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The paper is devoted to the experimental determination of the space-time characteristics for the target
multifragmentation inp(8.1 Ge\j+Au collisions. The experimental data on the fragment charge distribution
and kinetic energy spectra are analyzed within the framework of the statistical multifragmentation model. It is
found that the partition of hot nuclei is specified after expansion of the target spectator to a volume equal to
V;=(2.9+0.2V,, with V, as the volume at normal density. However, the freezeout volume is found\fe be
=(11+3)V,. At freezeout, all the fragments are well separated and only the Coulomb force should be taken into
account. The results are in accordance with a scenario of spinodal disintegration of hot nuclei.
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The study of the decay of very excited nuclei is one of thedescribed by statistical models of multifragmentat{drZ],
most challenging topics of nuclear physics giving access t@nd this can be considered as an indication that the system is
the nuclear equation of state for the temperatures belowhermally equilibrated or, at least, close to that. For the case
Tc—the critical temperature for the liquid-gas phase transiof peripheral heavy ion collisions the partition of the excited
tion. The main decay mode of very excited nuclei is a copi-system is also governed by heating.
ous emission of intermediate mass fragmeiiiéF), which In several papers, multifragmentation of hot nuclei is con-
are heavier thany particles but lighter than fission frag- gjdered as spinodal decomposition. The appearance of the
ments. The great activity in this field has been stimulated by,staple spinodal region in the phase diagram of nucleonic
the expectation that this process is related to a phase trangiystem, as like as for the classical one, is a consequence of
tion in nuclear media. o _ _ similarity between nucleon-nucleon and van der Waals inter-
An effective way to produce hot nuclei is reactions in- 5ctions[3-5). The equations of state are very similar for

duced by heavy ions with energies up to hundreds of Me&Vnese systems, which are very different in respect to the size
per nucleon. Approximately a dozen sophisticated experiznq energy scales.

mental devices were created to study nuclear multifragmen- gne can imagine that a hot nuclea T=5-7 Me\) ex-

tation with heavy ion beams, but in this case the heating ohands due to thermal pressure and enters the unstable region.
the nuclei is accompanied by compression, strong rotatiory ;e to density fluctuations, a homogeneous system is con-
and shape distortion, which may essentially influence the d&jgrted into a mixed phase consisting of droplgMF) and
cay properties of hot nuclei. Investigation of dynamic effects, ,clear gasinucleons and light clusters witA<?2) inter-
caused by excitation of collective degrees of freedom is i”‘spersed between the fragments. Thus the final state of this
teresting in itself, but there is still the problem of disentan- ansition is anuclear fog[3], which explodes due to Cou-
gling all these effects to extract information on the thermo-jomp repulsion and is detected as multifragmentation. There-
dynamic properties of the hot nuclear system. fore, it is more appropriate to associate the spinodal decom-
One gains simplicity, and the picture becomes cleareryssition with the liquid-fog phase transition in a nuclear
when light relativistic projectiles(protons, antiprotons, system rather than with tHguid-gastransition, as stated in
pions are used. In this case, in contrast to heavy ion colli-ggyerg| papergsee, for example[6—8)).

sions, fragments are emitted by only one source—the slowly The phase transition scenario is evidenced by a number of
moving target spectator. Furthermore, its excitation energy i%bservations, some of which are as followa:the density of
almost entirely thermal. Light relativistic projectiles provide, e system at the breakup is much lower compared to the
therefore, a unique possibility for investigatittiermal mul-  5rma| oneyb) the mean lifetime of the fragmenting system
tn‘ragmt_antatlom which was realized in the projects ISIS g very small(=50 fm/c), which is in the order of the time
(Bloomington, IN, MULTI (Kyoto, Tokyo, Tsukubg and  gcaie”of density fluctuatiorisee, for example[9]): (c)
FASA (Dubna. The decay properties of hot nuclei are well oo temperature is lower thaig the critical temperature

for the liquid-gas phase transitionT.=(17+2) MeV [10].

The first point from this list requires a more detailed experi-

*Email address: karna@nusun.jinr.ru mental study. There are a number of papers with estimations
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of the characteristic volum@r mean densityby analysis of 104
different observables in multifragmentation. The values ob-
tained deviate significantly. For example, the mean freezeout
density of aboup,/7 was found in Ref[11] from the aver- s
age relative velocity of IMFs at large correlation angles for 10

“He+Au collisions at 1.0 and 3.6 GeV/nucleon using the 2 i
statistical model Microcanonical Metropolis Monte Carlo g [ \ .
(MMMC) [2]. In Ref.[12] the nuclear caloric curves were 3 10°F
considered within an expanding Fermi gas model to extract ~ B ViVy=3
average nuclear densities for different fragmenting systems. = i
It was found to be~0.4p, for medium and heavy masses. In o=

o ~ 10

Ref.[13] the mean kinetic energies of the detected fragments
are analyzed by applying energy balance, calorimetric mea-
surements and calculations of many-body Coulomb trajecto-
ries. The freeze-out volume is found to be3V, for the 10°
projectile fragmentation in Au+Au collisions at 35 MeV per
nucleon(V, is the source volume at normal densityfhe
statistical model of multifragmentatioqgeMM) [1] has been
used in this analysis. In a recent publicatigf the average
source density for the fragmentation in the 8.0 Gew’
+Au interaction is estimated to be-(0.25-0.30Qp, at T S
E*/A~5 MeV from the moving-source-fit Coulomb param- 2 4 6 8 10 12
eters. V4

In this paper we extracted the characteristic volumes of
the fragmenting system produced p§8.1 GeVj+Au colli- FIG. 1. Charge distribution_o_f intermediate mass fragments
sions by two methodsi) by analyzing the IMF charge dis- measured fop(8.1 GeVj+Au c_oII_|S|ons(_dots) _and calculated with
tribution; (ii) from the shape of the kinetic energy spectra ofthe INC+Exp. +SMM prescription using different values of the
carbon. It is done within SMM. Very different values of vol- system volume at the partition moment.

umes are obtained by these two methods. The meaning @he probabilities of different decay channels are proportional
this observation is discussed. Experimental inclusive datﬂ) their statistical Weight@xponentia]s of entropyThe en-
have been obtained using the FASA device installed at theopy is calculated using the liquid-drop model for hot frag-
external beam of the Synchrotron-Nuclotron acceleratoments. The statistical model considers the secondary disinte-
complex(Dubna. gration of the excited fragments to get the final charge
The shape of the IMF charge distribution depends on thelistribution of cold IMFs. The importance of the secondary
size of the system at the moment of partition, as demonelecay stage was analyzed in RE].
strated in our paper[10(b)] for fragmentation in Figure 1 shows the IMF charge distribution for
p(8.1 GeVj+Au collisions. The reaction mechanism for light p(8.1 GeV)+Au collisions measured a=_87°. Error bars do
relativistic projectiles is usually divided into two stages. Thenot exceed the symbol size. Fragment yields are corrected for
first one is a fast energy-depositing stage during which veryhe detection efficiency, which is slightly charge dependent.
energetic light particles are emitted and the target spectator iBhe lines are obtained by calculations using the INC+Exp.
excited. We use the intranuclear cascade modeC) from  +SMM prescription under three assumptions about the frag-
Ref. [14] for describing the first stage. The second stage isnenting system volumé&: it is taken to be equal to\2,
considered within the framework of the SMM, which de- (upper panél 3V, (in the middlg, and 5/, (bottom panel
scribes multibody decagvolume emissionof a hot and ex-  Theoretical charge distributions are normalized to get total
panded nucleus. But such a two-stage approximation fails teragment yield equal to the measured one in theange
predict the measured fragment multiplicity. To overcome thisbetween 3 and 11. A remarkable density dependence of the
difficulty, an expansion stage is insertéd the spirit of the  calculated charge distributions is visible.
Expanding Emitting SourcéEES model[15]). The residual The least-square method has been used for quantitative
(after INCO) masses and their excitation energies are tunedomparison of the data and the calculations. Figure 2 shows
(on event-by-event bagiso obtain agreement with the mea- the normalizegy? as a function oW/V,. From the minimum
sured mean IMF multiplicitysee[16] for detaily. We call  position and from the shape of the curve in its vicinity it is
this combined model the INC+Exp. +SMM approach. concluded that the best fit is obtained with the volume pa-
The breakupor partition) volume is parametrized in the rameterV,=(2.9+0.2V,. The error bar(20) is a statistical
SMM as V=(1+k)V,. It is assumed in the model that the one in origin. It is explained later why the subscript s
freezeout volume, defining the total Coulomb energy of theused.
final channel, coincides in size with the system volume at the Generally, fragment kinetic energy is determined by four
moment of partition. Thusk is one of the key parameters of terms: thermal motion, Coulomb repulsion, rotation, and col-
SMM, which also definegn the first approximationthe free  lective expansion,E=Ey+Ec+E, g+ Efon- The Coulomb
volume (=kV,) and contribution of the translation motion of term is about three times larger than the thermal [@)€The
fragments to the entropy of the final state. Within this modelcontributions of the rotational and flow energies are negli-
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gible for p+Au collisions[16]. Therefore the energy spec-
trum shape is essentially sensitive to the size of the emitting FIG. 3. Kinetic energy spectrum of carbon emitied 6=87°)
source. The kinetic energy spectra are obtained by calculdy the target spectator ip(8.1 GeV)+Au collisions. Symbols are
tion of multibody Coulomb trajectories, which starts with the data, lines are calculated with the INC+Exp. +SMM prescrip-
placing all charged particles of a given decay channel insidgon assuming the system volume at the partition momgnat3V,,
the freezeout volum¥;. Each particle is assigned a thermal The freezeout volum¥ is taken to be equal to 3, 11, 3Q (upper,
momentum corresponding to the channel temperature. Thaiddle, bottom panejs
Coulomb trajectory calculations are performed for
3000 fm/c. After this amount of time the fragment kinetic (which has a rather compact shapesembles the final chan-
energy is close to its asymptotic value. These calculations angel of fission by way of having a fairly well-defined mass
the final step of the INC+Exp.+SMM combined model.  asymmetry. Nuclear interaction between fission prefragments

Figure 3 gives a comparison of the measuf@dd=87°)  cease after descent of the system from the top of the fission
carbon spectrum with the calculated ofifes emission polar  barrier to the scission point. In papers by Lopez and Randrup
angles#=87°+7°. The energy ranges of the spectra are[17,18 the similarity of both processes was used to develop
restricted to 80 MeV to exclude the contribution of preequi-a theory of multifragmentation based on suitable generaliza-
librium emission, which is possible at higher energies. Thetion of the transition-state approximation first considered by
calculations are performed with a fixed volume at the parti-

tion moment,\V,=3V,, in accordance with the findings of the 12
previous section. The freeze-out volumég, is taken as a
free parameter. Figure 3 shows the calculated spectra for sl

V¢/V, equal to 3, 11, and 19.

The least-square method is used to find the valu®;of
corresponding to the best description of the data. Figure 4 6l
presentsy? as a function ofV;/V,. From the position of its
minimum one get¥;=(11+3)V,. The systematics makes the
main contribution to the error of this estimation of the freez- 41
eout volume. It is caused by a 5% uncertainty in the energy
scale calibration.

The existence of two different size parameters for multi- 21
fragmentation has a transparent meaning. The first volume,
V,, corresponds to the partition poifdr the moment of frag-

ment formation, when the properly extended hot target spec- 0- é = '1'0' = '1'5' — '2[0'

tator transforms into a configuration consisting of specified ViV,

prefragments. These prefragments are not yet fully devel-

oped; there are still linkéuclear interactionbetween them. FIG. 4. Value ofy? as a function of the freezeout volurivg/V,

The final channel of disintegration is completed during thefor comparison of the measured and calculated shapes of the carbon
dynamical evolution of the system up to the moment wherkinetic energy spectra, assuming a fixed size of the system at the
receding and interacting prefragments become completelyartiion moment, V;=3V,. The best fit corresponds td/;
separated. This is just as in ordinary fission. The saddle point(11+3)V,,.

041601-3



RAPID COMMUNICATIONS

KARNAUKHOQOV et al. PHYSICAL REVIEW C70, 041601R) (2004

Bohr and Wheeler for ordinary fission. The theory is able toyears ago by GoldhabgP?2]. Referenceg20] is devoted to
calculate the potential energy as a function of the rms exterthe study of target fragmentation induced by 80 and 350 GeV
sion of the system yielding the space and energy characteprotons; in the second paper the analysis is given to spectator
istics of the transition configuration and barrier height fordisintegration in Au+Au collisions at 1000 MeV per
multifragmentation. The transition state is located at the tomucleon. The longstanding problem of the significant differ-
of the barrier or close to it. The phase space properties of thence between the thermal equilibrium temperature and the
transition state are decisive for its further fate, for specifyingkinetic, so-called slope temperature is considered. The slope
the final channel. temperature is interpreted as reflecting the Fermi momentum.

Being conceptually similar to the approach of Refs.The best fit corresponds to the break-up denpity,=1.0
[17,18, the SMM uses the size parameters, which can bg21]. In our papef16] the IMF slope temperature of around
determined by fitting to data. The size parameter obtaineds MeV is predicted within the INC+Exp. + SMM approach
from the IMF charge distribution can hardly be called atg the decay of a hot target spectator. This value is almost
freeze-out volume. In the spirit of the papers by Lopez angpree times larger than the breakup temperature. That is the
Randrup we suggest the term “transition state volunVe,”  mytual result of the thermal motion, Coulomb repulsion dur-
=(2.9£0.2V,, therefore the subscript™is used. ing the volume disintegration and the secondary decay of the

The larger value of the size parameter obtained by th@xcited fragments. This is in agreement with the data for
analysis of the kinetic energy spectra is a consequence of thg|lisions of 8.1 GeV protons with Au. We do not need to
main contribution of Coulomb repulsion to the IMF energy, jnyoke the Fermi motion to explain the data. The scenario
which starts to work when the system has passed the “mukyggested ifi22] is valid only for the instantaneous disinte-
tiscission point.” ThusV¢=(11+3)V, is the freezeout vol- gration. It is not the case for the thermal multifragmentation,
ume for multifragmentation ip+Au collisions at 8.1 GeV. It when fragments are emitte¢t150 fm/c after the collision
means that the nuclear interaction between fragments is stithoment (because of the mean expansion plus emission
significant when the system volume is equaMpand only  times). This justifies the statistical approaf23].
when the system has expanded upvio are the fragments  Analysis of the inclusive experimental data for target mul-
freezing out. tifragmentation inp(8.1 GeVj+Au collisions results in the

In the statistical model used, the yield of a given final conclusion that within the framework of the statistical mul-
channel is proportional to the corresponding statisticatifragmentation model there are two characteristic volume
weight. Therefore, the nuclear interaction is neglected whe@or density parameters. Oney,=(2.9+0.2V,, corresponds
the system volume i}, and this approach can be viewed astg the configuration of the system at the moment of partition.
a rather simplified transition-state approximation. Nevertheyt js similar to the saddle point in ordinary fissigimansition
less, the SMM describes well the IMF chargeass distri-  statg. The otherV;=(11+3)V,, is the freezeout volume cor-
butions for thermally driven multifragmentation. The point is responding to the multiscission point in terms of ordinary
clarified, if one looks through the recent pape®)], in which  fission. The obtained values ¥f andV; may be sensitive to
a particular approactidynamical statistical fragmentation ine way of its estimation. Having this in mind, we plan to
mode) is developed to include the nuclear interaction in theperform this type of analysis for the events selected accord-
calculation of _the fragment )_/ield. Comparison of the resultqng to fragment multiplicity. Anyhow, in further studies of
of Ref. [19] with those obtained by the SMM reveals that ine size or density parameters it is important to specify

both models give very similar shapes for the charge distribuy hich stage of the system evolution is relevant to the observ-
tions of the lighter fragments considered in the present studyypie chosen for the analysis.

Note that in the traditional application of the SMM only
one size parameter is used, which is called the “freezeout The authors are grateful to A. Hrynkiewicz, A.l. Mala-
volume.” In the present paper we have demonstrated thkhov, and A.G. Olchevsky for support and to I.N. Mishustin,
shortcoming of such a simplification of the model. If only W. Reisdorf, and other participants in the International Work-
one parameter is used, one gets a significantly underestshop Consensus InitiativeCatania, 200y for illuminating
mated value of the freeze-out volurttaalf that given above  discussions. The research was supported in part by the Rus-

Concluding this discussion we should relate our results tsian Foundation for Basic Research, Grant No. 03-02-17263;
the works of other group&.g.,[20,21]), which consider the the Grant of the Polish Plenipotentiary to JINR, Bundesmin-
kinetic energy spectra to be influenced by nucleonic Fermisterium fur Forschung und Technologie, Contract No.
motion (with one freezeout volume as suggested many 06DA453, and the U.S. National Science Foundation.
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