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Equation of state and phase transitions in asymmetric nuclear matter
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The structure of the three-dimension pressure-temperature-asymmetry surface of equilibrium of the asym-
metric nuclear matter is studied within the thermal Thomas-Fermi approximation. Special attention is paid to
the difference of the asymmetry parameter between the boiling sheet and that of the condensation sheet of the
surface of equilibrium. We derive the condition of existence of the regime of retrograde condensation at the
boiling of the asymmetric nuclear matter. We have performed calculations of the caloric curves in the case of
isobaric heating. We have shown the presence of the plateau region in caloric curves at the isobaric heating of
the asymmetric nuclear matter. The shape of the caloric curve depends on the pressure and is sensitive to the
value of the asymmetry parameter. We point out that the experimental value of the plateau temgerature
~7 MeV corresponds to the pressiPe=10"2 MeV/fm® at the isobaric boiling.
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[. INTRODUCTION The evaluation of theR,T,X) surfaces of equilibrium and
the analysis of the boiling regime for an asymmetric nuclear

At zero temperature] =0, a saturated nuclear matter is matter is a main goal of the present paper. We also study the
stable at vanishing pressufe=0. As the temperature in- properties of the caloric curve in the two regimes described
creases, the equilibrium state is derived through the isother@bove.
(equation of stateP(p,T), wherep is the particle density. In
general, there are two different regimes of the equilibrium Il. EQUATION OF STATE OF HOT NUCLEAR MATTER
state, see Refl], Chap. 9. If the evaporation time is large

enough and the evaporated particles are carried away frorg V\rlg Wr::;{%fwst.ze t&?pgia:mg_?eze?;igt;sh?r?;a;r':eec;mé
the heated liquid, the equilibrium condition is given by pproximation using Y yp v

P(p,T)=0, i.e., it has the same form ast 0. By increas- nucleon-nucleon interaction. The energy densityand the

ing the temperature one can reach the so-called phase Se&g_tropy densitysS, are given by 14]

ration temperaturéls [2—4] above which the equilibrium 1
conditionP(p,T)=0 is not satisfied anymore. This happens £=TZ A§J3,2( 7g) + Eto[(l-i-XO/Z)pz
if the minimum of the isothernP(p,T) is shifted on thep q

axis and it is located gb=p,i,#0. The temperaturdy is 1

then the limiting one for the existence of a stable state of the —(Xo+ 112 (pa+pp) 1+ 1—2t3p"[(1+x3/2)p2
liquid phase under the equilibrium conditié*(p,T)=0. In

another regime, the heated liquid is surrounded by the satu- —(X3+1/2)(p5+p3)], (1)

rated vapor. The equilibrium condition requires then that the

pressureP'd(p,T), and the chemical potentiak™(p, T), of 5

the liquid phase should be equal to the corresponding ones, §=2 §A333/2( )~ MaPq | @

PYa8(p,T) and u"®(p,T), for the saturated vapor, see Ref. K

[1], Chap. 8.(Here and below indices “liq” and “vap” de-  wherex;, t;, ando are the Skyrme forcéSkM) parameters,
note the liquid and vapor phases, respectiydly.this re- g is the isospin indexd=n for neutron andy=p for pro-

gime, as the temperature increases, the liquid becomes utpn), pq is the nucleon density, ang=p,+p,. The Fermi
stable with respect to the phase transititwiling) and the  integral J( n¢)=J5dzZ/(1+ expe— 1)) in Egs. (1) and

corresponding boiling temperature is the limiting one for the(2) depends on the fugacity,. The value of7, can be

heating of the nuclear liquid. found from the condition
The limiting temperatures and the critical behavior of the
symmetric nuclear matter have been intensively investigated pq=A§Jl/2( 7q)- 3

using an effective interaction and finite temperature self- . ) N 32 . . )
consistent mean-field theofyt—7]. The thermal properties Here, Aq=(1/27%)(2my T/#%)” and my is the effective
of asymmetric nuclear matter have been considered in Ref§ucleon mass derived by

[2-4,8-13. In general, the two-component liquid and its

2 2
saturated vapor co-exist with different asymmetry parameter & — h_+ 1[t1(1+x1/2)+t2(1+x2/2)]p

X because of thg dependence of the symmetry energy. The 2ma‘ 2m 4

equilibrium state of the two phases of a two-component sys- .

tem is described by the three-dimension surface of equilib- L _

rium in variablesP,T, and X, see Ref[1], Chaps. 8 and 9. * 4[t2(X2+1/2) i+ 1/2)]pq. @)
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Using Egs.(1) and (2) one can derive the free energy
density F/=&—TS. Finally, one obtains the pressurf@
(equation of stajeand the chemical potentials,. Namely,

b 2( d ]-‘)
p &p p TYXI

ol

oF
67_Pn Hp= , 5 P (Mev/£nd) ) |

T,pp app T.pn

where the asymmetry paramet¥ris defined asX=(p,
—pp)/p. A numerical calculation of the pressuPewith the
energy density¢ from Eg. (1) leads to the van der Waals—
like isothermsP=P(T,X,p), describing both the liquid and X
the vapor phasd$,8—10. According to Gibbs'’s phase rule,
the equilibrium states of the two-phadiguid + vapop and L
the two-componentneutrons-protong system are located FIG. 1. Surface of equilibrium inR,T,X) space. The upper
on the three-dimensional surface in the, T,X) space. To  gheet is the surface of boiling and the lower one is the surface of
obtain the shape of theP( T, X) surface of equilibrium one  condensation. The azeotropic line and the critical line are marked

T (MeV)

should use the Gibbs equilibrium conditiofts: by the lettersA and C, respectively. The drip ling.,=0 is marked
i by the letterB. The pointD indicates the maximum possible asym-
PY(T,X,p)=P"(T,X,p), metry for the bound liquid phase at,<0 and the poin€ is the

_ critical point for the symmetric syste=0.
el (T X,p) = g™ (T, X, p). (6)
the condition| | <|up| and the preferable emission of neu-
We will imply that the nuclear matter is a bound system oftrons.
nucleons assuming that the following additional condition The above mentioned sheets of the surface of equilibrium

,u,gq<0 is also satisfied. coincide along the azeotropid(T) line in X=0 plane de-
noted by letterA in Fig. 1. The azeotropic line is cut off at
lll. SURFACES OF EQUILIBRIUM the critical temperatur@d ™= 14.61 MeV (point E) of the

symmetric nuclear matter derived by the conditjdn

We have performed calculations of the surfaces of equi-
librium in (P, T, X) space using the SkM for¢é 4] with the 9P 2P
parameters,= — 2645 MeV fn?, t;=385 MeVfn?, t,= ( ) —( )
—120 MeVfnP, t;=15595 MeVfni™37, x,=0.09, X, T.X=0
=X,=X3=0, ando=1/6, adopted for the ground state of
nuclei. We point out that the use of the Skyrme force fromBoth sheets of the surface of equilibrium also coincide along
the ground-state calculations is a quite reasonable approxihe critical line marked by lette€ in Fig. 1. The critical line
mation for our purposes. The effective interaction is modifiedof an asymmetric nuclear matter is derived by the condition,
only by a few percent in a wide temperature region from 0 tosee Ref[1], Chap. 9,
20 MeV [15,16. The numerical procedure we used starts

KA I A ) %
P/ 1 x=0 \ p?

from certain values oX", T, and looks forp¥, p¥@ and dpq Puq
XVa that satisfy the equilibrium condition$). W) = 2 =0. (8)
The section of the equilibrium surface calculated by our TP J TP

code is shown in Fig. 1. This figure represents the equilib-

rium states havingX>0, i.e., states of the neutron-rich We point out that the critical temperatufg, derived by Eq.
nuclear matter. We point out that there are two sheets of thé3) at X0 is different from the oneT$Y™, obtained from
surface of equilibrium. The upper sheet is the surface oEq. (7). If one goes along the critical lin€, the critical
boiling and the lower one is the surface of condensation. Théemperaturd , decreases and the corresponding pressure in-
interior space between the sheets is the phase separation pgeases as the value ¥fincreases.

gion where the two phases coexist. The crossing points of The lineB in Fig. 1 is the line withu,=0. The crossing
both sheets with a straight life@=const andl =const, give  point of the critical lineC with the line B (point D in Fig. 1)

the equilibrium asymmetry parametex&’ and X2 for lig- provides the maximum possible asymmetry for the bound
uid and vapor phases, respectively. In general the asymmetmgq<0) liquid phase. This point is located Xt=0.68, T
parameter" andX"# are different. The vapor asymmetry =10.4 MeV, andP=0.26 MeV/in? for the SkM interac-
X'a exceeds the corresponding liquid oX¥ (at X"9>0).  tion. Note that the cold nuclear matter B&0 is bound at
This is a feature of the nuclear matter. The density depenX<0.31. Thus, the hot nuclear matter can efiistthe bound
dence of the isospin symmetry eneffgge Eq(1)] provides state at higher asymmetry than the cold one. This feature of
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Let us consider the boiling of the asymmetric nuclear
matter at the fixed external pressitg,<P™ | see Fig. 2.
With the increase of temperatuiieat a certain asymmetry
parameterX=X'Aq, the asymmetric nuclear matter begins to
boil at temperaturd 4 on the line of boiling(point A in Fig.

2). The boiling process is accompanied by the preferable
evaporation of neutrons because of the conditipn,|

<|,u,p|. The liquid phase is then shifted to a more symmetric
state and the boiling temperature increases due to the evapo-
ration of the less-bound particles. The final state of system
depends on the regime of heating. In regime | we assume
that the liquid is evaporated in a free space and the vapor is
X ) taken away, the system moves along the surface of equilib-
rium to the pointF, i.e., reaches the symmetric state
=XM=0 at T=TpW<TE™ on the azeotropic line. The
boiling is finished then at fixed =T, and X=0. The
va| 1 H H
hot nuclear matter appears because of the increasing of e ymme”y of the_vapob,( p’. decreases W'th increasing
symmetry energy with temperature. a_nd disappears a_‘t— Tmax- This means, for instance, that the
yield of symmetric clusters at the condensation of the vapor
phase has to grow witfi. In regime Il we assume that the
IV. BOILING AND CALORIC CURVES vapor remains near the liquidt fixed pressur®= Py, this
Let us consider the isobaricT(X) phase diagrams ob- means an evaporation into a closgd buF not a fixed volume
tained as the cut of the equilibrium surface of Fig. 1 by plandh€ System moves along the boiling line and reaches the
P=P,,= const. These diagrams are very useful for obtain{0iNtD in Fig. 2. The poml\g corresponds to a fully evapo-
ing an insight into the liquid-vapor phase transition in hot'ated liquid at asymmetriXc™ of the vapor(point C on the
asymmetric nuclear matter. The shape BfX) diagram de- surfalce of condensatipthat equals to the starting asymme-
pends on the value of the press[ﬂg(t_ The (T,X) diagram try XACI of the |IqUId phase. We pOInt out that, n general, the
contains the critical poinT, if the value of pressur®,,,  trajectory of motion of the liquid phase along the surface of
exceeds the criticamaximal allowedl pressure®™ on the ~ €quilibrium can be located beyond the plae=const and
azeotropic line in Fig. 1. For the SkM force used here, thé 19- 2 should be considered as a formal illustration of the
value of the critical pressure obtained from Eq) is Pehavior of the heating system for the regime Il where both
Pf:fym)z 0.2109 MeV/fn. In the opposite casePey pointsA andD are taken at different pressures. An analogous

<P((:?ym), the (T,X) diagram contains the point of equal con- analysis of the boiling of the asymmetric nuclear matter can

i (sym) i -
centrationX=0. In Figs. 2 and 3 we have plotted th&,K) also be done in the case gfe,xt_> Pe 1 See Fig. 3. How
diagrams at the pressurd®,=0.15 MeV/fm? and P, ever, the presence of the critical point on thigX) phase

—0.25 MeV/f?, respectively. In each diagram we have diagrams in Fig. 3 I_eads to a very specific effect of the ret-
two lines. The lower lingon the lef} is the line of boiling rograde condensation, see also Refs12. If one goes

and the upper linéon the righj is the line of condensation. along straight lineAB in Fig. 3 (at cI_osed volum the liquid
In Fig. 2, these lines meet at the point of equal concentratiofft&/ts (o boil at temperatuf, . An increase of the tempera-
(X=0) and in Fig. 3, they meet at the critical poify,. The ture leads to an increase of the evaporation. However, the
space between the boiling and condensation lines corréVaporation begins to decrease at certain temperafure
sponds to the states of coexisting phases. <Tg and the vapor disappears at temperaflge:Tc.
The (T,X) phase diagrams allow us to study the shape of
13 the caloric curve for the case of isobaric heating. We will

FIG. 2. Acut of the P,T,X) surface of equilibrium by the plane
P=0.15 MeV/imP<P{™.

consider the case of the evaporation in a clofeat not
12 Bl C P=0.25 MeV/fm’ fixed) volume at the fixed pressuR<P&¥™ i.e., regime I
, in Fig. 2. Let us introduce the volume fraction¥! and\ "2
11} al of the liquid and vapor phases defined b{#=V"/V and
N \V3=\/VaV/ | where V9 and V'# are the volumes of the
g 10 ! AN T~ ] liquid and vapor phases, respectively, awe V'9+ Vv,
B N N The excitation energy per particlE /A, is given by
9 . ]
o \\ E _ Aag IQ(p |q,X|q’T)_}_)\vapgvap(pvapyxvap,-l-)
N A )\qupliq+ )\vappvap
0.6 0.65 X 0.7 0.75 gliq(pliq,xliq,T)
I e — , 9
p

FIG. 3. The same as in Fig. 2 f6t=0.25 MeV/fnt>P&™ . T=0
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FIG. 4. Caloric curves for the isobaric heating of the asymmetric
nuclear matter in regime Il for different pressiReshown near the
curves at fixed asymmetry parameker0.2.

FIG. 5. The same as in Fig. 4 for the fixed pressite
=0.01 MeV/fn? and different values of the asymmetry parameter
X shown near the curves.

liqr .lig yliq vapy ,vap yvap _
){/yh(:ireé (p™,X ’J) q?d g fpﬁﬁ I,'X .d'T) dare, respﬁc should be 10?2 MeV/fm? for this process. To obtain more
d“’e_y' q t? eélergy edn3| l|<es 0 he Iquid an d\(apor F ase?accurate estimation an analysis of the contribution of both
erived by a( ) and taken at the corresponding values ol o q,rface and the Coulomb forces into the equilibrium con-
the particle density and the asymmetry paramebérLet us

: . dition (6) is needed13,18§.
consider a certain asymmetry paramefer X,. To calculate The asymmetry dependence of the shape of the caloric
the excitation energf*/A we note that\"d=1, \Va=0,

. ' curve is displayed in Fig. 5 by plotting two curves 4t
and X=X, if T is below the boiling line and\"1=0, Py g. > oy poting

vap._. dXYP— % if Tis ab h q ion line | =0.1 and 0.3. The figure shows that the plateau temperature
M=1, andX™= X, If T is above the condensation line in g slightly sensitive to the asymmetry parameter. At low

the (T, X) phase diagram of Fig. 2. In the case of coexisting;gy mmetry the two-phase region of the caloric curve is flatter
phases(space between lines of the boiling and the condenzj it is shifted to the higher values Bf /A as compared to
sation in Fig. 2 the required values of'd, \¥2°, p9, p¥®, " (o high asymmetry.

X", andX'® can be found using the following procedure. At Figure 6 shows results of the calculation of the caloric

given Xo, we go along the straight ling=const in both ;e assuming the regime I, i.e., the case when vapor is
directions and get the cross points with the boiling and contaken away from the liquid during the boiling. The calcula-
densation lines that provide the asymmetry parametéts tion was carried out for the values of pressure 3,010 2,

andX'* and the densitiep" andp"* for both phases. The an4 101 MeV/im?. The solid lines correspond to the heat-
volume fractions\"@ and A2 are then determined by the ing of the liquid fromT=0 to T=T, with asymmetry pa-

following equations: rameterX=0.2. The regions where saturated vapor is present

N0\ vaR, vebyvap ' (but taken away are displayed by dashed lines. It is seen

Xo= — , A pvar=1. (10
N qp |q+)\vappvap

12 e
Caloric curves determined by E@®) for X=0.2 and pres- i

sures P=10"% MeV/fm?, 102 MeV/fm®,  and 10} 8

10" ! MeV/fm? are presented in Fig. 4. The solid line at low

values of the excitation energg*/A corresponds to the 8l

heating of the degenerate Fermi liquid wii/A~T2. The
solid line at high excitation energg* /A describes the clas-
sical Boltzmann’s gas witlE*/A=(3/2)T. The region of
two phase coexistence is displayed by the dashed line. Th
caloric curve is a continuous function &*/A and has a
break in its derivative at two points connecting the two-phase
region with the corresponding single-phase regions. As seel
from Fig. 4, the plateau region corresponds to the two-phast
region. A small increase of the dashed line withis due to
the motion along the boiling path AD in Fig. 2. The value of
the plateau temperature increases with the increase of pres-
sure. Experimental observations show a nearly flat caloric FiG. 6. Caloric curves for the isobaric heating in the case when
curve with a temperature of about 7 M¢¥7]. If one could  vapor is being taken away from liquidegime ). Calculations pre-
assume the process of isobaric heating for the description Gknted for values of pressure 0 MeV/fm?® (a), 1072 MeV/fm®

the experimental data, the order of magnitude of the pressur®), and 10* MeV/fm® (c).

T (MeV)

E' /A (MeV)
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from Fig. 6 that the value of the external pressure does ndfyre P> pgym), the process of boiling leads to the very

change the shape of the caloric curve calculated for regime kpecific effect of a retrograde condensation with growing
Only the interval ofE*/A is sensitive to the value of the temperatureT, see Fig. 3.

pressure. We have shown in Figs. 4 and 5 that the caloric curve for

the process of isobaric heating of the asymmetric nuclear

V. SUMMARY matter contains a plateau region where both the liquid and

the saturated vapor phases co-exist. The position of the pla-

StafFi”Q .from .the temperature dependent Thomas-Fernlleau region on the caloric curve depends on the pres3yre
approximation with the effective SkM force, we have evalu—and is almost insensitive to a change in the asymmetry pa-

ated the three-dimensionaP(T,X) surface of equilibrium rameterX. As can be seen from Fig. 5, the shape of the

of th? asymmetric nuclear matter. The,T,X) surface of . caloric curve is significantly changed with asymmetry. At
equilibrium contains two sheets that correspond to the boily,, asymmetry the two-phase region of the caloric curve is
ing and _the_ condensation. BOth Sheets com_c_lde along thFﬁatter. We pointed out that the experimental observation of
azeotropic line and along the line of the critical pressure

marked byC in Fig. 1. In general, the vapor asymmenye? he saturation of the caloric curve at temperature of about 7

. A MeV is obtained in our approach as an isobaric boiling of the
on the surface of condensation exceeds significantly the cofy | oo, liquid at the pressuf.,~102 MeV/fm3. Note
responding liquid asymmetrX' (at X'4-0) lying on the however, that the effects of rflxjtclear surface and Cou'lomb
surface of boiling. This is due to the fact that the isospin '

symmetry energy causes a preferable emission of neutroninteraction are not included in our study. The asymmetry
vap il-
The surface of equilibrium is restricted by the drip litliee Sarameterx of the vapor phase decreases along the boll

B in Fig. 1) where one hag..= 0. The @.T.X)surface of ing path of the caloric curvédashed line in Figs. 4 and.5

equilibrium in Fig. 1 shows also that the hot nuclear matterThus’ the present model predicts an increase of the yield of
) . ‘ . h mmetric cl r h ndensation of the vapor ph
exists(in a bound stateat higher asymmetry than the cold the symmetric clusters at the condensation of the vapor phase

: ; with an increase of the excitation enerfg{y/A in the plateau
one due to the increase of the symmetry energy with temfegion of the caloric curve.

perature.

Our analysis of the isobaricT(X) phase diagramsgsee
Figs. 2 and B shows that the process of isobaric boiling of
the asymmetric nuclear matter depends on the value of the
fixed pressureP.,. In the case of enough low pressure  This work was supported in part by the U.S. Department
Pey< P&YM=0.2109 MeV/fnt the (T,X) diagram contains of Energy under Grant No. FG03-93ER40773. We are grate-
the point of equal concentratiok=0 and the process of ful for this financial support. One of u§.M.K.) thanks the
boiling is accompanied by a decrease of the vapor asymmésyclotron Institute at Texas A&M University for the kind
try with increasing temperatur€. In the case of high pres- hospitality.
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