 3D percolation modgl8,20. It should be men-
of all the neutral fragments and, in coincidence, each chargetioned, however, that according to DeAngedisal. [20], this
fragment resulting from the interactigfor more experimen- nuclear fragmentation data set is very likely biased towards
tal details, see Ref$8], [9] and references thergin low multiplicity events as the experimental setup records

After a thorough event by event data analysis, we arenly those events in which all 79 charges are detected. In
considering here the dependence of the averagePsigeof  contrast, the present cluster collision experiment includes all
the largest fragment produced in a single event on the totadvents and the comparison with the percolation model is un-
number of fragments, usually termed multiplicity Campi  biased from the experimental detection probability. More-
already showed that the shape of this dependené&g.,gfon  over, using similar plots as in the present case, Bond&édfa
multiplicity m will be different in the presence or absence of has recently compared two systems of different nature and
a critical behaviof{18]. As the fluctuations in the fragment scale finding a surprising similarity between experimental
size distribution are largest near the critical point, it is inter-results for gold—gold nuclear collisiof22] and cluster ion-
esting to also plofas a measure for these fluctuatiptise  fullerene collisions[3]. In passing, Bonasera notes in this
standard deviation oP,, versus the multiplicity and thus essay that simulations of fragmenting systems based on clas-
obtain a further characteristic fingerprint of the presence osical molecular dynamics give predictions that are similar to
absence of a critical behavior type of situation. In Fig. 2 wethese experimental results obtairl&22].

FIG. 1. Schematic diagram of the experimental setup.
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FIG. 2. Comparison of the fragmentation behavior of afy H
cluster ion designated by filled circles and the results from a 3D  FIG. 3. Comparison of the fragmentation behavior of 2 ¢us-
lattice bond percolation model designated by open triangles. Uppdgr ion designated by filled circles and the results from a modified
part the average size of the largest fragm@yt,,, versus the mul- 3D two bonds percolation moddbee text designated by open
tiplicity, m, and lower part standard deviati¢ftuctuation of P,  Squares. Upper part the average size of the largest fragigat,

given in the upper part versus. The standard deviation is defined versus the multiplicitym, and lower part standard deviatidfiuc-
as /(<me 20— (Prma?).- tuation of P, given in the upper part versums.

Nevertheless, as can be seen in Fig. 2, there exist slight |uS We have developed a novel type of percolation
model (including two types of bondsin order to take into

gﬁ:\;i'gggnbs C;L;hg[? g’;:(;?gta:e?jgg;?nmréggetrﬁgézt'cglrgg ccount the fact that there are these two kinds of bonds in the
y P ' ydrogen cluster ions, i.e., modeling the decay of the H

all, P,,ax Of the experimental data decreases faster with in- ; S ]
creasingm than the calculated points and, in addition, theCIUSter ion[which is equivalent to Ei(Hy),] by a percola

tion lattice where the two differing bond strengths are char-

calculated points do not show the clear change in slope €X: cterized by two different probabilities, andq,, represent-

hibited by the experimental data. Moreover, the absolut:sfng the two bond strengths: a strong one and a weak one. In

magnitude of the standard deviationm®f,,, is much smaller the hydrogen cluster ion H there exist 15 strong bonds:
in the case of the experimental dgtfose to 1.3 than in the three strong bonds in the cores*l-and one bond associatea
percolation mode(close to 3.6. In order to reconcile these with each covalent bond in the 12 kholecules. Neglecting
deviations of the model calculations from the experimental, very weak interaction between the neutrallhydrogen mol-
data, we have modified the percolation model taking intOycy jes” there exist, in addition, also 12 weak bonds corre-
account the special type of binding situation in the hydroge%pondi,ng to the ior;—dipole inte’raction between the cofe H
cluster ions. We have noted already above that one of thﬁnd each of the pimolecules.

most striking features regarding protonated hydrogen clus- | o der to determine the relation betweqn and q,,
ters(as well as bulk molecular hydrogeis the large differ- taking into account that the energy of the strong bElggs
ence between the very strong intramolecular interactior]aorty times the energy of the weak boi, in the hydrogen
within the neutral cluster constituents,ldnd H (4-5 eV,  cluster ion, let us consider a thermodynamical System with
req=0.74A), and the weak intermolecular potential betweenthese two kinds of bond in a heat bath of temperalura a

the cluster constituent®.1 eV, rq= 1.8A for H; (H,)3) canonical ensemble, the probability for activation of a strong
[6,7]. bond can be written as
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(1) ing to differentP, (i.e., H; and Hy, respectively is the
reason for a fluctuation in the experimental outcome and
As an ana'ogy, the probabmty for activation Of a Weak bondtherefore I’esulting in a nonzero standard deviation value for

Es The presence of two possible decay channelsrfer3 lead-
gs=1—exp — T

is Pmax- FOr the two bonds lattice percolation model, however,
all events are simple evaporation evefits., loss of two H
Ew molecule$ giving thus a zero standard deviation Rjf,,, for
Qw= 1—exp( - ﬁ) : (20 m=3. Actually, in this two bonds percolation model no

event is generated where a strong bond is broken unless also
Therefore, we obtain a relation between the probabilities oféll the weak bonds are broken. This difference in the model
and the experiment is responsible for the difference in the
w results obtained at low multiplicity. This difference, how-
qwzl—ex;< E_> In(l—qs)). (3)  ever, vanishes at higher multiplicity when, also in the perco-
S lation model, competing dissociation channels become avail-
“Events” are generated in a similar manner as in the singleable. _ . o
bond percolation model, however, for each of the values the !N conclusion, correlations between multiplicity and aver-
associatedq,, is first calculated with Eq.(3) using E,  a9€ Size of the largest fragme_nt and its s_ta}ndard deV|at_|on_ in
= 40E,,. In Fig. 3, we have plotted the correlation betweenSIngle event data sets for a given multiplicity are good indi-
P.nax and multiplicity for the events generated from this two _(I:_?‘tors for tr;e presence or fbsechl of critical beﬁ[\ge}t' b
bonds lattice percolation modépen squargsFirst, a very 1€ present comparison ot avarable experimental data ob-
good agreement for the decreasePgf,, with multiplicity is tained from the analysis of collisions bgtweeﬁ,land an He
. . . target and results from a 3D bond lattice percolation model
observed bet_ween the;j-He collision experiment and this of the same size shows remarkable similarity in these corre-
new percolation model. We can clearly see the presence of gions; in particular, when using instead of the simple cubic
change of slope at a multiplicity sh=13. Second, a peakis 3p |attice percolation model, a modified two bonds percola-
also observed in the standard deviatiorPgf, with a maxi-  tion model thereby taking into account some of the specific
mum in the same order_of magnitude as the one observed Winding properties of the hydrogen cluster ion. From this
the case of our b} experimental datéclose to 1 for the new  gimilarity in correlations we conclude that in analogy to the
lattice bond percolation model and close to 1.5 fg Hag-  situation for the percolation transition, also in the decaying
mentation. hydrogen cluster ion we encounter the signature for critical
Nevertheless, the maximum of the peak of the standar@ehavior. The observation of a critical behavior has been
deviation of P, versus multiplicity curve is localized at interpreted for a long time as evidence for a second-order
different multiplicity values, i.e., am=5 in the case of B,  phase transitioj14,17,23. Recently, the critical behavior
and atm=13, m= 14 in the case of the two bonds percola- experimentally observed in the fragmentation of small sys-
tion model. In order to understand this difference, it is help-tems has been demonstrated to be compatible with a first-
ful to analyze in detail the experimental events and “events”order phase transition because of finite size eff¢2d.
by the percolation model with a multiplicity eh=3. It turns ~ Moreover, power laws have been reported along the Kertesz
out that 98% of the experimental events with=3 proceed line [25] at higher densities and temperatures inside the

via “evaporation” of two hydrogen molecules, i.e., single fluid part of the phase diagrd26,26. Thus the pres-
. N ently observed transition is not necessarily a percolation
(Hz7)™ —Hayst+2Hy, (49 transition. The detailed investigation of the caloric curve for

. _ .. these fragmentation reactions may give further insights about
whereas about 2% of the experimental events involve a sitly o r,e nature of this critical behavior

ation where one of the fHimolecules is excited into a disso-

ciative ionized state that subsequently decays inte+H, We acknowledge the kind assistance of R. Genre and J.
ie., Martin for efficiently preparing the cluster ion beam. In ad-
. N N dition, we would like to thank the French and Austrian gov-
(Hz)* —Has+tH" +H. ()  ernments for support via the Amadee program.
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