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From criticality to supercooling in expanding hot nuclear matter:
Possible explanation of lows puzzle
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A model of an expanding hot nuclear matter is discussed. A Fokker-Planck equation is used to describe the
conversion of the gaseous phase into the liquid phase. It is shown that the apparent exposrtetring the
power-law fit to charge fragment distributier(Z)oZ~ "« differs considerably from the critical exponentlf
the nuclear matter is strongly supercoolegh should be small both for small and for large systems. This fact
may serve as a possible explanation of the low values.gf obtained recently at Michigan State University.
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PACS numbses): 25.70.Pq, 21.65:f, 24.60.Ky

A large amount of data obtained in nuclear reactions aCalculations performed by a bond-breaking percolation
intermediate energies has inspired a great deal of theoreticelodel[24] demonstrate the saturation in an increase of the
efforts to describe the multifragmentation phenometsme, critical exponent with the enlargement of lattice size. Ac-
e.g.,[1-21], and references therginThe possibility to fit the  cording to this model, finite size corrections tg; are neg-
yield of light fragments with the simple power-law depen- ligibly small for a system with 200 or more nucleons. On the
dence other hand, the extremely low value of the apparent exponent

_ Tef~1.22 was measured recently in central Af8u colli-
Y(A)=YoA" e, (D) sions at 35A MeV[25]. Neither the existence of a nonequi-

first demonstrated by the Purdue-Fermilab collaborafidn librium mixture of fragments and a supersaturateq nucleonic
. " .gas at freeze oytl1], nor the noncompact bubblelike decay
has attracted attention to critical phenomena connected wit . . .
- o configurations[17,18 can explain such low values of the
the liquid-gas phase transition in nuclear matter. Indeed, thé . . .
e .apparent exponents. Finally, lattice gas model calculations
distribution of clusters of the new phase should obey a uni- . . . )
. ; mapped to molecular dynamics calculations with the inclu-
versal power law near the critical temperature, according tQ. . .
; , i sion of the Coulomb interaction®21] can force the calcu-
Fisher's theory of condensatig@2]. On the other hand, the
apparent exponent entering Eq.(1), was found to lie far lated values fofr; to reachr~1.3 at very low temperature
PP P i entenng £q.), o T~0.8-1.0 MeV[25]. It means that to hit.~1.2 the sys-
from the range of the critical exponent 2.2+ 0.1. To avoid Iy L !
R : . tem should disintegrate when it is almost in a ground state,
the ambiguity it was pointed oy#—6| that the expanding S .
. - : ' ._which is unlikely to be true.
nuclear matter cannot hit the critical point accidentally in . . . .
. . . e As is shown below, experimental data can be described in
different reactions at any energies. Modification of the ex-

. . . X -~ a consistent manner within the general theory of a first-order
pansion scenario concerns the quenching of the fireball intg . .
hase transition. In the present paper we continue to develop

the metastable or even unstable regions where the first-ordér L L
- e approach to the liquid-gas phase transition in nuclear
phase transition should take place. Therefore, one has to take ) o
matter, based on the results obtained within the general

h

into account the bulk and surface energies associated wittheory of nucleatiorf26], and then applied to nuclear frag-
the creation of a droplet of the new phase. A new approxi- ’

. o mentation[27,28. Keeping the aforementioned evolution of
mation to the fragment distribution was proposed as . . : . .
the long-lived fireball as a working hypothesis, our scenario

Y(A)=Y,A "expaA—bAZ3), (2)  presumes the kinetic description of cluster formation during
the condensation of a gas of nucleons. We start from the free
wherea andb are bulk and surface energies, ands the  energy, associated with the forming in the initially homoge-
critical exponent. This expression is often used to fit theneous gas of a spherical droplet of ma&sand radius

fragment distribution according to R=r A3 wherer is the nucleon radius. The change in the
o3 Helmholtz free energy of the system due to the droplet for-
Y(A)=YoA XAYAT (3) mation is given by the Myers-Swiatecki formJla9] gener-

o o alized to the case of nonzero temperafiirg|
containingY,, X, andY as fitting parameters. The apparent

exponentr is expected to reach its minimal value at the 4w _, ) 3 7%¢? R
critical point, where Eq(2) is transformed into Eq(1), and, AF=— 3 RPAp+4nR e+ 7TInA+ = ——| 1- Rooy
therefore,7.4=7. On the contrary, the experimental data on (4)

nuclear fragmentation in“°Ar+4°Sc central collisions

[23,24 show that the minimal value af,; may be about 1.2. containing the bulk, surface, curvatui@ Fishey, and Cou-
One of the possible explanations of the disagreement is colemb terms, the last one calculated within the Wigner-Seitz
nected with the finiteness of the system of colliding nuclei.approximation[7]. Here Ap is the difference between the
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pressure inside and outside the dropleis the surface ten- state distribution functiofSDF) corresponding to a continu-
sion, T is the temperature of the systed,is the droplet ous conversion of the phasento the phasél .

charge, andR. is the radius of the cell on which the droplet In  terms of the dimensionless parameters
is formed. If (o, ,Z,A) and (p,Zy,Ao) are the baryon den- A= (47o/T)Y¥?R,, y=R/R., andy=3e?R2/5Tr{ the SDF

sity, charge, and mass inside the droplet and inside the celbf droplets reads
respectively, one may writg?]

1/3 = =37 7_6_1_ 1 2
R ((ZO/AO)P - f(R)=fo(Ro)y *"exp| - — g =7+ 2\
Reell (ZIA)p.
yé 6 Y s yé6 5 2 ) 3
In our analysisp andp, are determined as the endpoints of XeXP Y =Y H| 5 Tyt gy
the Maxwell construction in a pressure versus volume per
particle plot of the nuclear equation of stfie8]. The asso- 5 | INtly,e] g
ciated free energAF reaches its maximal value at the criti- B Int[0,0]" ®)

cal radiusR. whered[ AF(R)]/dR=0. The droplets of criti-

cal radii are in metastable equilibrium, droplets smaller tharwhere

that of critical size are shrinking, and droplets larger than

the critical droplet are growing. Following the classical b aial (3 3
nucleation theory[30,31] we consider the evaporation- Int[a,b]=f 7 (5752 +37
condensation mechanism as an underlying physical process 2

(Z2+z+1)

by which the nuclear droplets can grow or dissolve. Then, 5 . ” s Y6 o Y s
the droplet distribution obeys a Fokker-Planck equation 272t +2NZTexp - -2+ 4z

of  _ o*f af y6 5 2

— =B —— A — N A T 32 3 2,2

at B&ZR AaR’ (6) ( 5 +127+3)\ +T)Z +\?Z2%|dz, (9)
containing the size drift and size diffusion coefficieAteind AF(R,)
B. Using the mathematical formalism formulated in details in fO(RC)zloex;{ - = ) , (10

[26—28 one may find the steady-state solution of E).for

a given free energAF associated with a droplet formation.
The principal result is that the equilibrium distribution func-
tion (EDF) given, e.g., by Eq(2) or, generally, by the ca-
nonical distribution

andl, is a preexponential factor.

The EDF and SDF are shown schematically in Fig. 1.
First, it should be noted that the SDF has no distinct mini-
mum atR=R_, compared to the EDF. Then, Ie§ be the

AF radius of the smallest fragment from the range of intermedi-
f(R)=I0ex;{ - 7) (7)  ate mass fragments. It is worthwhile to note how the ratio
ro/ R. influences the results. When the system approaches the

which cannot describe the dynamics of a first-order phasgritical temperature, the critical radius goes to infinity, and

transition [31], is replaced by the nonequilibrium, steady- ©ne should find the simple power-law dependeAce for
the yield of fragments. But, if the system is supercooled, the

value of the critical radius falls quickly. When the critical
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FIG. 2. (a) Apparent exponent.; as a function of temperature
FIG. 1. Schematic plot of equilibrium and steady-state distribu-of the nuclear system for different sizes of critical nudei. (b)
tion functions. See text for the details. Apparent exponent; as a function ofA; at different temperatures.
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FIG. 4. Relative elemental yieltfull circles) measured in the
Au+Au central collisions at 34 MeV. Data are taken frorfi25].
FIG. 3. Charge distributions of fragmerifsll circles) measured ~ Solid line corresponds to the fit to E(B).
in the “%°Ar+°Sc central collisions at Z6to 85A MeV. Data are

taken from[24]. Solid lines correspond to the fit to E€B). falls almost exponentially in the last case. This fact may be
o _ considered as a consequence of the destabilizing long-range
radius is twice as large ag, the slope of the SDF remains coulomb forces at relatively high temperatures.
steep[part A1B,, Fig. 1(@]. Finally, if the critical radius is Charge distributions of fragments measured in central
about 1.5r or less(strong supercooling the distribution of  40Ar +-45S¢ collisions at 28 to 85A MeV [24] and in central
the fragments becomes rather flpartA;B,, Fig. 1(b)]. One  Au+Au interactions at 38 MeV at Michigan State Univer-
has to bear this scenario in mind because of the restriction osity [25] are presented in Figs. 3, 4. Curves plotted onto the
minimal charge of the intermediate mass fragments taxperimental data are the fits to the SDF, given by @Y.
Zpin=3. Parameters of the fit are listed in Table I. The rise of the
To study the dependence of; on the size of a critical slope exponent and transformation of the shape of fragment
cluster at different temperatures, the fragment distributionsglistribution from the power law to the almost exponential
were calculated according to Eq®) and (9). Parameters one may be explained by the increase of the break-up tem-
entering these equations were chosen as follows: criticgberature of the system from 6.5 MeV to 10.2 MeV due to the
temperature, T,=20.69 MeV [4], surface tensiono(T) rise of initial excitation energy. The break-up temperature
= o[ (T2=T?)/(T2+T?)]%4 0y=18 MeV [7], and nucleon and the mass of the critical cluster, obtained for the gold-on-
radiusr,=1.17 fm. The set of effective exponents as a func-gold reaction, fit well to the same parameters, obtained for
tion of temperature and critical size of the fragments is disthe Ar+Sc collisions. To investigate the role of the finite
played in Fig. 2. One can see that may be about unit or size effects it would be nice to perform the experiment with
even less, while the critical exponentis always 2.2. This heavy ions at the same excitation energies as in the Sk
statement should be valid both for light and heavy systemsxperiment.
not only for the light ones as predicted by the percolation The results of this paper may be summarized as follows.
model calculations. We propose a model of an expanding fireball that undergoes
The last problem to discuss before the comparison witha first-order phase transition. A Fokker-Planck equation is
the experimental data is the long tail of the SDF. Let us turrused to describe the conversion of the gaseous phase into the
to Eq. (9). The sign of the polynomial in the integrand may liquid phase. The fireball disintegrates below some critical
be changed from plus to minus in the intervat <1, ifthe  density, say, 0.3, Wherepg is the normal nuclear density.
temperature is high enough to maintain large values of th&he higher the excitation energy of the initial system, the
critical radius and, thereforey. It means that the fragment higher the break-up temperature of the expanding fireball
distribution will have a significant gap between the light andshould be, and vice versa. Coulomb forces are responsible
heavy fragments instead of a plateau in the intermediatéor the almost exponential falloff of the fragment distribution
mass region. Furthermore, the yield of the light fragmentsat the relatively high temperatures corresponding to the high

TABLE I. The results of the fit of experimentd distributions shown in Figs. 3, 4 to the steady-state
distribution function. Of each pair of numbers, the upper one denotes the temperature and the lower one
denotes the mass of the critical nucleus.

4OAr +45Sc Aut+ Au
25A MeV 45A MeV 65A MeV 85A MeV 35A MeV
T 6.5+0.2 7.5£0.2 9.3:0.2 10.2:0.2 6.9+0.2

Ac 9.0x0.5 13.0:1.0 49.0:2.0 55.5-2.0 11.6:0.5
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excitation energies. At lower temperatures the radius of thg@osed and the percolation model. We do not agree that the
critical clusters diminishes quickly, and the fragment distri-flattening of the fragment distributions may be explained by
butions can be fairly well approximated with the simple a Coulomb-driven multifragment decay at extremely low
power law. The ratio of the radius of the smallest clustertemperatures. Although the experimental data appear to fa-
from the intermediate mass range to the radius of a critica}or the supercooling in nuclear matter, the problem deserves
cluster in the systemy/R. plays an essential role for the fyrther investigations.

shape of the yield curve of fragments. If the system is super- . ] ) )

cooled, the fragment distribution becomes quite flat at Discussions with J. P. Bondorf, L. P. Csernai, I. N.
Z=3 chosen for the experimental selection of the intermediMishustin, and V. Zelevinsky are gratefully acknowledged.
ate mass fragments, and the effective exponent of the powe¥ve would like to thank K. Nybdor the helpful comments.
law fit may be very small both for small and large systemsWe are indebted to the Department of Physics, University of
This is the principle difference between the approach proBergen for the warm and kind hospitality.
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