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Using an isospin- and momentum-dependent hadronic transport model, effects of the symmetry energy on several

observables in heavy-ion collisions induced by radioactive beams at intermediate energies are studied. It is found that

rapidity distribution of the isospin asymmetry of nucleon emissions, transverse momentum distribution of the ratio of

free neutrons to protons at mid-rapidity, kinetic energy distribution of the ratio of #~ /7t as well as evolution of the

isospin fractionation are all sensitive to the symmetry energy.
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A major goal of isospin physics is to obtain a bet-
ter understanding of properties of asymmetric nuclear
matter, in particular, the isospin dependance of nu-
clear equation of state. (EOS).!"! Thanks to the hard
work of many physicists for almost three decades the
EOS of isospin symmetric nuclear matter is now rel-
atively well determined by studying giant resonances
and flow in heavy-ion collisions.?) The new challenge
is to extract information about the EOS of isospin
asymmetric nuclear matter, specifically the density
dependence of nuclear symmetry energy.[!2| Besides
the general interest in nuclear physics, the EOS of
asymmetric nuclear matter at high densities is also of
crucial importance in many astrophysical processes,
especially in connection with the structure and dy-
namical evolution of neutron stars.®! For example, the
EOS of asymmetric nuclear matter is a fundamental
input for the neutron star structure model (Tolman—
Oppenheimer—Volkoff (TOV) equation) and the crit-
ical density for the direct cooling process is deter-

mined uniquely by the density dependence of symme-

try energy. Although recently considerable progress
has been made in determining the low-density part

4] much more work is still

of the symmetry energy,
needed to probe the symmetry energy at high densi-
ties. A critical task is to find experimental observables
that are sensitive to the symmetry energy. A num-
ber of such observables have been identified already,
such as the free neutron/proton ratio,l] the isospin
fractionation,[~1% the neutron-proton transverse dif-
ferential flow,['1=13] the neutron—proton correlation
function,™ the isospin diffusion,/*®¢! the proton dif-
ferential elliptic low!*” and the m [nt ratio.[18]

In Ref.[19], it has been shown that the momentum
dependence of the symmetry potential affects many
experimental observables. In the present paper, we
report our investigations on several observables by
adopting various momentum-dependent symmetry po-
tentials proposed in Ref.[20]. We concentrate on the
central reaction of *2Sn + 24Sn at a beam energy of

400 MeV /nucleon.
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Our study is based on the isospin- and
momentum-dependent hadronic transport model
IBUU04.2!] In this model, besides nucleons, A and N*
resonances as well as pions are included. The initial
neutron and proton density distributions of the projec-
tile and target are obtained by using the relativistic
mean field theory. The experimental free nucleon—
nucleon scattering cross sections are used. The total
and differential cross sections for all other particles are
taken either from experimental data or obtained by
detail balance formula. The isospin-dependent phase-
space distribution functions of the involved particles
are solved by using test-particles method numerically,
and the isospin dependence of Pauli block for fermions
has also been considered (for details see Refs.[5,19—
22]).

present calculations is the momentum-dependent po-

The single nucleon potential adopted in the

tential proposed recently in Ref.[20]:

Um&nﬂ=M@ﬂf+m@ﬁi
0

Po
+ B(2)7(1 - 28?)
Po
o—1
-8 Sps
xT 1 7 p
N 2C; / & fr(r,p")
Po 1+ (p—p')?2/A2
207' T/ / 3 f‘r’ (’I", pl)
4+ — d , 1
w | P e O

supplemented with the Coulomb potential for protons.
In the above equation, § = (pn — pp)/(Pn + Pp), T =
1/2(=1/2) for neutron (proton) and 7 # 7'(baryon
resonances are divided into neutrons and protons),
o = 4/3, f.(r,p) is the phase-space distribution at
coordinate r» and momentum p. The parameters
Ay, Ay, B,C; ;, C; - and A are set by reproducing the
momentum-dependent U(p, d,p,7) predicted by the
Gogny—Hartree-Fock and/or the Brueckner—Hartree—
Fock calculations, the saturation properties of sym-
metric nuclear matter and the symmetry energy of
30MeV at a normal nuclear matter density. The com-
pressibility of symmetric nuclear matter at a normal
density is set to be 211MeV. Specifically, the parame-
ters A,(z) and A;(z) depend on x and they are given
by

2B

= —95.98 — 2

Ay (z) 95.98 R (2)
2B

A(z) = —120.57 + U——l—lw’ (3)

where B = 106.35MeV. A = p¥ is the nucleon Fermi

momentum in symmetric nuclear matter, Cyuulixe =

—103.4MeV and Clike = —11.7MeV. The Cunlike
and Chj. terms are responsible for the momentum-
dependent interactions of a nucleon with unlike and
like nucleons in nuclear matter. The parameter
z is introduced to mimic various density-dependent
symmetry energies E,,.,(p) predicted by microscopic
and phenomenological many-body approaches. The
isoscalar part ((U, + U,)/2) of the single nucleon po-
tential is shown['%22] to be in good agreement with

23] and

that of the variational many-body calculations!
the isovector part ((U, —U,)/2d) turns out to be con-
sistent with the experimental Lane potential.?4] It is
seen that in this single particle potential the momen-
tum dependences of both the isoscalar and isovector
(symmetry) potentials are consistently taken into ac-

count.

The effective mass of nucleon is an important in-
put in a transport model. In terms of the single par-
ticle potential U(p,d, p,7), in the present model the

effective mass of nucleon is defined as[2?!
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It is found that the effective mass of neutron is higher
than that of proton and the difference between them
increases with both the density asymmetry and the

isospin asymmetry of the medium.

According to microscopic investigations,[?¢! the
equation of state (EOS) for isospin asymmetric nu-

clear matter can be expressed as
E(p,8) = E(p,0) + Eeym(p)8* + O(8*), ()

where § = (pn—pp)/(pPn+pp) is the isospin asymmetry
parameter, p = p, + p,, is the baryon density, and p,
and p, are the neutron and proton densities, respec-
tively. E(p,0) is the energy per nucleon of symmetric
nuclear matter, and Egyp,(p) is the symmetry energy.
For a given value x, one can readily calculate the sym-
metry energy Egym(p) as a function of density from
the single particle potential Eq.(1). The results are
shown in Fig.1. It is seen that the density-dependent
symmetry energy at high densities (p > pg) becomes
stiffer and stiffer as the parameter x goes from x=1 to
x=—2. With this choice the density-dependent sym-
metry energy samples a wide range of the theoretical

predictions.
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Fig.1. Density dependence of nuclear symmetry en-
ergy with different values of parameter « in Eq.(1).

Knowledge about the maximum baryon density
is important for the study of the nuclear EOS. Shown
in Fig.2 is the central baryon density as a function of
time in the reaction of '32Sn +!24 Sn at a beam en-
ergy of 400MeV /nucleon and an impact parameter of
1 fm with various symmetry energies. It is seen that
the maximum baryon density reached is about 2 times
normal nuclear matter density. Secondly, because the
symmetry energy is relatively small compared to the
EOS of symmetric nuclear matter around this den-
sity, the compression is rather insensitive to the sym-
metry energies. Although the EOS of symmetric nu-
clear matter dominates the reaction dynamics, there
are still many observables that are sensitive to the

symmetry energy.
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Fig.2. Evolution of central baryon density with vari-
ous symmetry energies in the reaction of 132Sn+124Sn
at Epeam/A=400MeV and an impact parameter of
1fm.

(27]

Shown in Fig.3 are the rapidity distributions

of dfee with various symmetry energies. Ogee =

(Nn — Np)/(Ny + Np), where Ny(Np) is the multi-

plicity of free neutrons(protons). Here we consider a

nucleon to be free if its local density is less than pg/8.
As one expects, with stiff symmetry energy the overall
isospin asymmetries of free nucleons are significantly
higher than that with soft symmetry energy. The df.cc
at midrapidity is particularly sensitive to the symme-
try energy. As the parameter x increases from —2
to 1 the dgee at midrapidity decreases by about a fac-
tor of 2. Moreover, the forward—backward asymmetric
rapidity distribution of g with all four x parame-
ters indicates the apparent nuclear translucency dur-
ing the reaction. Notice here that for soft symmetry
energy the relatively large difference of rapidities of
the backward—forward asymmetric isospin asymmetry
indicates a larger isospin diffusion velocity. From the
concave it is seen that neutrons have larger transit

velocities relative to protons.
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Fig.3. Rapidity distribution of isospin asymmetry of
free nucleons with various symmetry energies in the

same reaction as that in Fig.2.

[27] are transverse momentum dis-

Shown in Fig.4
tributions of the ratios of free neutrons to protons
at mid-rapidity with the variation of the symmetry
energy. Since the general symmetry potential tends
to make more/less neutrons/protons to be emitted at
high densities, a stronger symmetry potential is ex-
pected to lead to a larger ratio of free neutrons to
protons as shown in Fig.4. A prominent feature is
the increase of the ratios of free neutrons to protons
at lower transverse momenta. This is mainly due to
Coulomb repulsion which shifts protons from lower to
higher transverse momenta. At higher transverse mo-
menta, ratios of free neutrons to protons are lower
than those of neutrons to protons of the reaction sys-
tem (the solid lines indicate the isospin asymmetry
of the combined target and projectile system). This is
mainly because at higher transverse momenta the mo-

mentum dependence of the symmetry potential is to
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weaken the strength of the symmetry potential, hence
lower ratios of free neutrons to protons are obtained.
It is also seen from Fig.4 that the dNV,/dN, ratios
with different x parameters are almost parallel with

each other except in the high p; region.
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Fig.4. Transverse momentum distribution of the

free neutron/proton ratio at mid-rapidity with vari-
ous symmetry energies in the same reaction as that in
Fig.2.

Shown in Fig.5['® is the kinetic-energy distribu-
tion of the m~ /mT ratio at freeze-out time. For the
positively charged nuclear matter, the Coulomb inter-
action is attractive for 7~ and repulsive for 71; the
negative pions are shifted to relatively low kinetic en-
ergies with respect to the positive pions. As a conse-
quence, the magnitudes of the 7~ /7 ratios are higher

at lower kinetic energies with various symmetry ener-

gies. Since a stiffer symmetry energy results in a
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Fig.5. The 7~/ ratio as a function of pion kinetic
energy with various symmetry energies in the same

reaction as that in Fig.2.

stronger repulsion on neutrons, increasing the stiffness
of symmetry energy (x goes from 1 to —2) reduces the
number of neutron—neutron collisions in the interac-
tion region and lowers the 7~ /7" ratio. It is seen that
the 7~ /7T ratio is related inversely to the stiffness of
symmetry energy and can serve as a sensitive observ-
able for probing the density dependence of symmetry
energy.

Isospin fractionation refers to the different isospin
asymmetries in low and high density regions in nu-
clear reaction. The strength of isospin fractionation
has been found to depend sensitively on the density-
dependent symmetry energy.'") As the stiff symmetry
energy enhances the emission of neutrons while sup-
pressing that of protons, the stiffer symmetry energy
is expected to lead to a more neutron-rich low density
gas (which refers to free nucleons) of nucleons and
a more neutron-deficient high density liquid (which
refers to bound nucleons) of nucleons, and corresponds
to a stronger isospin fractionation. Shown in Fig.6 is
the evolution of the isospin fractionation with various
symmetry energies in the reaction of 132Sn+'24Sn at
Epeam/A=400MeV and an impact parameter of 1fm.
It is seen that ratios of neutrons to protons in gas
phase, liquid phase as well as the strength of isospin
fractionation (Ny,/Np)gas/(Nu/Np)liquia are all sensi-
tive to the symmetry energy. The stiff symmetry en-
ergy (x = —2) corresponds to high ratios of neutrons
to protons in the gas phase, low ratios of neutrons to
protons in the liquid phase and a larger strength of
isospin fractionation, as one expects. At the begin-

ning stage the high ratios of neutrons to protons in
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Fig.6. Evolution of the isospin fractionation with various

symmetry energies in the same reaction as that in Fig.2.
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gas phase are due to the effects of neutron-skins.
Other observables that are sensitive to the symme-
try energy such as the neutron—proton differential flow
and the elliptic flow will be reported elsewhere. With
these physical observables, we can probe the stiffness
of the symmetry energy by comparing the experimen-
tal results with calculations of the transport model.
For a new single particle potential used here, the re-
sults calculated by the transport model IBUUO4 are
expected to be more reliable.

To summarize, we have analysed several ob-
servables that are sensitive to the symmetry en-

ergy in the reaction of 32Sn 4124 Sn at a beam en-

ergy of 400MeV /nucleon and an impact parameter of
1fm within a framework of isospin- and momentum-
dependent hadronic transport model. It is found that
the rapidity distribution of the isospin asymmetry of
nucleon emissions, transverse momentum distribution
of the ratio of free neutrons to protons at mid-rapidity,
kinetic energy distribution of the ratio of 7= /7t as
well as the evolution of isospin fractionation are all
sensitive to the symmetry energy. With these observ-
ables sensitive to the symmetry energy, we can con-
strain the stiffness of symmetry energy at high densi-

ties.
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