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Statistical nature of nuclear multifragmentation
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A recent analysis of multifragmentation data in terms of an elementary binary decay appears to imply that
the decay is sequential and from a thermalized source. This last feature would imply a lack of sensitivity to
dynamical effects, at least in this multifragmentation data. We discuss this analysis using a simultaneous
statistical multifragmentation mod¢EMM), which assumes decay from a thermalized source, and also em-
ploying a molecular dynamics modéIDM). The elementary binary decay analysis of the SMM predictions
yields results which are qualitatively similar to those of the data. The differences are shown to stem from
superposition of processes associated with very different impact parameters. Thus the data are not inconsistent
with simultaneous decay. The MDM calculations, on the other hand, disagree with the data. We suggest,
however, that more reliable dynamical calculations are needed before accepting an absence of dynamical
effects in these dat§S0556-28187)04608-9

PACS numbes): 25.70.Pq, 24.60.Dr

I. INTRODUCTION namic instabilities grow, leading to its breakup.
Since these models are based on quite distinct scenarios

The possibility of a liquid-gas phase transition in nuclearfor the dissociation, one may thus ascertain whether any of
matter[1-8|, based on the fact that its thermal equilibrium them are compatible with the experimental observations
phase diagram is quite similar to that of a van der Waald29—31. This may give us further insight into the underlying
system, has instigated intensive experimer+15 and  Physics of the multifragmentation process.
theoretical[16—25 investigations in proton-induced reac-  The paper is organized as follows: in Sec. Il we briefly
tions at a few GeV’s and in heavy-ion reactions at energieecall the main features of the models we use. Results and
ranging from a few tens to a few hundreds of MeV perdiSCUSSion are presented in Sec. Il Concluding remarks are
nucleon. Such studies revealed that the breakup of nucle&fawn in Sec. IV.
systems into complex fragmentg# 3), also called interme-

diate mass fragmen{$MF’s), is the most important reaction Il. MODELS
mechanism in central and midcentral heavy-ion collisions in
the energy domain mentioned abofsz=e[26] for a recent In this section we outline the most important physical

review on the subjegt In spite of large theoretical and ex- aspects of the models employed in this work, which are dis-
perimental efforts, the actual mechanisms which cause nucleussed in detail in Ref$21] and[32].
to break up into these sizable fragments could not be com-
pletely elucidated yet. As a matter of fact, it has been only
very recently that a few experimental indications concerning
this liquid-gas phase transition have been fo{2id. The SMM assumes that, as a consequence of the nuclear

In this context, considerations based on an appreciablgollision, a hot and expanded composite system is formed
amount of experimental data indicate that the mechanismand, most important for our discussion, that the system is in
responsible for the breakup of nuclear matter into IMF's arethermodynamic equilibrium when it reaches its breakup con-
of a statistical naturg28—31. More precisely, experimental figuration. The dissociating hot nuclear system is thus char-
analyses clearly suggest that the relative IMF multiplicitiesacterized, within this model, solely by its mass and atomic
depend only on the excitation energy of the system, beinglumbers, excitation energy, and volume.
independent of the colliding nuclei and bombarding energy In order to study the breakup of the system, the model
[28]. Furthermore, these experimental results suggest that tf@nsiders that the relative statistical weight of a fragmenta-
multifragment emission can be reduced to elementary binarjjon mode{f} is
emission[29,31] and that its thermal properties are not sen-
sitive to the entrance chann&l]. T({f})=exps({f}), 2.

In this work, we investigate the extent to which the sta-
tistical nature of the IMF emission can be inferred from thewhereS({f}) is the entropy of the system in this particular
analyses mentioned above. We examine these aspects byeakup configuration. The entroi8({f}) contains contri-
means of two different approaches: the Copenhagen statistputions from the thermal motion of the fragments inside the
cal multifragmentation modéBMM) [21] and the molecular breakup volume, as well as from their internal excitation.
dynamics mode(MDM) [25,32. The SMM assumes that The latter are obtained from an extension of the liquid drop
fragments are created due to the prompt breakup of a soureeodel to hot nuclear matter.
in thermal equilibrium. On the other hand, in the MDM, the  The average value of a physical quantidyis then ob-
evolution drives the system to configurations in which dy-tained as

A. Copenhagen statistical multifragmentation model
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S QUHT the sphere, is obtained in the local-density approximation.
{f} , i .
(Q)= SrA) (2.2 The momentunp; of theith nucleon is drawn in a sphere of
(" radiuspge(r;). The momentunp; is accepted if the binding
where Q({f}) is the value of the physical quantity for the energy of t_he n_ucleon i_s larger than 6.5 MeV and if the pha;e
fragmentation moddf}, and the sum is over all possible space region into which the nucleon would be placed is
modes satisfying mass, charge, and energy conservation. available. The final configuration of the system is accepted if
The direct evaluation of the sum in E(.2) is almost the binding energy of_ the nucleus lies betwe_en 8.0 anql 9.0
impossible for a large system, due to the huge number gveV per nucleon. Since the procedure briefly described
different fragmentation modes. This number is even muctfPove does not ensure that the nuclei are generated in a sta-
greater than in the original version of the SMIL] because tionary state, an isolated “g_round—state” nucleus should emitl
now the isospin degrees of freedom have been included int® €W nucleons after a while. We have checked that nuclei
the model[33]. Therefore one resorts to the Monte Carlo 9&nerated in this way remain fairly stable within 200 ¢m/
method in order to evaluate this sum. More precisely, no nucleons are emited before 10 famd
It is important to remark that the SMM assumes that all®nly 1% of the nucleons escapes until 200 dntéee Ref.
fragments are formed at the same time. Thus the decay §2])- o ) )
assumed to be not only statistical from a thermally equilib- Nucleus-nucleus collisions are simulated by boosting two
rized system, but also simultaneous. In order to preserve thi2UClei against one another with appropriate values of kinetic
last characteristic, in the calculations presented in this wor€N€rgy and impact parameter. The dynamic evolution of the
we do not include the binary decay of the hot primary frag_system is followed until 200 fna/ At th|§ moment, a cluster
ments. This is consistent with the MD calculations to be@nalysis is performed so as to identify the fragments pro-
presented below, since it is not possible for them to considefuced in the collision. We have adopted the criterion used in

the evolution of the system for the time needed for the pri-Refs.[34,39 for defining clusters; i.e., two nucleons are as-
mary fragments to cool down. sumed to be linked together if the distance between them is

smaller than 3 fm.
It is important to realize that, in the framework of this
model, fragments are formed due to dynamic instabilities
In the molecular dynamics approach the time evolution ofwhich grow naturally during the dynamic evolution of the
the positionr; and momentunp; of theith nucleon is dic- system.
tated by classical equations of motifs2]

B. Molecular dynamics model

dr; JH 23 Ill. RESULTS AND DISCUSSION
dt  dp; The models considered in this work are able to predict
fragment distributions such as those discussed in R2%s-
31]. In this section we apply them to examine the qualitative
features of multifragment emission. We stress, however, that
%: ﬁ+c_(t) (2.4) our calculations are not intended to adjust any details of the
dt ar, : ' experimental data, but just to understand the main properties
of those models. In particular, while the SMM model has as
The Hamiltonian of the systent{, has contributions from an input the excitation energy of the hot nuclear system, the
the kinetic energy and the Coulomb repulsion between proMDM calculations and the data give the results in terms of
tons, besides terms associated with a Skyrme-type and the transverse energy. It is precisely from the comparison
Yukawa-type isospin-dependent effective interact{@2]. between the fragment production in terms of these two quan-
Effects associated with hard collisions between nucleons aréties that we extract important consequences on their con-
introduced phenomenologically into the model by means ohections, as we will see below.
the collision termC;(t). More precisely, whenever two
nucleons get closer thago/m, where o represents the
nucleon-nucleon cross section, the model considers that they
collide. Their momenta are then randomly changed, but in We consider a nuclear system similar to the hot region
such a way that energy and momentum are conserved in eaétrmed in the *®Ar+ 1°’Au collisions studied in the experi-
collision. Since nucleons are fermions, effects associatethental work of Ref.[29]. We take the mass and atomic
with the Pauli principle are phenomenologically incorporatednumbers to beA=160 andZ= 60, respectively, and the ex-
by allowing collisions only if the phase space region corre-citation energy ranging from 1 to 8 MeV per nucleon. The
sponding to the final state of the nucleons is available. breakup density of this source is assumed topbe0.05
The initial configuration of the system is carefully chosennucleons/fn.
so as to reproduce the gross properties of finite nuclei. Here The solid triangles in Fig. 1 show the mean IMF multi-
we give a brief description of the procedure we adopt. Aplicity as a function of the excitation energy corresponding
detailed discussion may be found in REg¥2]. The positions to the simultaneous statistical breakup of the source just de-
of the nucleons are homogeneously sampled within a spheseribed. The figure shows that the average IMF multiplicity
of radius 1.1AY2 fm, whereA stands for the mass number rises from zero, at low excitation energies, to values larger
of the nucleus. The neutron and proton densities are calcuhan 10 at the highest excitation energies considered here.
lated and then the Fermi momentysp(r), at any point of  This behavior should be expected since, as mentioned above,

and

A. Predictions of the SMM
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we do not consider secondary decay of the fragments, which 10“‘0 2 . p . 0

would lower the curve shown in Fig. 1 and, eventually, lead
to a saturation and decrease of the IMF multiplicity at high

energies. As a matter of fact, the IMF multiplicity would £, 2. calculated probability of observingIMF’s as a func-

even fall down to zero if one continued increasing thetion of the excitation energy of the source, for the same system of
amount of excitation energy of the source; i.e., the systengig. 1.

would tend to vaporize into single nucleof6,37.
We now turn to the properties of the multifragment emis- )
sion. The probabilityP,(E) of observingn fragments, for a op=(n)(1-p), (3.4
source with excitation energy equal i is, following Refs.
[29,31], given by

Excitation energy (MeV per nucleon)

where(n) is the average IMF multiplicity and? its vari-
P.(E)= N(E,n) 3.1) ance for a given excitation energy.
ZaN(E,n)’ In order to investigate whethé?,(E) obtained with the
. ) SMM has the properties of a binomial distribution, we have
whereN(E,n) stands for the number of events in whibh .5 cyjated the elementary binary probabilityand the pa-

IMF's are observed_for an e>_<cita_tion energy per nucléon rameterm through Egs.(3.3) and (3.4). The results of the

T,he results_ are displayed in F.'g' 2. 1t shows_ that very fewmodel calculation are represented by the solid triangles in
IMF’s are emitted by the source in the low excitation energyFig 3, while the experimental values for tRBAr (110 MeV.
regime,E<2 MeV per nucleon. Moreover, the maximum of Y

. oo . . per nucleoi+ 197Au system, reported in Ref29], are de-
P,(E) moves toward higher excitation energies. This behav icted by the solid circles. One may notice that predicted

ior is in qualitative agreement with the experimental result ; 0 o
reported in Refd.29,31]. We have checked that these aspect;‘gy the SMM increases by-30% over the excitation energy

. ; . o range considered, while the experimental results increase by
remain unchanged if one considers larger emitting sources. 1 larger factor. of about 20. Furthermareincreases
However, as we will see in the next subsection, the Characélmost Iine?arl as E’l function O'E for E>2 I{/IeV or
teristics of P,(E) predicted by the SMM are very different y ! P

from those given by the molecular dynamics approach. nucleon, in contrast with the behavior observed in the experi-

. : . mental results.
The experimental analysis reported in R¢f9,31] pro- o : .
vides stronger constraints on the functional formRy{E). The analysis in terms of the SMM is therefore compatible

More specifically, it has been show9,31 that the prob- with a statistical decay of the source, but with different char-

ability of emitting n complex fragments follows a binomial acteristics fr_om those of Ref$2_.9,3_]]. According to this
model, the binary decay probabilityis almost constant and

law: of the order of 1, while the number of tri@s increases with
m! excitation energy. The data seem to suggest phatreases
P[{‘:m p"(1—p)™ " (3.2  considerably with the excitation energy whileremains ap-
’ ’ proximately constant for not too low excitation energies.
The elementary binary probabilityand the parameten are The fact that the Arrhenius plot shown in the upper panel
determined from the observed IMF multiplicities by of Fig. 3 is rather flat compared to the behavior observed in
Refs.[29,31 may be easily understood. The elementary bi-
(nNy=mp (3.3 nary probability shown in Fig. 3 is computed from the mean

IMF multiplicities and variances predicted by the SMM us-
and ing Eqg. (3.4), which gives
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I ®ece o0
ol ‘ , , tem, also experimentally studied, using the molecular dy-
0 2 4 6 8 10 namics model described above. The impact parameters of the
Excitation energy (MeV per nucleon) colliding nuclei were randomly chosen between 0 and 7 fm,

with the appropriate weight so as to simulate as closely as
FIG. 3. Upper panel: reciprocal of the elementary binary prob-possible the experimental situation. Since it is very difficult
ability deduced from SMM calculations as a function of the excita-to reliably extract the excitation energy deposited into the
tion energyE (solid triangle$ and averaged over the excitation system within the framework of this model, we have used the
energy(open triangle for the same system of Figs. 1 and 2. Also transverse energl,; of charged fragments as a measure of
included are the values extracted from ffiar+*’Au data, plotted  the excitation energy of the system. This choice is based on
as a function of the transverse enefly Lower panel: same as the studies recently reported in the literature which indicate that

upper panel for the parameter. the transverse energy is proportional to the amount of energy
deposited into the systentsee [29,31] and references
aﬁ therein, where the coefficient of proportionality depends on
p=1- W (35  the mass numbers of the colliding nuclei and on the bom-
barding energy.
Therefore U§<<n>, in the SMM calculations, while The results of the model simulation are displayed in Fig.

o2~(n) in the data, except at the highest energies consid?: It Shows that the probability of observing IMF's de-
ered. Thus, the behavior of the Arrhenius plot presented herg/€aS€s monotonously as a function Bf for n small
reveals that the variances of the IMF multiplicities predicted(N=2), whereas it is nearly flat for8n<5. On the other
by the SMM are much smaller than those suggested from theand, Pn(E;) increases very fast as a function Bf for
data, at least at low excitation energies. We have checked™ 8- These predictions might seem, at first sight, qualita-
that this conclusion still holds even if one changes the onlyfively similar to those of the SMMFig. 3. However, when
parameter of the model, the breakup density, to, for examplé" analysis in terms of the binary emission probability is
p=0.03 nucleons/fri. After the discussion on the MDM performed, we note that they behave very differently.

results, in the next subsection, we will find a likely explana- ~ Figure S displays the reciprocal of the elementary binary
tion for this discrepancy. probability and the number of triesi, calculated through

Egs. (3.3 and(3.4), as a function of the transverse energy.
The results obtained with the MDM are depicted by the open
circles while the experimental daf&1] are represented by

In order to study the properties of the probability distri- the solid circles in the same figure. Comparison between the
bution P,(E) of observingn IMF's emitted by a system results of the MDM with the experimental data shows that
whose initial excitation energy i§, we have run more than this model is not able to reproduce, even qualitatively, the
40 000 events for the X€é60 MeV per nucleopt-Au, sys-  behavior found experimentally. As a matter of fact, although

B. Predictions of molecular dynamics
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FIG. 5. Upper panel: reciprocal of the elementary binomial@iMost any value of the impact parameter. The dynamics of

probability as a function of the transverse energy. Data vakmizl  Collisions which occur in such a wide range of impact pa-
circles, calculated with the MDM(open circles Lower panel: ~ fameters should be very different, especially due to compres-
same as the upper panel for the parameter sion and angular momentum effe¢®9]. In particular, the
partition of the transverse energy into components associated
the elementary binary probability predicted by this modelwith thermal excitation and radial flow may change drasti-
increases as a function of the transverse energy, it assumeally with impact parameter.
negative values for transverse energies smaller th&00 The bunching under a similar labét.g., transverse en-
MeV. For this reason, we only showplpredicted by this ergy of fragmentation events associated with very different
model for transverse energies higher than this value. Furtheprocesses could lead to a distorted picture. For instance, in
more, the number of triesn, obtained with the MDM de- discussing signals for a liquid-gas phase transition in nuclear
creases as a function of the transverse energy, in clear comatter, it was found that the power law dependence of inclu-
flict with the experimental observations. It thus appears thasive fragment distributions was of geometrical origd0]. In
the MDM is not well suited to describe multifragment emis- this context, this led the authors to the conclusion that it was
sion, at least at low excitation energies. In fact, as discusseidhportant to single out experimental events associated with
in Refs.[35,38, the heat capacity of the molecular dynamicsdifferent impact parameters so as to allow one to discuss a
approach does not correspond to that of an actual manyossible liquid-gas phase transition in nuclear mai).
fermion system, leading to fragmentation properties at variMore closely related to the aspects we discuss here, it was
ance with those experimentally observed. This is the reasoshown in an independent work that the superposition of mul-
why frequently the molecular dynamics description istifragmentation events associated with different excitation
stopped at an early point in the evolution of the collision, andenergies shows signs of intermittency, which are absent in
another model, e.g., the SMM, is employed to describe thevents associated with a single excitation endd. This
breakup. behavior was explained in terms of the fragment multiplicity
At this point, it is useful to further discuss some featuresdistribution. If narrow, as in the case of a single excitation
of the data. In Refd.29,31], the properties oP,, have been energy, it shows no sign of intermittent behavior; if broad, as
analyzed by classifying events according to the transversi the case where several excitation energies are pooled to-
energy, and not on their centrality. Thus, it is important together, intermittency patterns emerge. In fact, we have noted
verify the extent to which selection in transverse energy im+that the rather constant behavior of the binary emission prob-
plies selection in impact parameter. Since the amount of erability in the SMM arises from the narrowness of the frag-
ergy transferred to the transverse motion should be mainlynent multiplicity distribution. This distribution is much
influenced by energy and momentum conservation, the mowider in the data, which leads to a rapid change of this quan-
lecular dynamics approach is able to give a good descriptiotity. The situation appears to be similar as in the data show-
of this aspect, at least semiquantitatively. The results of théng intermittent behavior.
model simulation are depicted by the contour plot in Fig. 6. In order to make the assertions above more quantitative,
It shows that the average value of the transverse energy ifet us consider the calculation of a physical quantityhich

Transverse energy (MeV per nucleon)
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is a function of the excitation energy of the system. Owing tovery sensitive to the admixture of excitation energies. There-
the large number of open decay channels for the systerfore, our analysis strongly suggests that the discrepancies
which passes through highly excited nonequilibrated satefetween the SMM and the experimental data are essentially
given the initial configuration of the decaying systéeng., due to the fact that different excitation energy values are
the impact parameter of the collisipits final excitation en- mixed in the data analyses. As already mentioned, the mea-
ergy and, consequently, this quantityvary from event to sured transverse energies have contributions from thermal,
event. Thus, if one could strictly single out events with anrotational, and radial flow energies, in contrast with the
actual excitation energy, f would be given by the average model calculation in which only the thermal component is
value of this quantity over all initial conditions which con- considered.

tribute to the excitation energy. We denote this average

over events with excitation energyby <f(e)>. However, it IV. SUMMARY AND CONCLUDING REMARKS

is not possible, in general, to define precisely the excitation

energy of the system. Experimental events are selected ac- We have investigated the properties of the multifragment
cording to criteria which mix, with weighiV(e—E), events  emission predicted by two models based on completely dif-
with different excitation energies around their average valuderent scenarios for the nuclear multifragmentation process: a

E. The measured valugE) is thus given by statistical multifragmentation model in which one assumes a
simultaneous breakup of the source and a molecular dynam-

JmaW(e—E)(f(e))de ics approach where dynamic instabilities lead to the dissocia-

f(E)= —"c— , (3.6)  tion of the system. The latter turned out to be unable to

femmw(f_ E)de reproduce, even qualitatively, the binomial properties of the

probability of n-fragment emission observed experimentally.
whereE stands for the mean eXperimenta”y measured eXCiThis apparent fa"ure Of a dynamica' mode' does not |mp|y
tation energy, an@mi, and ema, represent the minimum and that dynamical effects do not affect the fragmentation pro-
maximum values of the excitation energy contributing tocess. This shortcoming may be understood in terms of the
events with average excitation energy respectively. inherent deficiencies of the MDM, such as its classical heat

In order to illustrate the effects of mixing events with capacity, which prevent it from successfully describing some
different excitation energies on the analysis discussed in thigspects of the nuclear multifragmentation phenomenon. It
work, we assume, for the sake of simplicity, theltis given  will be important to ascertain whether a more sophisticated
by model such as the so-called fermionic molecular dynamics

) [42] leads to a correct description of the data. Unfortunately,
W= exp( _ (e—E) 3.7 this model has only been applied to considerably lighter sys-
2052 ' tems[43] than those studied by Moretet al.

The SMM has proved to be able to describe the qualita-
where o is the variance of the distributiow. The results tive features observed in the multifragment emission. How-
corresponding to consideration of this admixture in theever, in the process of understanding the description through
“pure” events of the SMM are depicted by the open tri- this statistical model, we have shown that the data may be
angles in Figs. 1 and 3. The results shown in Fig. 1 reveafjrouping together processes with the same transverse energy
that the average IMF multiplicity is quite insensitive to the but associated with different impact parameters, which cor-
admixture. However, the reciprocal of the elementary binaryrespond to different excitation mechanisms. It would be im-
probability p and the parameten, represented by the open portant to repeat the data analysis trying to disentangle, e.g.,
triangles in Fig. 3, deviates appreciably from the unfoldedthrough the momentum flow tensor, the peripheral from the
values. The results discussed here were obtained usingore central collision events so as to introduce a more strict
o0=0.7 MeV in Eq.(3.7). There is no special reason for this filter on the excitation energy of the source.
particular choice, since we are only interested in illustrating

the effects of the admixture of excitation energy on the ACKNOWLEDGMENTS
analyses. We notice that the behavior g Idoks now very
similar to that reported in Ref29] and shown in Fig. 3. Itis We are very grateful to Dr. L. G. Moretto for stimulating
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