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1. Introduction

Study of the decay properties of the hot nuclei is one of the most challenging topics of
modern nuclear physics. The excitation energy of the hot nuclei (500-700 MeV) is
comparable with the total binding energy. They disintegrate via a new multibody decay
mode — thermal multifragmentation. This process is characterized by the copious emission
of intermediate mass fragments which are heavier than alpha particles but lighter than
fission fragments (IMF, 2<Z<20). Such multibody disintegration is not an exotic but the
main decay channel of a very hot nuclear system.

The development of this field has been strongly stimulated by an idea that this process is
related to the nuclear liquid-gas phase transition. One of the first nuclear models, suggested
by N. Bohr, K. Weizsaecker, and Ya.l. Frenkel 65 years ago, is the liquid-drop model, which
has been succéés:flilly used up to now. The liquid - gas phase transition in nuclear matter was
predicted much later [1-3] on the basis of the similarity between van der Waals and nucleon-
nucleon interactions. In both cases the attraction between particles is replaced by repulsion
at a small interaction range. As a result, the equations of state are similar for so different
systems. It is well seen in the phase diagram (Fig.1) taken from [2]. The figure shows the
isotherms for pressure as a function of volume calculated for the van der Waals system and
the Fermi gas of nucleons interacting through Skyrme forces. The scales are the same for
both cases due 1o the use of dimensionless variables: pressure, volume and temperature are
given as ratios to the critical values P, V. =1/p. ( p. is the critical density) and T. The very
steep part of the isotherms (on the left ) corresponds to the liquid phase. The gas phase is
presented by the right parts of the isotherms where pressure is changing smoothly with
increasing volume. A point of peculiar interest is the part of the diagram below the hatched
line where the isotherms correspond to negative compressibility. The density here is
significantly reduced as compared to the liquid phase. This is a spinodal region
characterized by the phase instability. One can imagine that a hot nucleus expands due to
thermal pressure and enters into the metastable region. Due to density fluctuations, a
homogeneous system converts into the mixed-phase state, consisting of droplets (IMF’s)
surrounded by nuclear gas (nucleons and light composite particles). In fact, the final state of

this transition is a nuclear fog [3].
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Fig.1. Comparison of the equation of state for a van der Waals gas and for a nuclear system

interacting through a Skyrme force (the relative units are used).




The neutrons fly away with the energies corresponding to the system temperature (5-6
MeV), while the charged particles are additionally accelerated in the Coulomb field of the
system. Disintegration time is determined by the time scale of the thermodynamic
fluctuations and is expected to be very short. This is a scenario of nuclear
multifragmentation as the spinodal decomposition, considered in a number of theoretical and
experimental papers (see, for example, [4-10] and review papers [11,12]). This picture was
proved experimentally with a significant contribution from the FASA collaboration; the
short review of the results obtained is presented below.

As for the critical temperature for the liquid-gas phase transition T (at which the surface
tension vanishes), its value is not definitely known. There are many theoretical calculations
of T. for finite nuclei. In Ref. [1,2] it is done using a Skyrme effective interaction and
thermal Hartreg-Fock theory. The values of T were found to be 18.1 MeV [1] and in the
range (8. 1-20.5) MeV [2] depending on the chosen Skyrme interaction parameters. There are
not yet reliable experimental data for T, though it is claimed in a number of papers. The
latest of them is Ref. [13], where it is stated that T=6.710.2 MeV. We return to the

discussion of this point in Chapter 6.

2. How to produce and study hot nuclei

An effective ‘way to produce hot nuclei is collisions of heavy ions with energies up to
hundreds of MeV per nucleon. Around a dozen of sophisticated experimental devices were
created to study nuclear multifragmentation with heavy ion beams. But in this case heating
of nuclei is accompanied by compression, strong rotation and shape distortion, which may
essentially influence the decay properties of hot nuclei.

Investigation of dynamic effects caused by excitation of collective (or “mechanical”)
degrees of freedom is interesting in itself, but there is a great problem of disentangling all
these effects to get information on the thermodynamic properties of a hot nuclear system.
One gains simplicity, and the picture becomes clearer, when light relativistic projectiles
(first of all protons, antiprotons, pions) are used. In contrast to heavy ion collisions,
fragments are emitted by the only source — the slowly moving target spectator. Its excitation

energy is almost entirely thermal. Light relativistic projectiles provide therefore a unique



possibility of investigating “thermal multifragmentation”, which was realized in the FASA

project.

Figure 2 illustrates the central collision of a relativistic proton with a heavy target (usually it

is Au). Passing through the target, the proton creates an intranuclear cascade. Fast cascade

particles are ejected into the forward hemisphere, but slower ones are absorbed by the target
spectator. As a result, the hot remnant nucleus expands and disintegrates emitting nucleons
and fragments.

To study multifragmentation with the beams of the Dubna synchrophasotron, a 47 setup

FASA was created [14]. The device consists of two main parts:

1) Five dE-E telescopes (at 6 = 24°, 68° 87° 112° and 156° with the beam direction),
which serve as triggers for the read-out of the system allowing the measurement of the
fragment charge and energy distributions. Ionization chambers and Si(Au) detectors are
used as dE and E counters respectively.

2) A fragment ‘multiplicity detector (FMD) including 64 CsI(Tl) counters (with a
scintillator thickness averaging 35 mg-cm"z), which cover 89% of 4n. The FMD gives
the number of IMF’s in the event and their angular distribution.

A self-supporting Au target 1.0 mg/cm? thick is located at the center of the FASA vacuum

chamber (~1m in diameter).

The following beams were used: protons at energies 2.16, 3.6 and 8.1 GeV[15], *He at

energies 4 and 14.6 GeV and 2C at 22.4 Ge;V[16]. The mean beam intensity was around

7-108 p/spill for protons and helium and 1:10® p/spill for carbon projectiles (spill length 300

ms, spill period 10 s).

In the last years FASA has been significantly upgraded, a new counter array consisting of

25 dE-E telescopes was developed. At present, the total number of detectors in FASA is 129

which are supplied with 193 electronic channels.

3. Evidence for thermalization of the target spectator at break-up

Let us consider a very important point of thermalization of the system at break-up. To
check whether this state is close to the thermal equilibrium, the plots were composed for the
fragment yields in terms of the longitudinal-versus-transverse velocity components. They

look similar for all collisions investigated. Figure 3 shows such plots for *He + Auand '°C +
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Fig. 2. llustrative picture of a central collision of a relativistic proton with a heavy target.
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Fig.4. a) Measured IMF-multiplicity distributions and fits with a Fermi functions (folded with the

experimental filter) associated with a trigger fragment for p + Au collisions at 8.1 GeV , ‘He + Au at
14.6 GeV , and °C + Au at 22.4 GeV . b) Symbols represent directly reconstructed primary IMF
distributions; histograms are the Fermi distributions used to fit the data in the left part. The lines are

calculated with the INC + Expansion + SMM model.



Au interactions [16]. The symbols correspond to the constant invariant cross sections taken
for emitted carbon fragments. The lines connecting the experimental points form circles
demonstrating isotropic emission in the frame of the moving source. This indicates that the
fragment emission proceeds from a thermalized state. The center positions of circles
determine the source velocities, which are found to be in the range of (0.01-0.02) c¢. The
IMF angular distribution in the laboratory system exhibits a forward peak caused by the
source motion.

Another finding in favor of the thermal equilibrium is that the fragment kinetic energy
spectra look like maxwellian ones with maximum around the Coulomb barrier followed by
an exponential tail. All these observations can be considered as good motivation for using
statistical approaches to describe the data. It was done in our studies rather successfully.
Some details of the model used are given in the next section, but here for the illustration we
present in Fig.4 the fragment multiplicity distributions for different collisions in comparison
with the model calculations.

4. Density of the system at break-up

What is the size of a fragmenting target spectator? Is it true that a very hot nucleus
expands due to the thermal pressure to get into the phase instability (spinodal) region? To
answer this question we measured [17] the distribution of the relative velocities for
coincident fragments at large correlation angles. The fragment kinetic energy is determined
in the main by the acceleration in the Coulomb field of the fragmenting nucleus. Therefore,
the fragment velocity is sensitive to the configuration of the system at the break-up moment.
In the upper part of Fig.5 two variants of fragment emission are shown: evaporation from
the surface of the nucleus with normal density (right) and the volume decay of the expanded
system (left).

The measured distribution is shifted to the lower velocities relative to the calculated
one for the surface emission, this observation is in favor of the volume fragment emission.
After quantitative analysis of the data by means of combined model (see below) it was
concluded that the fragment emission occurs from the expanded system with the mean
density 3-4 times smaller than the normal one [18,19]. The same conclusion is drawn from

the considerations of the fragment kinetic energy spectra [15]. So, one can say that thermal
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Fig.5. Distribution of relative velocities for the coincident fragments from *He+Au collisions
(at 14.6 GeV) measured at correlation angles 150°-180°. The vertical line shows the
expected maximum position for fragment evaporation from the nucleus surface. The data are

shifted to lower velocities, corresponding to the volume disintegration of the expanded

system.



multifragmentation is indeed the spinodal decomposition process. This conclusion is
supported by measuring the time scale of fragment emission, which is very fast (see the next
chapter).

Now, let us consider the combined model. The reaction mechanism for light relativistic
projectiles is usually divided into two steps. The first one is a fast energy deposition stage,
during which energetic light particles are emitted and the nuclear remnant is excited. The
fast stage is usually described by the intranuclear cascade model (INC). We use the version
of the INC from [20] to get the distribution of the nuclear remnants in charge, mass and
excitation energy. The second stage is described by the statistical multifragmentation model
(SMM) [21]. Within the SMM the probability of different decay channels of the excited
remnant is proportional to their statistical weight. The break-up volume determining the
Coulomb energy of the system is taken to be V= (1 + k) 4/p,, where 4 is the mass number
of the decaying nucleus, p, is the normal nuclear density, k is the model parameter. So,
thermal expansiop before the break-up is assumed. The break-up density is pz=p, /(1+k ). It
is found that tilis traditional approach fails to describe the observed IMF multiplicities,
whose mean values saturate at (2.2 + 0.2). The expansion stage is inserted between the two
parts of calculation. In fact, the excitation energies and the residual masses are finely tuned
to get agreement with the measured IMF multiplicities, i.e., the values for the residual (after
INC) masses and their excitation energies are scaled on an event-by-event basis (see for
details [15,16] ). The final stage of the combined model INC + Expansion + SMM is the
multibody Coulomb trajectory calculations for all charged particles in the exit channel
(again on an e‘\;ent-by-event basis). As a result, the fragment energies and momenta are

obtained and can be compared with the experimental data.

5. Thermal multifragmentation-a new decay mode of hot nuclei

The time scale of IMF emission is a crucial characteristic for understanding the
mechanism of this decay process: whether it is a “slow” successive and independent
evaporation of IMF’s or a new (multibody) decay mode with “simultaneous” ejection of the
fragments governed by the total accessible phase space. “Simultaneous” means that all the
fragments are liberated during the time which is smaller than the characteristic Coulomb

time 7.~ 107's [22], which is the mean time of fragment acceleration in the Coulomb field



of the system. In that case, emission of the fragments is not independent, they interact with
each other via the Coulomb forces during the acceleration. Thus, measurement of the IMF
emission time 7 (the mean time separation between two consecutive fragment emissions)
is a direct way to answer the question as to the nature of the multifragmentation
phenomenon.

There are two procedures to measure the emission time: analysis of the IMF-IMF
correlation function in respect to the relative velocity and the relative angle. We used the
second method. Figure 6 shows the IMF-IMF relative angle correlation for the
fragmentation target spectator in He (14.6 GeV) + Au collisions [18]. The correlation
function exhibits a minimum at =0 arising from the Coulomb repulsion between the
coincident fragments. The magnitude of this effect drastically depends on the time scale of
emission, since the longer the time distance between the fragments, the larger their space
separation and the weaker the Coulomb repulsion. The multibody Coulomb trajectory
calculations ﬁ{ tk}e_ data on the assumption that the mean emission time is less than 75 fm/c
(23 - 10725). This value is significantly smaller than the characteristic Coulomb time z.
The trivial mechanism of IMF emission (independent evaporation) is definitely excluded.

A similar result is obtained in our recent paper [23], devoted to the time scale
measurement for multifragment emission in p + Au collisions at 8.1 GeV. The model
dependence of the results was carefully investigated. Figure 7 shows the experimental
correlation function and the calculated ones for two values of the break-up volumes: V,=4V,
and V,=8V,. The mean emission time is found to be %m = (50 + 10) fm/c. One should notice
that this valueis in fact the mean time of fragment formation at break-up conditions. The
total duration time of the reaction is larger. It includes the thermalization time (10-20 fm/c)
and the mean expansion time before the disintegration of hot nucleus, which is around 75

fm/c according to model estimation [15,24].

6. Evolution of the reaction mechanism with increasing projectile mass

It is shown in a number of papers, that the multifragment emission in the central collisions
of very heavy ions is not described by the statistical models. Initial compression of the
system is tremendous and the collective part of the excitation energy is so large that the

partition of the system into fragments is likely to be a very fast dynamic process [25]. In that
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case the fragment kinetic energy is largely determined by the decompressional collective
flow. It is interesting to follow the evolution of the multifragmentation mechanism (as the
projectile mass increases) from pure thermal to that influenced by the dynamic effects.

6.1.Fragment charge distribution

We performed the comparative study of multifragmentation induced in a gold target by
relativistic protons, helium and carbon ions [16,26]. It was already demonstrated that in all
the cases one dealt with disintegration of a thermally equilibrated system (Fig.3), and IMF
multiplicity distributions were well reproduced by the statistical model (Fig.4). It was also
found that charge distributions of fragments were similar for all the collisions studied, and
they are very well described by the combined INC + expansion + SMM model ( Fig.8).

The general trend of the IMF charge distributions is also well reproduced by a power law
Y(Z) ~ Z . In earlier papers on multifragmentation [3,27-29] such power-law dependence
for the fragment charge yield was interpreted as an indication of the proximity of the
decaying state to the critical point for the liquid-gas phase transition in nuclear matter. This
was stimulated‘ij);,the application of the classical Fisher drop model [30], which predicted a
pure power law droplet-size distribution with 7 =2-3 at the critical point. According to this
model, the T—parameter has a minimal value at the critical temperature. So, in the spirit of
the Fisher model, the data in the insert of Fig.8 should be considered as an indication of the
“critical behavior” of the system at the beam energies (5-10) GeV. But it is not the case. The
power law is well explained at temperatures far below the critical point. As is seen in Fig.8,
the pure thermodynamical SMM predicts that the IMF charge distribution is close to a
power law at freeze-out temperatures of 5-6 MeV, while the critical temperature is assumed
to be 7.=18 MeV. The statistical model also predicts the parabolic dependence of the
exponent 7 on the excitation energy with the minimal value around 2.0 at E*/A = 3-5 MeV
[31].

In Ref. [32] the value of the critical temperature is estimated from the data on the fission
probabilities. In this paper the temperature dependence of the liquid-drop fission barrier is
calculated as in [1]. The critical temperature 7T, (at which the surface tension vanishes) is
taken as a parameter. It is found that the barrier height is very sensitive to the ratio 7/T..
Experimental data [33] and calculations are compared for highly excited 180s. It is

concluded that T is definitely higher than 10 MeV. The results a of recent paper [13] are in
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conflict with that conclusion. The fragment mass distributions obtained by the ISIS
Collaboration were analyzed in the framework of the Fisher model with the Coulomb energy
taken into account. The extracted critical temperature 7.= 6.7 + 0.2 MeV. We believe that
this result should be treated with caution, having in mind the shortcomings of the Fisher

model in application to the hot nuclear system [34].

6.2. Fragment kinetic energy spectra

The fragment kinetic energy spectra are changing with increasing of the projectile mass. The
spectral shapes show an increase in the number of high-energy fragments for heavier
projectiles. This observation is summarized in Fig.9 (upper panel), which shows the mean
kinetic energies per nucleon as a function of the fragment charge. The figure reveals
remarkable enhancement in the kinetic energies for the light fragments (Z<10) emitted in
*He(14.6GeV) + Au and 12C(22.4 GeV) + Au collisions as compared to the p(8.1GeV) + Au
case. The calculated values (lines) are obtained with the INC + expansion + SMM combined
model. The measured energies are close to the calculated ones for p + Au collisions in the
range of fragment charges between 4 and 9. However, the experimental values for heavier
projectiles exceed the theoretical ones, which are similar for all three cases. What is the
cause of that?

The kinetic energy of fragments is determined by four terms: thermal motion, Coulomb
repulsion, rotation and collective expansion energies, E=Ey + Ec + Ejor + Epow- The
Coulomb term is significantly larger than the thermal one as was shown in [18,23]. The
contribution of- the collective rotational energy is negligible even for C+Au collisions
[16,26]. We suggest that the observed energy enhancement is caused by the expansion flow
in the system, which is assumed to be radial as the velocity plot (Fig.3) does not show any
significant deviation from circular symmetry. Note that the contribution of the collective
flow for p(8.1 GeV) + Au collisions is inconspicuous. As was estimated in [15], the mean
flow velocity for that case is less than 0.02c. We believe that the observed flow for heavier
projectiles is driven by the thermal pressure, which is expected to be larger than for the

proton beam.
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An estimate of the fragment flow energies may be obtained as a difference between the
measured IMF energies and those calculated without taking into account any flow in the
system. This difference for '>C + Au collisions is shown in Fig.9 (middle panel).

In an attempt to describe the data we modified the SMM code in the INC + Exp. + SMM
concept by including a radial velocity boost for each particle at freeze out. In other words,
the radial expansion velocity was superimposed on the thermal motion in the calculation of
the multibody Coulomb trajectories. Self-similar radial expansion is assumed, when the
local flow velocity is linearly dependent on the distance of the particle from the center of
mass. The expansion velocity of particle Z located at radius R 7 is given by the following
expression:

Uftow (Z) = 0%%tow* Rz/ R g5 (1)
where v%,, is the radial velocity on the surface of the system. Note that in this case the
density distribution is changing in dynamic evolution in a self-similar way being a function
of the scaled radius Rz/Ry,s . The use of the linear profile of the radial velocity is motivated by
the hydrodynaf‘hiéd model calculations for an expanding hot nuclear system (see for example
Ref.[35]). The value of v°4,, was adjusted to describe the mean kinetic energy measured for
the carbon fragment.

Figurel0 shows the comparison of the measured and calculated energy spectra (for
2C+Au collisions) assuming v’aow=0.1c. The agreement is very good. The calculation
without a flow deviates strongly. There is a longstanding problem of a qualitative difference
between the chemical or thermal equilibrium temperature and the “kinetic” or so called
“slope temperature”. A recent discussion of that point can be found in [36]. The mean
equilibrium temperature obtained in our calculations is é;)iA?V At the same time, the slope
temperature found from the spectrum shape is T=14.5 MeV for the “no flow” case (see
dashed curve in insert). This is the mutual result of the thermal motion, Coulomb repulsion
during the volume disintegration and the secondary decay of the excited fragments.
Introducing a rather modest radial flow results in an increase of the slope temperature up to
T=24 MeV.

Let’s return to Fig.9 (middle). The model-calculated flow energy is given as a difference
of the calculated fragment energies obtained for v°g, = 0.1¢ and v%,= 0. The data deviate

significantly from the calculated values for Li and Be. It may be caused in part by the

17
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contribution of particle emission during the early stage of expansion from a hotter and
denser system. This explanation is supported by the fact that the extra energy of Li
fragments with respect to the calculated value is clearly seen in Fig.9 (top) even for the
proton-induced fragmentation, where no significant flow is expected.

As to fragmemé heavier than carbon, the calculated curve in Fig.9 (middle) is above the
data and only slightly goes down with increasing fragment charge. This trend of the
calculations is to be expected. The mean fragment flow energy is proportional to <R />.
This value varies only slightly with the fragment charge in the SMM code due to the
assumed equal probability for fragments of a given charge to be formed at any point of the
available break-up volume. This assumption is a consequence of the model simplification
that considers the system as an uniform one with pf¥)=const for r< Ry, The data in Fig.9
indicate that it is not the case. In fact, the dense interior of the expanded nucleus may favor
the appearance of larger IMF's if fragments are formed via the density fluctuations. This
observation is also in accordance with the analysis of the mean IMF energies performed in
[15] for protoninduced fragmentation. It is also seen in Fig.9 (top) that for
p + Au collisions the measured energies are below the theoretical curve for fragments
heavier than Ne. This may be explained by the preferential location of the heavier fragments
in the interior region of the freeze-out volume, where the Coulomb field is reduced.

The experimentally deduced mean flow velocities of IMF’s for '2C+Au collisions are
presented in Fig.9 (lower panel). The values for Li and Be are considered as upper limits
because of the possible contribution of the preequilibrium emission. The corresponding
values of <Rz / Rg>, obtained under the assumption of the linear radial profile for the
expansion veloc'i'ty, can be read on the right-hand scale of the figure. The dashed line shows
the mean radial coordinates of the fragments according to the SMM code. The calculated
values of <Rz/ Ry, are only slightly decreasing with Z in contrast to the data.

The total expansion energy can be estimated by integrating the nucleon flow energy

over the available volume at freeze out. For a uniform system one gets:
* gow = (3/10 ) Amy- (0 fion Y (1= 75 /Rys )’ 2)

. 2 .. . . ' -
where my and r, are the nucleon mass and radius. For 2C+Au collisions it gives E flow =

115 MeV, corresponding to the flow velocity on the surface equal to 0.1c.
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Similar results are obtained for *He(14.6 GeV) + Au collisions. The excitation energies
of the fragmenting systems studied are largely thermal ones, therefore we deal with the
thermal multifragmentation. It is reflected in Fig.11 where the mean total excitation energy
per nucleon Ejr/Apr is shown as a function of the incident energy.

The full symbols correspond to the thermal part of the excitation energy obtained via
analysis of the data on fragment multiplicity and charge distributions with the combined
model of the process. Open symbols include the flow energy. Thermal energies for these
cases are four times larger than collective ones. The onset of the collective flow driven by
the thermal pressure takes place at the excitation energy around 4MeV/nucleon, which is in
good agreement with the results of [37]. The mean fragmenting masses are equal to 158,
103, 86 for proton (8.1 GeV), *He (14.6 GeV) and 12C(22.4 GeV) collisions with Au
respectively. Note that selection of the events with the IMF multiplicity M>2 (for the
correlation measurements) results in an increase in the mean excitation energy by 0.5-0.7
MeV/nucleon [}23,]., .

7. Conclusion
In this work we study the mechanism of multifragment emission in collisions of relativistic
protons, “He and '*C with an Au target. The data obtained support the interpretation of this
phenomenon as “thermal multifragmentation”, which is a statistical break-up process of a
diluted and hot system with the density 3-4 times smaller than the normal one. Thermal
multifragmentat'ion is a new multibody decay mode of an extremely excited nucleus with a
very short life time. It was found via IMF-IMF relative angle correlations that the fragment
mean emission time z.,< 70 fin/c. This decay process can be interpreated as the first order
nuclear “liquid-fog” phase transition inside the spinodal region ( spinodal decomposition).

The evolution of the thermal multifragmentation mechanism with increasing projectile
mass was investigated. The onset of radial collective flow was observed for heavier
projectiles. It is believed to be driven by the thermal pressure. The mean total flow energy at
the break-up moment is estimated to be around 115 MeV for both “*He (14.6 GeV) and 2c
(22.4 GeV) beams, while the mean thermal excitation is around 400 MeV.
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The flow energy of fragments decreases as their charge increases. The analysis of the
data reveals interesting information on the fragment space distribution inside the break-up
volume: heavier IMF are formed predominately in the interior of the fragmenting nucleus
possibly due to the density gradient. This conclusion is in contrast to the predictions of the
Statistical Multifragmentation Model.

This study of multifragmentation using a range of projectiles demonstrates a transition
from pure “thermal decay” (for p + Au collisions) to disintegration “decorated” by the onset
of a collective flow (for heavier projectiles ). Nevertheless, the decay mechanism should be
considered as thermal multifragmentation. The partition of the system is governed by the
nuclear heating, and IMF charge distributions in all the cases considered are well described
by the statistical model neglecting any flow.
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Kapnayxos B. A. u np. E6-2002-75
TemnnoBas MynsTH(parMEHTalUs rOpAuMX saep
4 Ga30Bbiil MEPEXON «KHIKOCTb—TYMaH»

C nomowpio 4n-ycranoBkH ®A3A uccrnefopagach MHOXECTBEHHasd aMHMCCHsA ¢ ar—
MEHTOB C npomeerquon Maccoit (PIIM) B coymapeHusx npotoHos (no 8,1 I'aB),
(4ul4,6I%B) u 2c (22,4 I'sB) ¢ muweHb0 U3 30JI0Ta. BO BCcex ciydasx UMeeT MeCTo
TEIIoBasd My/IbTH(pArMeHTalMsd Tops4ero chektaropa muumeHu. Pacnpenencune ®IIM
110 MHOXECTBEHHOCTH H 3apsafy XOPOLIO OMMChiBaeTCs KOMOMHHPOBAHHO# MOJIENBIO, BKIIIOYa-
IolIeil BHYTPHANCPHBIH KacKal ¢ MOCENYIOINM CTATHCTHYECKHM MHOTOTENBHBIM PacIaioM
BO36YXIEHHOIO OCTATOYHOIO SApa. DTOT MpoLecC IPOUCXONHT 3a BpeMsa t<70 ¢m/c, yro
YCTaHOBJIEHO IyTeM aHanu3a ymioBsix OIIM—-OIIM-koppenaumii. MHOXeCTBEHHas SMHCCHS
¢hparMeHTOB HHTEpNpeTHpPYeTCA Kak (asoBblil MEpexol «XUAKOCTb—TYMaH», IIPOUCXOAALIHMH
B CIIMHOJATBHOM o6nacTH.

HccnenoBaHa 3BOMIOLMS MEXaHM3Ma TEIUIOBOH MyIbTH(PAarMEHTallMd C POCTOM MAacChl
6oMGapaupyiomeii yactuubl. OTMEYEHO NOSBJICHHE DATHATBPHOIO KOJUIEKTHBHOIO IOTOKA
g nydkoB ~“He u 2¢. us pe3ybTaTOB aHANH3a CJienyeT, 4To Golee TaXenble hparMEHTh
00pa3syloTcs PeUMYIIeCTBEHHO B LIEHTPAIbHOMN 06/acTi pacmagHoro oobeMa.

~

f’aépm BhINONIHEHa B JlaGoparopuu sxepHbix npo6neM uM. B. I1. [ixenenosa OMSH.

Ipenpunt O6beaUHeHHOr0 MHCTUTYTA SAEPHBIX MccnegoBaHuit. JyGHa, 2002

Karnaukhov V. A. et al. E6-2002-75
Thermal Multifragmentation of Hot Nuclei and Liquid-Fog Phase Transition

Multiple emlss1on of intermediate-mass fragments in the collisions of protons (up
to 8.1 GeV), 4He (4 and 14.6 GeV) and 12C (22.4 GeV) on Au has been studied
with the 4n-setup FASA. In all cases thermal multifragmentation of the hot and diluted tar-
get spectator takes place. The fragment multiplicity and charge distributions are well de-
scribed by the combined model including the modified intranuclear cascade followed
by the statistical multibody decay of the hot system. IMF-IMF correlation study supports
this picture giving very short time scale of the process (t<70 fm/c). This decay process can
be interpreted as the first order nuclear liquid—fog phase transition inside the spinodal region.

The evolution of the mechanism of thermal multifragmentation with increasing projec-
tile mass was investigated. The onset of the radial collective flow was observed for heavier
projectiles. The analysis reveals the information on the fragment space distribution inside
the break-up volume: heavier IMF are formed predominantly in the interior of the fragment-
ing nucleus possibly due to the density gradient.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear Prob-
lems, JINR.
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