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THERMOSTATISTICAL PROPERTIESOF NUCLEAR MATTER AND THE NUCLEARLIQUID�GAS PHASE TRANSITIONS. HaddadPhysi
s Department, Atomi
 Energy Commission of SyriaP.O.BOX 6091, Damas
us, Syria(Re
eived O
tober 26, 2000)Thermostatisti
al properties of symmetri
 and asymmetri
 nu
lear mat-ter are studied in the framework of the relativisti
 mean �eld theory at a�nite temperature. The statisti
al des
ription via the grand
anoni
al po-tential produ
es an equation of state, whi
h des
ribes the nu
lear liquid-gasphase transition as �rst order. The transition o

urs at an ex
itation energyof 15�16 MeV per nu
leon, and a density of 0.3�0.4 symmetri
 matter satu-ration density. This result is in a

ordan
e with the results of experimentalobservations of fragment distributions in heavy-ion 
ollisions.PACS numbers: 21.65.+f, 05.70.Ce, 25.70.Pq, 05.70.Fh1. Introdu
tionIntensive experimental and theoreti
al investigations in heavy-ion rea
-tions at energies ranging from a few tens to a few hundreds of MeV per nu-
leon revealed that the breakup of nu
lear systems into 
omplex fragments(Z � 3) is the most important rea
tion me
hanism [1℄. The basi
 feature isthe possibility of a liquid-gas phase transition in nu
lear matter [2℄.Considerations based on an appre
iable amount of experimental dataindi
ate that the me
hanisms responsible for the breakup of nu
lear matterinto 
omplex fragments are of statisti
al nature, i.e., the relative fragmentsmultipli
ities depend only on the ex
itation energy of the system, beingindependent on the 
olliding nu
lei and bombarding energy [1℄.In this work thermostatisti
al properties of symmetri
 and asymmetri
nu
lear matter are studied in the s
heme of the Relativisti
 Mean Field the-ory (RMF) at a �nite temperature. With a very limited number of param-eters, RMF theory is able to give a quantitative des
ription of ground-stateproperties of spheri
al and deformed nu
lei at and away from the stabilityline [3℄. (1333)



1334 S. HaddadA brief review of the relativisti
 mean �eld theory is provided in Se
-tion 2. In se
tion 3 the statisti
al des
ription of the thermal properties ofnu
lear matter via the grand
anoni
al potential is used to derive the Equa-tion of State (EOS), and to des
ribe the nu
lear liquid-gas phase transition.The main results are summarized in Se
tion 4.2. Relativisti
 mean �eld theoryIn the relativisti
 mean �eld theory (RMF) with �, !, and � mesons [4℄the self-energy � has the form:� = �s + 
0�0 ; (1)and is given by the sum of the 
ontributions of the three mesons:�(�)s = � g2�m2� �s � g2m2�g� ��(�)s �2 � g3m2�g2� ��(�)s �3 ; (2)�(!)0 = + g2!m2! �B ; (3)and: �(�)0 = �3 g2�m2� (�p � �n) : (4)�3 = +1 for protons and �1 for neutrons. gi and mi (i = �; !; �) are the
oupling 
onstant and the mass of the i-meson. g2 and g3 are the 
onstantsof the non-linear 
oupling.At a �nite temperature T (� = 1=T ) the s
alar density �s and the baryondensity �B are given by [5℄:�s = 1�2 1Z0 p2dp M"(p) (f�(p) + f+(p)) ; (5)�B = 1�2 1Z0 p2dp (f�(p)� f+(p)) ; (6)with: f�(p) = �e�("(p)+�0��) + 1��1 ; (7)f+(p) = �e�("(p)��0+�) + 1��1 ; (8)"(p) = �p2 +M2�1=2 ; (9)M = mN +�s ; (10)mN is the mass of the nu
leon.



Thermostatisti
al Properties of Nu
lear Matter : : : 1335Given the baryon density �B, the 
hemi
al potential � is determinedfrom Eq. (6).The proton density �p and the neutron density �n are the positive andthe negative isospin 
omponents of the baryon density �B = �p + �n, andthe asymmetry parameter Æ is de�ned by:Æ = (�n � �p)�B : (11)The energy density is given by [6℄:e = �v + �mN + 12�s� �s + 12�0�B� 16g2��sg� �3 � 14g3��sg� �4 ; (12)with: �v = 1�2 1Z0 p4dp 1"(p) (f�(p) + f+(p)) : (13)The energy per nu
leon is given by:�EA� (�B ; Æ; T ) = e�B : (14)The entropy per parti
le is given by [5℄:� = �1�2�B 1Z0 p2dp [f�(p) ln f�(p) + f+(p) ln f+(p)+ (1� f�(p)) ln (1� f�(p))+ (1� f+(p)) ln (1� f+(p))℄ : (15)TABLE IParameter set NL3 and nu
lear matter saturation properties. �0 is the saturationdensity, av the saturation energy per parti
le (volume energy), a4 the symmetryenergy, and M the redu
ed mass at saturation density.Meson � ! �mi (MeV) 508.194 782.501 763gi 10.217 12.868 4.474g2(fm�1) �10.431g3 �28.885�0(fm�3) av (MeV) a4 (MeV) M=mN0.148 �16.299 37.4 0.60



1336 S. HaddadIn this work, relativisti
 mean �eld 
al
ulations are 
arried out using theparameter set NL3 of Ref. [3℄, whi
h is given in Table I, together with thesaturation properties of nu
lear matter it produ
es.3. Liquid-gas phase transition in the nu
lear equation of stateFigure 1 shows the 
hange of nu
leon energy with in
reasing temperaturefor symmetri
 matter. The one-nu
leon ex
itation energy is de�ned as thedi�eren
e between the nu
leon energy at T and its ground-state energy:E�A (�B ; Æ; T ) = EA (�B ; Æ; T ) � EA (�B ; Æ; T = 0) : (16)It 
an be inferred from �gure 1 that at a given temperature T , the one-nu
leon ex
itation energy is higher at lower densities. This is in a

ordan
ewith the non-relativisti
 results of Ref. [7℄.

Fig. 1. Change of nu
leon energy with in
reasing temperature for symmetri
 mat-ter.The thermodynami
al properties of a system 
an be obtained by meansof the grand
anoni
al potential density:!(T; �) = e� ��B � T��B : (17)The last term in
ludes �B , sin
e � was de�ned in Eq. (15) as the entropyper parti
le. ��B is therefor the entropy density.



Thermostatisti
al Properties of Nu
lear Matter : : : 1337Sin
e pressure is given by [8℄:p = ��
�V = �! ; (18)where 
 is the grand
anoni
al potential, and sin
e at a given temperatureT the 
hemi
al potential �, the energy density e, and the entropy density��B are all given as a fun
tion of �B and Æ, we re
eive the nu
lear matterequation of state:p(�B ; Æ; T ) = T�B�(�B ; Æ; T ) + �B�(�B ; Æ; T ) � e(�B ; Æ; T ) : (19)The basi
 feature observed in heavy-ion rea
tions at energies ranging from afew tens to a few hundreds of MeV per nu
leon is the possibility of a liquid-gas phase transition in nu
lear matter [2℄. A 
lear signal of liquid-gas phasetransition in nu
lei is hinted at from the experimental 
alori
 
urve obtainedin Au + Au 
ollisions at 600 A MeV [9℄. In the ex
itation energy range of4�10 MeV per parti
le, the temperature T is found to be almost 
onstant ata value of T � 5 MeV. The ex
itation energy range, over whi
h T remains
onstant, 
ould be termed as the latent heat of vaporization.Investigations of the nu
lear liquid-gas phase transition through heavy-ion rea
tions are based on three assumptions, whi
h are not 
on�rmed. The�rst assumption is that equilibrium thermodynami
s is appli
able for su
ha small system of a few hundred nu
leons. The se
ond is that a thermalizeduniform system is formed before multifragmentation takes pla
e. And thethird is that the fragment distribution is dire
tly related to the state of thethermalized uniform system before it breaks up.Based on these assumptions, 
anoni
al ensemble models may be used inorder to des
ribe nu
lear multifragmentation phenomena [10℄. The main in-gredient in the present analysis is the nu
lear equation of state, based on therelativisti
 mean �eld theory. The mean �eld approximation is thermody-nami
ally 
onsistent, i.e., it satis�es the relevant thermodynami
 identitiesand the virial theorem [2℄, and a possible relation of the liquid-gas phasetransition in the nu
lear equation of state to the a
tual phase transitionobserved in heavy-ion rea
tions may be assumed. Although su
h analysisoversimpli�es the problem, it provides a 
on
rete des
ription of the phasetransition pro
ess in terms of a 
riti
al point, at whi
h the transition o
-
urs [2, 10, 11℄.Two remarks should be added at this stage. The �rst 
on
erns the use ofmore advan
ed approa
hes than the RMF for the study of the nu
lear liquid-gas phase transition. For example, the use of the Relativisti
 Brue
kner�Hartree�Fo
k approa
h [11℄. Cal
ulating RBHF at a �nite temperature isnumeri
ally not an easy task. Furthermore, 
orrelation e�e
ts disappear



1338 S. Haddadbeyond T � 3 MeV. There is no need to do RBHF 
al
ulations in orderto study the liquid-gas phase transition, whi
h o

urs at a mu
h highertemperature. RMF is suitable for the study of phase transitions in nu
learmatter.The se
ond remark 
on
erns relativisti
 dynami
al 
al
ulations, wherethe transition is des
ribed as two-dimensional in the 
ase of asymmetri
nu
lear matter [2℄. Ref. [2℄ assigns ea
h phase a di�erent asymmetry dueto di�erent dynami
s, adding an extra degree of freedom. In the statisti
al
al
ulations presented, the asymmetry is �xed, i.e., has the same value forboth phases. The e�e
ts of allowing gas and liquid phases to have di�erentasymmetry values on the transition will be dis
ussed at the end of thisse
tion.Figure 2 shows the pressure as a fun
tion of baryon density at di�erenttemperatures for symmetri
 matter. Figure 2 indi
ates the o

urren
e of aphase transition at a temperature 
lose to 15 MeV.

Fig. 2. Pressure as a fun
tion of density at di�erent temperatures for symmetri
matter.The 
riti
al temperature T
 of the nu
lear liquid-gas phase transition isdetermined within �0:5MeV. The 
riti
al density �
 is the density, where thefun
tion p(�B ; T
) has its turning point, and is determined within�0:01fm�3.The 
riti
al pressure p
 is the pressure at �
 and T
, and is determined within�0:05MeV=fm3. The one-nu
leon 
riti
al ex
itation energy E�
 =A is the one-nu
leon ex
itation energy at the 
riti
al point, and is determined within



Thermostatisti
al Properties of Nu
lear Matter : : : 1339�0:5 MeV. Table II lists the 
riti
al properties observed for di�erent valuesof the asymmetry parameter. Noti
e the de
rease of all 
riti
al quantitieswith in
reasing asymmetry. This is in a

ordan
e with non-relativisti
 [7℄and relativisti
 dynami
al [2℄ results. TABLE IICriti
al properties observed using the parameter set NL3 of Table I for di�erentvalues of the asymmetry parameter Æ. T
 is the 
riti
al temperature, �
 the 
riti
aldensity, p
 the 
riti
al pressure, and E�
 =A the 
riti
al ex
itation energy per parti
le.Æ = 0:0 Æ = 0:2 Æ = 0:5T
 (MeV) 15.0 14.0 11.5�
(1=fm3) 0.05 0.05 0.04p
(MeV=fm3) 0.20 0.20 0.15E�
 =A (MeV) 15.5 14.5 11.0The phase transition o

urs at an ex
itation energy of 15�16 MeV pernu
leon for symmetri
 matter, and a density of 0.3�0.4 nu
lear matter sat-uration density. To 
ompare this results with the experimental values ofRef. [9℄, i.e., ex
itation energy of 10 MeV per nu
leon and a density of0.15�0.30 normal nu
lear density, one should noti
e that �nite nu
lei are
omposed of a limited number of nu
leons. This has a broadening e�e
t onthe phase transition, whi
h results in a redu
tion of the 
riti
al temperature.Furthermore, �nite nu
lei are not surrounded by an external pressure �eld,and will expand prior to their disassembly. This results in a redu
tion of
riti
al density.Beyond the 
riti
al temperature, nu
leon�nu
leon for
es are no moreable to a�e
t the thermal behavior of the nu
leons. The pressure growsmonotoni
ally with density. For neutron matter this is the 
ase even atT = 0. The liquid-gas phase transition 
annot be observed in the 
ase ofneutron matter, i.e., neutron matter is stable against the transition. Thisresult is identi
al with the result of the dynami
al 
al
ulations of Ref. [2℄.A maximum value of the asymmetry parameter Æmax exists, 
a. 0:9, beyondwhi
h nu
lear matter is stable against the transition.Figure 3 shows the one-nu
leon entropy as a fun
tion of temperature un-der 
onstant pressure. To 
larify the results, �=T is depi
ted. The transitionis �rst order. Amount of latent heat:QL = T
 �� (20)has to be transferred to the system during the transition, where �� is theentropy 
hange at the 
riti
al temperature. Figures 4 and 5 show that the



1340 S. Haddadtransition is �rst order in the 
ase of asymmetri
 matter too. Allowing gasand liquid phases to have di�erent asymmetry values, as done in Ref. [2℄,smears the S-shaped 
urves seen in �gures 4 and 5, leading to a se
ond ordertransition in the 
ase of asymmetri
 nu
lear matter.
Fig. 3. Spe
i�
 entropy as a fun
tion of temperature under 
onstant pressure forsymmetri
 matter. To 
larify the results, �=T is depi
ted.

Fig. 4. Similar to �gure 5, but for Æ = 0:2.

Fig. 5. Similar to �gure 5, but for Æ = 0:5.



Thermostatisti
al Properties of Nu
lear Matter : : : 13414. SummaryAt a given temperature T the one-nu
leon ex
itation energy is higher atlower densities.The statisti
al des
ription via the grand
anoni
al potential is used toderive the nu
lear matter equation of state. The liquid-gas phase transitiono

urs at an ex
itation energy of 15�16 MeV per nu
leon, and a density of0.3�0.4 of symmetri
 matter saturation density, in a

ordan
e with experi-mental observations.All 
riti
al quantities de
rease with in
reasing asymmetry. Neutron mat-ter is stable against the transition. A maximum asymmetry value Æmax exists,beyond whi
h nu
lear matter is stable against the transition.The transition is �rst order for both symmetri
 and asymmetri
 matter.Allowing gas and liquid phases to have di�erent asymmetry values leads toa se
ond order transition in the 
ase of asymmetri
 matter.The author a
knowledges �nan
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 EnergyCommission and its dire
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