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Liquid-gas phase transition and instabilities in two-component systems
with asymmetric interaction
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The liquid-gas phase transition and associated instability in two component systems are investigated using a
mean field theory. The importance of the roles of both the Coulomb force and the symmetry energy terms are
studied. The addition of the Coulomb terms brings asymmetry into a mean field interaction and thus results in
important differences with previous approaches, which did not include such terms. The asymmetric Coulomb
effects modify the chemical instability and mechanical instability domains shifting many features, such as the
line of equal concentration and the contact line of chemical and mechanical instability boundary, away from
proton fraction pointy=1/2 to a value closer to the valley @ stability. Thus, isospin fractionization is
somewhat moderated by the presence of the Coulomb force. These features and characteristics of phase
transition away fromg3 stability are discussed in detail.
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Thermodynamic properties of two and, more generallymanifest itself as an isospin distillation or fractionization as
multicomponent systems are of interest in many areas afeported in Refs[8,9] where the gas phase is enriched in
physics. For example, binary systems of two components aneeutrons relative to the liquid phase. Such observations sug-
encountered in nuclei where the two components are newgest that neutron diffusion occurs at the same rate or is more
trons and protons. In fact, nuclei offer an interesting situatiorrapid than fragment production. These observations are
where volume, surface, symmetry energy, and Coulombibdased solely on symmetry energy effects, which make the
asymmetric terms are simultaneously present. While lightiquid phase more symmetric, with the role of the Coulomb
nuclei haveN=2Z, heavy nuclei haveN>Z, and systems interaction not included. Extensions by Coloretaal.[10] to
with large neutron excess such as neutron stars exist in afinite nuclei show that Coulomb and surface effects reduce
trophysics. In condensed matter physics, two-componeritistability regions. A similar reduction was previously found
systems appear in liquidHe where the two-components are With respect to the binodal surface by the present au{ldrs
spin-up and spin-down fluids. Other two-component systemwhich showed that the Coulomb force reduces the binodal
are binary alloys. Such two-component systems contain aurface to smaller one while the surface effect shifts the bi-
more complex phase structure than one-component systemdal surface down to lower pressure. The results of Colonna
This paper is an extension of previous work concerning theet al. also show that octupolar modes are very important and
nuclear case, which was discussed from both the fragmentalominate the development of the instability. The importance
tion point of view[1—3] and a mean field picturé4]. Inthe  of Coulomb effects driven bg? terms versus symmetry en-
mean field picture we studied the phase surface associatedgy effects arising fromN—Z)? terms can be seen by just
with the liquid-gas phase transition incorporating the role oflooking at the most stable nucleus for a givAnUsing a
surface and Coulomb effecfd]. Previous mean studi¢§] liquid drop model, theZ with the smallest mass or greatest
of two-component systems were investigations of the role obinding energy B stability) is given by Z=(A/2)/(1
the symmetry energy on the phase structure of the liquid-gas B,A?¥4B,), where B, is the Coulomb coefficient
phase transition. While the symmetry energy plays an imporB.Z?/A'® and By is the symmetry energy coefficieBt(N
tant role in governing the proton/neutron ratios in the liquid—Z)2/A. When the Coulomb interaction is turned off,is
and gas phases, favoring more symmetric systems in the liggimply A/2. Moreover, the Coulomb interaction was shown
uid phase than the gas pha@sospin fractionization the [2] to have a very dramatic effect on the specific heat asso-
effects of both the Coulomb interaction and the surface eneiated with a first-order liquid-gas phase transition, substan-
ergy were also shown to be important. This was first dis+ially reducing the peak previously reported in RE8],
cussed in Refd2,4] and more recently in Ref6]. Here, we  where surface energy effects associated with one-component
will focus on the stability, metastability, and instability of systems played the dominant role. Furthermore, the Coulomb
asymmetric systems of protons and neutrons. Such systenfsrce introduced another pair of coexistence densities having
are of interest for radioactive beams studies that can be usédrger proton concentration in the gas phase than in the liquid
to explore nuclei at the limits of isospin asymmetry. In aphase due to its asymmetry in the mean field interadidn
recent paper, Barapt al. [7] have pointed out some new We study, in this paper, the effects of Coulombic asymmetric
effects associated with two-component systems where a neinteraction to the chemical and mechanical instability for
kind of liquid-gas phase transition associated with chemicatwo-component system with the interaction energy density of
instability may appear. This new type of transition maythe form
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U(p)=—app’+asp’+ag(2y—1)*p*+Cy’p* (1)

with y the proton fraction. The third term is the symmetry

energy which is zero for symmetric systenys<(1/2) and the
last term is the asymmetric Coulomb interaction.

In symmetric systems, mechanical
dP/dp<0 and chemical instability fromdu/dp<0 at a

instability from
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(%) :%) +(%) (d_P) L@
dy P,T dy p,T dp y, T dy P,T

Combining Eqs(3) and(4), we can write  P/dp), 1 as

—(dP/dy), r(dpq/dp)y 7

®

dpP
fixed T are simply related since (%) y'T_(dMq/dy)P,T_(dMq/dy)p,T.

Ndu=—SdT+VdP, (2
where i is the chemical potentiak is the entropyP is the
pressureN is the number of particles, andis the tempera-
ture. Thuspdu/dp=dP/dp at a fixedT and the boundaries
of both instabilities are common witdu/dp=dP/dp=0.

Since duq/dy), 7 is finite, singularities in §uq/dy)p 1
(chemical instability give rise to zeroes indP/dp), 1. The
zeroes of (P/dp), t form the spinodal surface, boundary
for mechanical instability region. In two-component systems,
mechanical and chemical instability regions are separated for
asymmetric cases. Using E¢B), the chemical instability

The coexistence curve of the Maxwell pressBreersus den- . .
. . . - boundary[ (duq/dy)p t=0], determined by setting E¢4)
sity p or volumeV is determined by the equality of the equal to 0, is obtained from

pressure and chemical potentials between the liquid and the

gas phases at the sameln the region between the spinoidal dP dP du./d
curve determined by the instability line and the coexistence (— - (-) (duqldplyy 6)
line, there are metastable regions of supercooled liquid and dp y.T dy p,T(dMq/dy)p'T

superheated gas where nucleation processes can [ddcur
13]. The following features should be noted. First, mechanical
In two-component systems, the coexistence line of a one€quilibrium[(dP/dp), = 0] is determined by the condition
component system now becomes a Surfacdq'ry('r)’ with that the left-hand side of this equation is 0. ThUS, the me-
y the proton fraction. This surface has several new element&hanical and chemical instability boundaries are the same
associated with it, which are not present in one-componenthen @P/dy), =0 since @uq/dy),#0 here. Due to
systems. For example, the isolated critical point of a oneEd. (3), (dp/dy)p =0 too when @P/dy), =0 except on
component system now becomes a line of critical points witithe mechanical instability boundary. This condition is also
y=1/2 the critical point of a one-component system. Asso-l€lated to the equal concentratipg of liquid and gas phases
ciated with this surface is also a line of maximal asymmetryon the coexistence surfapé]. For systems without Coulomb
in the proton/neutron ratio and a line of equal concentratiod€rms, or more generally, any asymmetric term which favors
ye(T) in liquid and gas phasdd,5]. The intersection of this One-component over another, this occurggzt 1/2. Second,
(P,y,T) with a plane at a fixed leads to loops oP versus  for chemical equilibrium, the right-hand side can be obtained
y as shown in Fig. 4 of Ref4]. The chemical potentiala, ~ from the equation of state=P(p,y,T) and the behavior of
and u,, versusy at fixed T and P also have interesting be- the proton or neutron chemical potentigig= xq(p,y,T). q
havior as shown in Fig. 3 of Ref4]. For a two-component will distinguish one-component from the other, and, in par-
system, Eq(2) is replaced by ticular, the neutron results from the proton results for the

nuclear case. We will use E) to explore the boundary of
y(dup/dp)+(1—y)(du,/dp)=(1/p)(dP/dp), chemical equilibrium.

To keep equations simple in the discussions of various
y(dup/dy)+(1=y)(du,/dy)=(1/p)(dP/dy). new features in the two-component system with the asym-
] . i ) metric interaction energy given by EL), we will drop the
In first equationy and_T are held_flxed, and mlsecond equa- degeneracy corrections. However, these are included in the
the spinoidal instability region and its associated surface ifresented here. In this limitP=pT—ag(y)p?+2asp®

(P.y,T). _ _ N _ +Cy?p? where we have followed the notation of Rgf1]
Some properties of the instability region can best be anayith p now generalized to the case of asymmetric systems.

lyzed using some thermodynamic identities. We first not L _ r2y1
that the pressure and the chemical potentials are usually wr(in_t[he generalization changedy to ao(y)=asl1-(5)(z

ten as functions op, y, andT; P(p,y,T) and uq(p.y.T). +X0)(2y—1)%] with ag=—(3)to and az=t/16. Then,
One important identity arises from the equation of state (dP/dp), =0 at

=P(p,y,T), which gives
&, 15,/ 15
dp P.T dp y.T dy p.T

for the relation ofy andp at fixedP andT. SinceP, T, y, and

p are connected by an equation of st&p,y,T), we can
write

p+=(a9(y)—Cy*=(ay(y) —Cy?)?—6asT)/(6as).
3

When @?P/dp?), r=0, the two roots are equal at(y)
=[ap(y) —Cy*]/(6az) and arepc(y)=p,=p_=(a(y)
—Cy?)/(6a3). At this point, the pressure B.(y)=(aq(y)
—Cy?)%/(1083). Under the same limits, the chemical po-
tentials are given by
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7T 0.6 T T 0.6 — chemical potentials as a functign,= uq(P,y,T). Bound-
0.4 " Y | o4l P (MeV/fm®) | 04 [ P (MeV/fm’) aries of the chemical instability region can also be deter-
oz | N ] a2k o L mined using the conditiodu,/dy=0 at constanf andP.
. vz N - = Substituting the simplified equation of state and expression
0.2 4 0 Pt 0 t o . L. .
- for the chemical potential into E@6) leads to a cubic equa-
; 2T 171 1 tion cgp3+cp?Hciptco=0 with c3=[32(%+Xo)a0
0 L L -0.4 L L -0.4 L L
PR ° +12CJagy(1-y),  cp=6asT—[(¥)(3+x0)ag+($)(1
ouh "l /Y0 ~x)aCly(1-y), &=~ (4)(1~x0)ap+2Cy]T, andc
| / | o2l / \ ) =T2. Chemical instability occurs when three real roots exist,
- / 0 /& . \ two of which will be positive, one negative. One negative
‘ 1 i A root is present becausg /c5 is positive. When Coulomb
\ S —02 K . effects are turned off §=0), aty=1/2, the two positive
° " oos o3 04— o 04— solutlons_ are the same as that for m(_achaplcal {r?stabmty.
) . ) . When vy is no longer 1/2, the mechanical instability and
Density, p(fm™) Density, p(fm™) y chemical instability regions are no longer the same. This

result is shown in the lower part of Figs. 1 and 2 for various
curve instability curves at temperaturé=10 MeV with (upper chope; ofy. It ShOUId.also be. hoted, foE=0, .that the
boxes and without(lower boxe$ Coulomb effects arising from a Co_efﬂClents of the Cu_b'c equaF'O” have a cer_taln symmetry
R=8 fm uniform sphere. The dashed curves are the coexistenc@fiSing from the form iry which isy(1-y), i.e., interchang-
curve atT=10 MeV. The dotted curves are fodg,/dp),+=0 NGy (protons and 1-y (neutrong leaves the solution in-

and the dash-dotted curves are fdy(, /dp), +=0. The equal con- val_’iant [see_ curves forduq/dp)y 7=0 in Fig_s. 1 an_d ?
centrationyz=0.4256 atT =10 MeV. The curves are the constant This result is no longer true when Coulomb interactions are

T plane cuts of the corresponding surfaces fny(T) space(left  included.

FIG. 1. Chemicalthick solid curve and mechanica(thin solid

column), in (p,P,T) space(center columph and in P,y,T) space We now turn our attention to the simple equation of state
(right column). andug, but now with asymmetric Coulomb effects included
(C#0) in a simplified form which will illustrate its qualita-
mg=T IN[(N3/y)(pl2+ (2y—1)p/2)]— 2ap+ 3agp? tive effects. The calculations shown in Figs. 1 and 2 use Egs.
(63) and (54) of Ref. [4] for u, and P with degeneracy
* (413 (1/2+x0)ag(2y—1)p+ (1= 1)Cyp correction representing a first-order quantal effect. The mean

field force parameters are the same as used in[Rpéxcept

with the upper sign for protons and the lower sign for neu-¢, using C<=0 (surface termand using a larger radiu®

tro_ns andyfz for the spin-up and spin-dowr_l degeneracies.zg fm for a largerC (Coulomb term. C, which depends on

This equation foruq=u4(p,y,T) when combined with the  p g taien to be a constant. For this choice, we can consider

equation of stateP(p,y,T) can be used to calculate the g 55 g effective range of the Coulomb force, which is now
% independent of the density. This leads to a Coulomb interac-

C codtomb | C codomb T T ewems]  tion that depends on the square of the proton density. This

y=05 | y=0.4256]  y=035 ] simplification reduces the complexity of many results. To

1 I ] make the Coulomb effects more visible in our figufEfys.

I I v ' ] 1 and 3, we use a large value @=231 MeV/fnT which is

>

é", [ I. . ] appropriate for systems near U. Smaller systems will have a
- T '__',-' ol ! ] smallerC. Also, the valley ofB stability is closer to the equal

g - /' concentration line for smaller systems.

‘g ".‘No Coul ¢ No, Coul Some qualitative features of the effects of such a Cou-
& 1 y=0423eL y=0.35 lomb behavior are the followin¢see Figs. 1 and 2 also

@ L (1) The mechanicalthin solid line and chemicalthick

- solid ling) instability curves are the same whedR/dy),
.1 =0 which occurs atyg=0.5/(1+C/[(2)(3+Xo)a,]) and
i thus no longer ayg=0.5 whenC+#0. This equation for the
proton concentration ofg, which is on the line of equal
Density, p(fm™>) concentration on the coexistence surf§é¢ has a similar
structure to the equation that gives tavhich has the maxi-
Fum binding energy at a fixed (valley of 8 stability) ob-
tained from the liquid drop mass formulas or from E§5)

f Ref. [4]. With higher-orderT dependence coming from

'...........'...l..l.
0 0.05 0.1 0 0.05

1, T
0.1

FIG. 2. The temperature dependence of the chemical and m
chanical instability curves at a fixed proton concentratyormhe
curves here are the constgnplane cuts of the corresponding sur-
faces in p,y,T) space. The curves are the same as in Fig. 1 excep g
the dashed curves. With the temperature dependent equal conc G_)generalcy correctionyg depend§ -onT ar)d yE_:0'4256
tration ye(T), all the curves coincide as shown by a dashed linefof Xo=3z at T=10 MeV. Explicitly, with first-order
here[note here thayg(T) = 1/2 without Coulomb forcg degeneracy  corrections, ye=0.5(1+C/[(2)(3 +Xo)ap
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+TA\%/(242%)]). The curves of §uq/dp), +=0 also coin- mostly a mechanical phase transition rather than a chemical
cide with the instability boundary & . While all the curves  Phase transition. Radioactive beam with more protons than in
coincide aty=1 (without Coulomb as shown in the lower B stable nuclei diffuses protons dominantly making the pro-

left box of Fig. 2, the top middle box of Fig. 2 with Coulomb ton fraction smaller in the liquid phase, while nuclei with

o - 2 . more neutrons than i stable nuclei diffuse neutrons domi-
(even though it is hard to distinguiskexhibits a separation nantly leaving a bigger proton fraction in the liquid.

between these curves for a fixge- 0.4256 due to the tem— In summary, we have presented calculations based on a

perature dependence of(T). All the four surfaces in  mean field theory with asymmetry, which include the role of

(p.y,T) space coincide at the line of temperature dependentoulomb force on the liquid-gas phase instability regions for

ye(T) and that the mechanical instability surface is inside ofboth the mechanicdbpinoda) surface and the chemicalif-

the chemical instability surface. fusive) surface. The asymmetric Coulomb force modifies
(2) For both larger and smaller values pfrom yg, the these surfaces so that their peaks are no longer at proton

mechanical instability boundarighin solid line is inside of  fractiony=1/2 but shifted to a smaller value callgd which

the chemical instability regiorithick solid line and these is close to the proton fraction in the valley Bfstability. The

coincide atyg(T) (Fig. 1 and upper middle box of Fig).2 robustness of the isospin fractionization is somewhat moder-

Upper part of F|g 2 and upper left box of F|g 1 also ShowatEd by the presence of the Coulomb force. The mechanical

that the roles of du,/dp), r=0 and @u,/dp), =0 are instability surface is always inside the chemical instability

exchanged whery crossesyE. The mechanical instability surfac_e, meaning that the diffusive phemlcal transition occurs

has its peak inT versus p at TP(y)=[ao—(2/3)(L/2 even in a mechanically stable region. The two surfaces are

2 212 o 0 the same at the equal concentratign(allowing for a quan-

+Xg)a9(2y—1)°—Cy“]“/(6a3), which is maximum aty g . .

N e 4 S . tal T dependence ilyg). At yg, the peaks in the chemical

=Ye and coque with phemlcal |n§tab|llty e . instability surface and binodal equilibrium surface also coin-
& The_ maX|m.u_m.cr|t|caI'|'C obtained from the peak in cide. For systems witly#yg, the peaks in th& versusp

the chemical equilibrium surface df versusp occurs aty

. . = : curve for chemical instability and chemical equilibrium—
#0.5, but is now shifted toy=yg(T). The coexistence pinq4a| or coexistence curve—coincide, but the peak for me-

boundary coincides with the chemical instability boundary aty,apical or spinodal instability is below that of the other two.
the line of critical pomtsyC(T)_ (peaks in Fig. 1_for ar A y=VYe, a phase transition in a two-component system
=10 MeV plane cut but not with the mechanical instability |,opaves the same as a one-component system, keeping the

bOL(LT)dZ:y' —ye(T), the equilibrium curve or binodal curve proton-fraction alye in both phases during the (lantir.e trgns-
y=Yell), q formation. For a system witly<yg, neutron diffusion is

of P versusy obtained by cutting the binodal surface at ajyq4rtant, while proton diffusion dominates for a system
grllvenT meets at a point, 1.e., the :;qu'i a?(jRgaZ ph\?vshes hav\‘?(/ith y>Yye . Rare isotope accelerators have the possibility of
the same proton concentratiggee g. 4 0 eff ]_)' en studying some of these features. Finally, finite nuclei offer
Coulomb effects are turned off, the binodal section meets af,, possibility of studying phase transitions in two-

y=1/2. Aty=ye(T) With Coulomb effects included a two- component systems where volume, surface, symmetry en-
component system will beha"‘? as a one-component syste rgy, asymmetric or Coulomb energy, and quantal effects
keeping the proton/neutron ratio the same in both liquid an lay an important role. Such studies give additional informa-

gas phases. These rgsult_s |nd|catg that a SI.O_WIV e>§pand| Bn about the general behavior of these transitions. We have
system reaches the diffusive chemical instability region beyie 1o show these features in a simplified analytic model,

fore reaching the mechanical instability region except for th%here isospin symmetries and isospin invariange(

case of proton concentratiofg . If the system has a proton —y) are broken in a transparent way with an asymmetric
concentration smaller thar , then neutron diffusion occurs, Coulomb interaction

while proton diffusion occurs for a system wigh>yc . If the

system has a proton fraction p§, then the phase transition  This work was supported in part by the DOE Grant No.
is purely mechanical without chemical diffusion. Since theDE-FG02-96ER-40987 and in part by Grant No. R05-2001-
equal concentratioge is similar to the proton concentration 000-00097-0 from the Basic Research Program of the Korea
for the valley off3 stability, 8 stable nuclei would experience Science and Engineering Foundation.
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