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Equation of State of Asymmetric Nuclear Matter and Collisions of Neutron-Rich Nuclei
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The ratio of pre-equilibrium neutrons to protons from collisions of neutron-rich nuclei is studied as
a function of their kinetic energies. This ratio is found to be sensitive to the density dependence
of the nuclear symmetry energy, but is independent of the compressibility of symmetric nuclear
matter and the in-medium nucleon-nucleon cross sections. The experimental measurement of this
ratio thus provides a novel means for determining the nuclear equation of state of asymmetric nuclear
matter. [S0031-9007(97)02535-0]
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Recent advances in radioactive ion beam experime
have opened up a new field of research in nucl
physics (for a recent review, see, e.g., Refs. [1,2]). Th
experiments have already provided useful informati
about the structure of unstable nuclei far from the stabi
valley. However, it has not been generally recogniz
that they are also useful for extracting information on t
equation of state (EOS) of asymmetric nuclear mat
which has not been well determined and is importa
for understanding both the structure of unstable nuc
and the properties of neutron stars. In relativistic me
field (RMF) theory, it has been shown recently th
the nuclear symmetry energy affects significantly t
binding energy and rms radii of neutron-rich nuclei [3
Also, the chemical composition, the evolution of lepto
profiles, and the neutrino fluxes in neutron stars dep
strongly on the nuclear symmetry energy [4]. Mo
important but poorly known is the density dependen
of the nuclear symmetry energy. Better knowledge
this quantity is required to understand both the mat
radii of many neutron-rich isotopes, which has be
found to increase faster thanA1y3 [5], and the central
density of neutron-rich nuclei, which is lower than th
of stable nuclei [6]. In nuclear astrophysics, the dens
dependence of nuclear symmetry energy is crucial
understanding the supernova explosion scenarios and
cooling mechanisms of neutron stars [7,8]. In particul
it determines the equilibrium concentration of protons
a neutron star. If the latter is larger than a critical val
of about 15%, the direct URCA process can happen,
would then enhance neutrino emissions and the neu
star cooling rate [7].

Müller and Serot have recently shown that the asy
metric EOS has quite distinct new features compared
the symmetric one [9]. In particular, in asymmetric n
clear matter the liquid-gas phase transition is second o
rather than first order as in symmetric nuclear matter. F
thermore, the instabilities that produce a liquid-gas ph
separation in asymmetric nuclear matter arise from fl
tuations in the neutron/proton concentration (chemical
stability) instead of arising from fluctuations in the baryo
44 0031-9007y97y78(9)y1644(4)$10.00
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density (mechanical instability) as in symmetric nucle
matter. The latter may be related to the recently o
served isospin dependence of nuclear multifragmentat
in heavy-ion collisions at intermediate energies [10,11].

Presently available radioactive ion beam facilities an
planned isospin laboratories provide the unique oppo
tunity to study experimentally the EOS of asymmetr
nuclear matter. Tanihata has recently proposed extra
ing the EOS of asymmetric nuclear matter by studyin
the properties of neutron-rich nuclei, such as their de
sity distributions, radii, and the thickness of the neutro
skin [6]. In this Letter, we suggest a novel approac
for studying the asymmetric part of the nuclear EOS, i.e
via the ratio of the number of pre-equilibrium neutrons t
that of protonsfRnypsEkind ; dNnydNpg from collisions
of neutron-rich nuclei at intermediate energies. Using
transport model with explicit isospin degrees of freedom
we will show that the ratioRnypsEkind is sensitive to the
density dependence of the symmetry energy, but is alm
independent of the compressibility of symmetric nucle
matter and the in-medium nucleon-nucleon cross sectio

Theoretical studies (e.g., [7,12–17]) have shown th
the EOS of asymmetric nuclear matter can be appro
mately expressed as

Es r, bd  Es r, b  0d 1 Ss rdb2, (1)

wherer  rn 1 rp is the baryon density;b  s rn 2

rpdys rp 1 rnd is the relative neutron excess; an
Es r, b  0d is the energy per particle in symmetric
nuclear matter. The bulk symmetry energy is denot
by Ss rd ; Es r, b  1d 2 Es r, b  0d. Its value
S0 ; Ss r0d at normal nuclear matter density is known t
be in the range of 27–36 MeV [18]. In the nonrelativisti
Hartree-Fock theory (e.g., [19,20]) and the relativist
mean-field theory (e.g., [21–27]), the predicted valu
of S0 are 27–38 and 35–42 MeV, respectively. Also
the density dependence of the symmetry energy var
widely among theoretical studies. Ar2y3 dependence
was obtained by Siemens using the Bethe-Goldsto
theory for asymmetric nuclear matter [12], while th
RMF theory predicts a linear dependence [28,29
© 1997 The American Physical Society
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One of the most sophisticated calculations is that
Wiringa, Fiks, and Fabrocini, using the variation
many-body theory [15]. Different density dependenc
of Ss rd have been found, depending on the nucle
forces used in the calculation. Typical results of the
studies can be parametrized by [16]

Ss rd  s22y3 2 1d
µ

3
5

E0
F

∂
fu2y3 2 Fsudg 1 S0Fsud ,

(2)
with Fsud having one of the following three forms:

F1sud 
2u2

1 1 u
,

F2sud  u , (3)

F3sud  u1y2,

where u ; ryr0 is the reduced baryon density andE0
F

is the Fermi energy. From Eq. (3) the contribution
nuclear interactions to the symmetry energy density c
be obtained, i.e.,

was r, bd  earFsudb2, (4)

whereea ; fsS0 2 s22y3 2 1d s 3
5 E0

Fdg is the contribution
of nuclear interactions to the bulk symmetry energy
normal nuclear matter density. The mean-field potent
for neutrons and protons due to the symmetry energy
then

V ns pd
asy s r, bd  ≠was r, bdy≠rnspd . (5)

To illustrate the magnitude of the symmetry potenti
we show in Fig. 1,V

nspd
asy s r, bd, using the three forms

of Fsud and S0  32 MeV. It is seen that the repulsive
(attractive) mean field for neutrons (protons) depen
sensitively on the form ofFsud, the neutron excessb, and
the baryon densityr. In collisions of neutron-rich nucle
at intermediate energies, bothb andr can be appreciable
in a large space-time region where the isospin-depend
mean fields, which are opposite in sign for neutro
and protons, are strong. This will affect differently th
reaction dynamics of neutrons and protons, leading
possible differences in their yields and energy spec
Since the magnitude of the asymmetric part of the nucl
EOS is small compared to the symmetric part in Eq. (
to extractSs rd requires observables which are sensiti
to the asymmetric part but not the symmetric part of t
nuclear EOS. Also, these observables should not dep
strongly on other factors that affect the reaction dynam
such as the in-medium nucleon-nucleon cross sectio
In the following, we shall demonstrate that the rat
RnypsEkind of pre-equilibrium neutrons to protons from
collisions of neutron-rich nuclei meets these requireme

We shall use an isospin-dependent Boltzmann-Uehli
Uhlenbeck (BUU) transport model (e.g., [30–33]). Th
proton and neutron densities calculated from the n
linear relativistic mean-field theory [25,34] are used
inputs to initialize the BUU model [35,36]. The isospi
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FIG. 1. The symmetry potential for neutrons and proton
corresponding to the three forms ofFsud (see text).

dependence is included in the dynamics through nucleo
nucleon collisions by using isospin-dependent cross s
tions and Pauli blocking factors, the symmetry potenti
V

ns pd
asy s r, bd, and Coulomb potentialV

p
c for protons.

Besides V
ns pd
asy s r, bd and V

p
c the nucleon mean-field

V ns pds r, bd also includes a symmetric term for which we
use a Skyrme parametrization, i.e.,

V ns pds r, bd  as ryr0d 1 bs ryr0ds 1 V p
c

1 V ns pd
asy s r, bd . (6)

In the above, the parametersa, b, and s are deter-
mined by the saturation properties and the compressib
ity K of symmetric nuclear matter [31]. The symmetri
term should also contain a momentum-dependent p
However, it is not essential for the present study as w
will show that the ratio of pre-equilibrium neutrons to
protons from collisions of neutron-rich nuclei is essen
tially independent of the symmetric part of the nuclea
EOS. The isospin-dependent BUU model was used
explain successfully several isospin-dependent pheno
ena in heavy-ion collisions at intermediate energies [3
More recently, the isospin dependence of collective flo
and balance energy predicted in Ref. [36] using this mod
was confirmed experimentally at NSCL/MSU by Pa
et al. [37,38].

We have studied collisions of112Sn 1 112Sn, 124Sn 1
124Sn, and132Sn 1 132Sn reactions at a beam energy o
40 MeVynucleon. The first two reactions have been r
cently studied experimentally at NSCL/MSU by the MSU
Rochester-Washington-Wisconsin Collaboration [10,11
Pre-equilibrium particles were measured in these expe
ments and are now being analyzed [39]. The last sy
tem is included only for the purpose of discussions a
1645
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comparisons. To identify free nucleons from those in clu
ters, we use in our calculations a phase-space coalesce
method at200 fmyc after the initial contact of the two
nuclei, when the quadrupole moment of the nucleon m
mentum distribution in the heavy residue is almost zero,
dicating the approach of thermal equilibrium. A nucleon
considered as free if it is not correlated with other nucleo
within a spatial distance ofnr  3 fm and a momentum
distance ofnp  300 MeVyc. We have checked that the
results are not sensitive to these parameters if they are v
ied by less than 30% around the above values.

We first study the effects of the compressibilityK of
symmetric nuclear matter and the in-medium nucleo
nucleon cross section on the ratioRnypsEkind by dropping
both the Coulomb and symmetry potentials in the BU
model. In Fig. 2 this ratio is shown as a function o
nucleon kinetic energy for central (upper panel) an
peripheral (lower panel) collisions of132Sn 1 132Sn at
a beam energy of 40 MeVynucleon. When varying
the compressibilityK from 210 MeV (open squares) to
380 MeV (filled circles), we find that, although the yield
of both neutrons and protons increase, their ratio rema
almost the same for all impact parameters. This is simp
because the effects of symmetric EOS on both neutro
and protons are identical.

The experimental cross section for neutron-proton col
sions is about three times that for neutron-neutron (proto
proton) collisions in the energy range studied her
Setting the two cross sections equal (fancy squares),
find that the yields and their ratios change by less th
10% even in peripheral collisions of132Sn 1 132Sn. This
result is also easy to understand since both colliding n
cleons have the same probability to gain enough ene
to become unbound [40]. Thus, the in-medium, isospi
dependent nucleon-nucleon cross sections do not aff

FIG. 2. The ratio of pre-equilibrium neutrons to protons a
a function of nucleon kinetic energy for central (upper pane
and peripheral (lower panel) collisions calculated without th
Coulomb and symmetry potentials.
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much the ratioRnypsEkind. It is important to point out
that in the absence of Coulomb and symmetry potent
the ratios are almost independent of the nucleon kine
energy and have a constant value of about2.1 6 0.3 in
both central and peripheral collisions of132Sn 1 132Sn.

Including the Coulomb and the asymmetric term
the EOS in Eq. (6), one can then study the effects
the symmetry energySs rd since the Coulomb effect is
well known. We expect that the symmetry potential w
have the following effects on pre-equilibrium nucleon
First, the symmetry potentialV

ns pd
asy tends to make more

neutrons than protons unbound. One therefore expe
that a stronger symmetry potential leads to a larger ra
of free neutrons to protons. Second, if both neutrons a
protons are already free, the symmetry potential ma
neutrons more energetic than protons. These effects
shown in Fig. 3, where we display the ratios calculat
using the three forms ofFsud for central (left panels)
and peripheral (right panels) collisions of112Sn 1 112Sn,
124Sn 1 124Sn, and 132Sn 1 132Sn, respectively. The
ratios change continuously from central to periphe
collisions; a more detailed study on the impact parame
dependence of the ratioRnypsEkind will be published
elsewhere [41]. The increase of the ratios at lower kine
energies in all cases is due to Coulomb repulsion wh
shifts protons from lower to higher kinetic energie
On the other hand, the different ratios calculated us
differentFsud’s reflect clearly the effect mentioned abov
i.e., with a stronger symmetry potential the ratio of pr
equilibrium neutrons to protons becomes larger for mo
neutron-rich systems.

It is interesting to note that the effects due to differe
symmetry potentials are seen in different kinetic ener

FIG. 3. Same as in Fig. 2 but calculated with both th
Coulomb and symmetry potentials.
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regions for central and peripheral collisions. In centr
collisions, the effects of the symmetry potential are mo
prominent at higher kinetic energies. This is because m
of the finally observed free neutrons and protons are
ready unbound in the early stage of the reaction as a re
of violent nucleon-nucleon collisions. The symmetry po
tential thus affects mainly the nucleon energy spectra
shifting more neutrons to higher kinetic energies with r
spect to protons. In peripheral collisions, however, the
are fewer nucleon-nucleon collisions; whether a nucle
can become unbound depends strongly on its potential
ergy. With a stronger symmetry potential, more neutro
(protons) become unbound (bound) as a result of a stron
symmetry potential, but they generally have smaller kine
energies. Therefore, in peripheral collisions, the effects
the symmetry potential show up chiefly at lower kinet
energies. For the more neutron-rich systems the effect
the symmetry potential are so strong that in central (p
ripheral) collisions different forms ofFsud can be clearly
distinguished from the ratio of pre-equilibrium neutrons
protons at higher (lower) kinetic energies. However, b
cause of energy thresholds of detectors, it is difficult
measure low energy nucleons, especially neutrons. F
thermore, the low energy spectrum also has an apprecia
contribution from equilibrium emissions. Therefore, th
measurement of the ratioRnypsEkind in neutron-rich, cen-
tral heavy-ion collisions, for nucleons with energies high
than about 20 MeV, is more suitable for extracting the EO
of asymmetric nuclear matter.

In conclusion, collisions of neutron-rich nuclei at in
termediate energies reveal novel information about t
EOS of asymmetric nuclear matter that is of interest
both nuclear physics and astrophysics, such as the pr
erties of radioactive nuclei, supernovas, and neutron st
The ratio of the number of pre-equilibrium neutrons
that of protons is found to be sensitive to the asymmet
part, but not to the symmetric part of the nuclear EO
It is also almost independent of the in-medium nucleo
nucleon cross sections. The experimental measurem
of this ratio therefore provides a valuable means for det
mining the EOS of asymmetric nuclear matter.
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