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The fragment production in multifragmentation of finite nuclei is affected by the critical temperature of
nuclear matter. We show that this temperature can be determined on the basis of the statistical multifragmen-
tation model(SMM) by analyzing the evolution of fragment distributions with the excitation energy. This
method can reveal a decrease of the critical temperature that, e.g., is expected for neutron-rich matter. The
influence of isospin on fragment distributions is also discussed.
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Properties of nuclear matter have been under investigatiotrate on parts of the model which are important for the fol-
for several decadesee, e.g.[1]). Besides their general in- lowing discussion. The model describes the fragment forma-
terest for nuclear physics, these studies are very importarnion at a low-density freeze-oup& 1/3p,, po~0.15 fm 3
for our understanding of astrophysical objects, such as neus the normal nuclear densjtywhere the nuclear liquid and
tron stars. The information about nuclear matter in its groundjas phases coexist. The SMM phase diagram has already
state and at low temperatures is usually obtained as a thebeen under intensive investigatiofsee, e.g., Ref18]). The
retical extrapolation, based on nuclear models designed tiiquid-drop approximation suggests that the fragmentation
describe the structure of real nuclei. process is accompanied by an increase of the surface of

It is instructive to investigate the thermodynamical prop-nuclear drops. The surface entropy contributes essentially to
erties of neutron-rich matter under extreme conditions of lowthe statistical partition sum. We should point out that the
densities and high temperatures. This situation is expectedurface free energy depends on the ratio of the temperature
for example, at supernova Il explosions and during the forto the critical temperature of nuclear matigr. In the SMM
mation of neutron stars. We believe that the liquid-gas typehe surface tension(T) is given by
phase transition is manifested, in this case, in the forms of

instabilities leading to fragment production. The models used T2_T2\%4
for extracting nuclear matter properties in the phase transi- o(T)=0(0) 2—2 (h)
tion region should be capable of describing the disintegration Te+T

of homogeneous matter into fragments. It is also important
that they should be tested in nuclear reactions leading to thhis formula is obtained as a parametrization of the calcula-
total disintegration of real nuclei at high excitation energy.tions of thermodynamical properties of the interface between
The multifragmentation reactions, which started to be investwo phasesliquid and gagof nearly symmetric nuclear mat-
tigated experimentally nearly 20 years aggee reviews ter, which were performed with the Thomas-Fermi and
[2,3]), are perfectly suited for this purpose. Hartree-Fock methods by using the Skyrme forf&p In
Naturally, a thermodynamical model involved in this kind addition the scaling properties in the vicinity of the critical
of analysis has to include the ingredients necessary for thpoint (see[19]) were taken into account. At the critical tem-
description of nuclear matter and to provide a good reproperatureT. for the liquid-gas phase transition, the isotherm
duction of experimental data. So far, the statistical multifragin the phase diagram has an inflection point. The surface
mentation model(SMM) [3] satisfies these requirements. tension vanishes &t and only the gas phase is possible
The SMM has been designed to describe fragmentation arabove this temperature. We emphasize that our analysis is
multifragmentation of excited finite nuclg#,5]. Itincludes a  based on this general effect and that our conclusions will
liguid-drop approximation for individual fragments which remain qualitatively true in the case of other parametriza-
corresponds to the liquid-drop description of nuclear mattetions satisfying this condition. This surface effect provides an
[1,6]. This is an essential difference of the SMM from other effective way to study the influence af on fragment pro-
multifragmentation models, e.dg7,8], which do not take the duction in the multifragment decay of hot finite nuclei.
nuclear matter properties explicitly into account. Examples As was established by numerous studiesse, e.g.,
of very successful applications of the SMM for the descrip-[3-5,9,15,1§ the mass(charge distribution of fragments
tion of different experimental data can be found %9-17. produced in the disintegration of nuclei evolves with the ex-
Furthermore, the descriptions of data with statistical modelgitation energy. At low temperature$£5 MeV), there is a
confirm that multifragmentation of nuclei, despite of being aso-called U-shape distribution corresponding to partitions
very fast process, proceeds under a high degree of thermalivith few small fragments and one big residual fragment.
zation. This distribution looks like a result of an evaporative emis-
Details of the SMM can be found ir8], here we concen- sion. At high temperaturesT&6 MeV) the big fragments
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disappear, and there is an exponential-like fall of the mass
distribution with mass numbek. In the transition regiom
~5—6 MeV, however, there is a smooth transformation of
the first distribution into the second one. The mass distribu- 10
tion of intermediate mass fragmeri#/Fs, fragments with
A=5-40) can be approximated by a power law ~
[2,3,20. The 7 parameter decreases with the temperature,
goes through the minimum dt~5-6 MeV, and then in-
creases again. The small valuesoindicate that the prob-
ability for survival of the biggest fragment decreases drasti-

(Np

cally with the temperature. This behavior may be associatec ;4

with a phase transition in finite systems. It has been shown in
many studies(see, e.g.[3,15,17 and references thergin

that there are numerous peculiarities in this region, such as :
plateau-like behavior of the caloric curve, large fluctuations
of the temperature and of the number of the produced frag-

ments, scaling laws for fragment yields, and other phenom-
ena expected for critical behavior. Therefore, the temperature
characterizing these phenomena is sometimes called the criti
cal temperature for finite systems, anis considered as one
of the critical exponents. The SMM can describe the critical
behavior observed in the experimehi$—17. However, in
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FIG. 1. Average fragment mass and charge yiglds) and
(N), after multifragmentation of Au nuclei at an excitation energy

the present work we use theparametrization only for the ©f 7 MeV/nucleon. Solids lines are:A™" and ~Z" " fits of the

characterization of shapes of the fragment mass distributionsMF
In order to avoid any confusion with the standard definition

yields.

of the critical temperature for nuclear matter, we note, in thehe dependences of these parameters versus excitation energy
following, the temperature corresponding to the critical phe-are nearly the same. The parameters obtained for primary hot
nomena as a breakup temperature for the disintegration dfagments(excited nuclear matter dropand after their sec-

finite nuclei[5].

The decrease of the surface energy with increa3ing,
[see formula(1)] influences the fragment production and,
therefore, can be observed in the fragment distributions. In
this Rapid Communication we show that this effect can be
used for the evaluation of; by finding the minimum~
parametet,;, and the corresponding temperatlig,,. The
physics behind the phenomenon is quite transparent: If the
contribution of the surface energy is rapidly decreasing, a
nucleus prefers to disintegrate into small fragments already
at low temperatures. Simultaneously, fluctuations of size of
the fragments increase considerably. As a result the mass
distribution becomes flatter in the transition region, and this
leads to a decrease of

The SMM calculations were carried out for the Au
nucleus Ay=197,Z,=79) at different excitation energies
and at a freeze-out density of one-third of the normal nuclear
density. This choice is justified by the previous descriptions
of the experimental data obtained for peripheral collisions
[9,12-16. Below we present results as a function of both the
temperature and the excitation energy, since they are related
guantities[3].

We have started by using the standard value of the critical
temperature implemented in the SMM =18 MeV. This
value is consistent with many theoretical studiés1]. In
Fig. 1 we show typical mass and IMF charge distributions,
(Na)~A"7 and (N;)~Z" "2, at an excitation energ¥,
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ondary deexcitation(measured cold fragmentsare also
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FIG. 2. Evolution ofr, (top panel and r (bottom panel param-

=7 MeV/nucleon. One can see from this figure that the eXeters with the excitation enerdy, of Au sources calculated with
tractedr andr, values are very close to each other, since thahe standard SMM parametrization. The open circles are for hot
neutron-to-proton ratio of produced IMFs changes very littleprimary fragments and the full squares are for observed cold frag-

within their narrow charge rand®,22]. As seen from Fig. 2,
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ments(top panel and the corresponding temperatdrg;, (bottom
FIG. 3. Evolution ofr parameters in the SMM for cold frag- Pane) as function of the critical temperatufie, of nuclear matter.
ments with the excitation enerdy, . The top panel is for the criti-
cal temperaturd .= 10 MeV, the bottom panel fof ;=30 MeV. while the La nucleus is neutron-poor. We have used the same
) o ) model parameters as for the Au case, with the standiard
shown in this figure. One can see that the difference between 1g mev. It is seen from Fig. 5 that the neutron-poor

the two cases is smallest around the minimarparameter.  gqrce results in slightly lower microcanonical temperatures
Therefore, thery;, point is weakly affected by secondary i, the transition region&,~3-5 MeV/nucleon). In Fig. 5
processes.

The critical temperature reflects the properties of nuclear
matter, however, these properties depend on the compositio
of this matter. For exampld, tends to decrease for neutron ~ 7-5 [
rich matter[23]. As discussed by many authors, see, e.g.,

[24], the critical temperature can be traced back towardss
neutron-rich matter by studies of the disassembly of nuclei§ 5
far from stability. We consideT, as a free parameter in the
SMM and analyze how and the breakup temperature can
change. In Fig. 3 we show the results fog=10 and 30

MeV. In these cases the evolution efwith the excitation 2.
energy is similar to the one shown in Fig. 2. However, the
values ofT ,,;, and i, are essentially different. This reflects

a considerable change of masses for the dominating frag
ments. These values are plotted in Fig. 4 versus the critica
temperature. It is seen that both parameters increaselyith

and that they tend to saturateTat—oo corresponding to the e
case of the temperature-independent surface. This behavior |
expected, since in this case only the translational and bulk |
entropies of fragments, but not the surface entropy, influence 1 |
the probability for the fragment formation.

In the case of neutron-rich matter, the contribution of the > 4 6 8 10 12
symmetry energy increases considerably. It is necessary t
take into account the standard dependence of therameter
on the isospin of the source, while searching 1qr. We FIG. 5. The temperaturéop panel and = parameters for cold
performed SMM calculations of multifragmentation 5fSn  fragmentgbottom panelversus excitation energy in multifragmen-
and *?/La nuclei, which can be used in experimef25], and  tation. The solid, dashed, and dotted lines are SMM calculations
compared them with the results obtained for Au nuclei. Thisperformed for sources with different sizes or isosfsiee the figure
Sn nucleus is nearly as neutron-rich as the gold nucleusyith the standard’ ;=18 MeV.
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we show also the evolution of the parameter with the ex- MeV. We have also seen from our analysis that, is lower
citation energy. The results for Au and Sn are very similarthan the extractea by around 15%. Thé& . estimated in this
and different from those obtained for the La. One can conway is very close to the standard SMM parametrization. This
clude, that IMF distributions approximately scale with the conclusion is supported by the analyses of Rgi&-17

size of the sources, and that they depend on the neutron-t§howing that the standard SMM reproduces both the experi-
proton (N/Z) ratios of the sources. This is because the Symmental critical eXpor!en.tS andlother Characteristics of pro-
metry energy still dominates over the Coulomb interactionduced fragments. It is interesting that in REE7] a small

energy for these intermediate-size sources. One can see fraritical exponentr~1.88 is reported for multifragmentation
Fig. 5 that the source with the lowdd/Z ratio leads to of Kr nuclei, which haveN/Z ratios lower than Au nuclei.

smallerr parameters, i.e., to the flatter fragment distribution.ThIS Isan indication of the importance of the isospin effects,
We can explain this as an effect of the isosfiia., the sym- as d|scu_s§ed above. It is worth noting that recently a very
metry energy on fragment formation: A high\/Z ratio of close critical temperatureT(~16.6 MeV) was extracted

the source favors the production of big clusters, since thefrom analysis of the break-uglimiting” ) temperatures in

) . ) " ; Ref. [27]. It is also in agreement with the temperaturg
have a large isospin. Therefore, in the transition region, par-_ 20 MeV obtained in the experiment of RE28]. However
titions consisting of small IMFs and a big cluster dominate. P ' '

This leads to a very prominenti-shape distribution with :/tvr:/ivghufeggslm\?glr\}ﬁ\m égv&dsgﬁlge;e\?vﬁﬁziifg?gr?f iséc?sé’ins
large 7. When theN/Z ratio is low, the probability for a big 9 PIns.

cluster to survive is small and the system can disintegrate _I_n summary, we have pointed out that W'.thm the SMM the
. . , CoL T Critical temperature of nuclear matter can influence the frag-
into IMFs, which have a favorable isospin in this case. The

. " ) ; ment production in multifragmentation of nuclei through the
dominant fragment partitions tend to include IMFs of differ- g

: S . surface energy. We have suggested that this influence can be
ent sizes, and the fragment distribution is characterized b%bserved in thed~ ™ parametrization of the fragment vields
small 7. Since the difference in the parameters between the b 9 y

neutron-rich and neutron-poor sources is quite large, it caHy finding the minimumr parameter. In the experiments the

be easily identified. The evolutions of fragment mass distri-neasured values of the parameters are consistent with the

butions caused by decreasiifigand changind\/Z ratio can i:iir::i?rfle ,iMe'\faﬁfrzl#mg'fgn_zgdﬁgg,ht'%/hkgggfﬂr,\),' all::(‘;’igsthe
interfere and, therefore, the influence of the critical tempera: P ne ' P

ture can be separated only after the comparison of experf—hat variations ofryr, are especially large in the region of
mental data with calculations ow T.. Therefore, there is a possibility to investigate the

In view of these theoretical findings it is instructive to decrease of ; for nuclear matter under extreme conditions,

demonstrate the possibility of the application of such an appy studying the evolution ofi, and Trmin In the multifrag-

proach for the analysis of experimental data. Presently, ther@entatlon of finite nuclei. This could be realized in the case

are several experimental analyses aimed at the extraction 81‘ the neutron-rich nuclei delivered by current accelerators

the critical exponentr in reactions with Au nuclei with radioactive heavy-ion beani25]. The isospin of the

[15,17,26. Those methods are not equivalent to the one Sug§ource influences also the fragment production through the

gested above, however, they are related to the fragment digymmetry energy. We. h"’?"e .demonstrated how the ISospin
tributions, and the critical exponents can be used for an e affects the fragment distributions, that should be taken into

timation of r,;, and T,. The extracted breakup excitation account in these studies.

energiesE, vary within 3.8 to 4.5 MeV/nucleon, while is The authors thank GSI for hospitality and support. We
in the range from 2.12 to 2.18. As seen from Figs. 2 and 3appreciate stimulating discussions with V. A. Karnaukhov
for T,.=18, at these excitation energiess larger thanr,, . and I. N. Mishustin. We are very indebted to W. Trautmann

We have performed an interpolation of the SMM calculationsand J. Lukasik for discussions and help in preparation of the
for the Au sources and found that they fit the experimentamanuscript. R. Ogul acknowledges financial support of
values ofE, and 7 if T. is in the range between 18 and 22 TUBITAK-DFG cooperation.
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