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Isospin effects on two-nucleon correlation functions in heavy-ion collisions at intermediate energie
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Using an isospin-dependent transport model, we study isospin effects on two-nucleon correlation functions
in heavy-ion collisions induced by neutron-rich nuclei at intermediate energies. We find that these correlation
functions are sensitive to the density dependence of nuclear symmetry energy, but not to the incompressibility
of symmetric nuclear matter and the medium dependence of nucleon-nucleon cross sections. This sensitivity is
mainly due to effects of nuclear symmetry energy on the emission times of neutrons and protons as well as
their relative emission sequence. We also study the variations of the symmetry energy effects on nucleon-
nucleon correlations with respect to the impact parameter, incident energy, and mass number of heavy-ion
collisions.
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I. INTRODUCTION

Heavy-ion collisions with radioactive nuclear beams p
vide a unique opportunity to study the properties of nucl
matter at the extreme condition of large isospin asymme
@1–4#. In these collisions, the dynamics is affected not o
by the isospin-independent part of nuclear equation of s
~EOS! but also by the isospin-dependent part, i.e.,
nuclear symmetry energyEsym(r), and the isospin-
dependent in-medium nucleon-nucleon (NN) cross sections
Knowledge on the density dependence of nuclear symm
energy is essential for understanding both the structure
radioactive nuclei@5–8# and many key issues in astrophysi
@9–11#. Although the root-mean-squared radius of neutr
distribution in a heavy nucleus and that of a neutron s
differ by about 18 orders of magnitude, the properties of b
systems are strongly affected by the sameEsym(r) @7,12,13#.
Moreover, the nucleosynthesis in presupernova evolution
massive stars, mechanisms of supernova explosions, co
rates of protoneutron stars and associated neutrino flu
and the kaon condensation as well as the hadron to qu
gluon plasma phase transitions in neutron stars all rely c
cally on the nuclear symmetry energy@9,10,14#. However,
our knowledge onEsym(r) is still rather poor, despite exten
sive theoretical studies based on various many-body theo
@11#. In fact, it is often regarded as the most uncertain pr
erty of a neutron-rich matter@15,16#. Fortunately, radioactive
beams, particularly the very energetic ones to be availab
the planned rare isotope accelerator~RIA! and the new ac-
celerator facility at the German Heavy Ion Accelerator Ce
ter, provide a great opportunity to study theEsym(r). It is
thus important to investigate theoretically what experimen
observables can be used to extract information ab
Esym(r). In this regard, significant progress has been m
recently. For instance, measurement of neutron skins of
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dioactive nuclei via their total reaction cross sections@5# or
that in stable heavy nuclei, such as208Pb, via parity-violating
electron scatterings@7#, was recently proposed as a sensiti
probe to Esym(r). In heavy-ion collisions induced by
neutron-rich nuclei, the pre-equilibrium neutron/proton ra
@17#, isospin fractionation@18–22#, isoscaling in multifrag-
mentation@23#, proton differential elliptic flow@24#, neutron-
proton differential transverse flow@25#, as well as thep2 to
p1 ratio @26# have been identified as promising probes.

Observables mentioned in the above involve only the m
mentum, charge, and mass distributions of individual p
ticles in the final state of a reaction. On the other ha
two-particle correlation functions, through final-state intera
tions and quantum statistics effects, have been shown to
sensitive probe to the temporal and spatial information ab
the reaction dynamics in heavy-ion collisions at incident e
ergies ranging from intermediate@27–29# to relativistic
heavy-ion collider energy@30#. In particular, the correlation
function of two nonidentical particles from heavy-ion coll
sions has been found to depend on their relative space-
distributions at freeze-out, and thus provides a useful tool
measuring the emission sequence, time delay, and separ
between the emission sources for different particles@31–36#.
Indeed, time delays as short as 1 fm/c and source radius
differences of a few tenths of a femtometer have been
solved experimentally from correlation functions of nonide
tical particles@37#.

In the present work, we study systematically howEsym(r)
affects the temporal and spatial structure of reaction dyn
ics in heavy-ion collisions induced by neutron-rich nuclei
intermediate energies. A brief report of the present work c
be found in Ref.@38#. We show that average emission tim
of neutrons and protons as well as their relative emiss
sequence in heavy-ion collisions are sensitive toEsym(r). A
stiffer density dependence of nuclear symmetry energy le
to faster and nearly simultaneous emissions of high mom
tum neutrons and protons. Consequently, strengths of
correlation functions for nucleon pairs with high total m
mentum, especially neutron-proton pairs with low relati

i-
©2003 The American Physical Society05-1



in

he
in
te

us
t

e

I
th
e
er
m
d
n
th
t
n
p

pa
ol
in

ox

tr
ef

ed

try

of
en-
p-

en-
er

ed

es

nd
om-
l
e

etri-
-

ter
ed

c-

S,

tter

n-

-
.

is

rgy

LIE-WEN CHEN, V. GRECO, C. M. KO, AND BAO-AN LI PHYSICAL REVIEW C68, 014605 ~2003!
momentum, are stronger for a stifferEsym(r). This novel
property thus provides another possible tool for extract
useful information aboutEsym(r). In addition, we also study
how two-nucleon correlation functions depend on t
isospin-independent part of nuclear matter EOS, the
mediumNN cross sections, as well as the impact parame
incident energy, and masses of colliding nuclei.

The paper is organized as follows. In Sec. II, we disc
the density dependence of nuclear symmetry energy and
EOS of neutron-rich nuclear matter. The isospin-depend
Boltzmann-Uehling-Uhlenbeck~IBUU! transport model
used in the present study is briefly described in Sec. III.
Sec. IV, we presented results from the IBUU model on
nucleon emission functions and their isospin dependenc
heavy-ion collisions induced by neutron-rich nuclei at int
mediate energies. These include the nucleon emission ti
the size of nucleon emission source, and the momentum
tributions of emitted nucleons. In Sec. V, we study nucleo
nucleon correlation functions and their dependence on
nuclear symmetry energy. We also present results on
variations of the symmetry energy effects on nucleo
nucleon correlations with respect to the nuclear isoscalar
tential, nucleon-nucleon cross sections, as well as the im
parameter, incident energy, and masses of heavy-ion c
sions. Finally, we conclude with a summary and outlook
Sec. VI.

II. NUCLEAR SYMMETRY ENERGY

Many theoretical studies~e.g., Refs.@39–44#! have shown
that the EOS of asymmetric nuclear matter can be appr
mately expressed as

E~r,d!5E~r,d50!1Esym~r!d2, ~1!

where r5rn1rp is the baryon density,d5(rn2rp)/(rp
1rn) is the isospin asymmetry, andE(r,d50) is the energy
per particle in symmetric nuclear matter. The bulk symme
energy is denoted by the so-called symmetry energy co
cientEsym(r)[E(r,d51)2E(r,d50). Its value at normal
nuclear matter densityr0 @i.e., Esym(r0)] is predicted to be
about 3464 MeV, and is comparable to the value extract
from atomic mass data@45#.

The symmetry energy coefficientEsym(r) can be ex-
panded around normal nuclear matter density as

Esym~r!5Esym~r0!1
L

3 S r2r0

r0
D1

Ksym

18 S r2r0

r0
D 2

, ~2!

whereL and Ksym are the slope and curvature of symme
energy coefficient at normal nuclear density, i.e.,

L53r0

]Esym~r!

]r U
r5r0

, ~3!

Ksym59r0
2 ]2Esym~r!

]2r
U

r5r0

. ~4!
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The L and Ksym characterize the density dependence
nuclear symmetry energy around normal nuclear matter d
sity, and thus provide important information about the pro
erties of nuclear symmetry energy at both high and low d
sities. They are, however, not well determined eith
theoretically or experimentally. The theoretically predict
values forKsym vary from about2700 MeV to1466 MeV
~e.g., Ref.@46#!, while data from giant monopole resonanc
indicate thatKsym is in the range from256661350 MeV to
346159 MeV, depending on the mass region of nuclei a
the number of parameters used in parametrizing the inc
pressibility of finite nuclei@47#. There are no experimenta
data for the value ofL, and different theoretical models giv
its value from250 to 200 MeV@8#.

Predictions for the density dependence ofEsym(r) are
thus divergent. In the present study, we adopt the param
zation used in Ref.@48# for studying the properties of neu
tron stars, i.e.,

Esym~r!5Esym~r0!ug, ~5!

where u[r/r0 is the reduced density andEsym(r0)
535 MeV is the symmetry energy at normal nuclear mat
density. The symmetry potential acting on a nucleon deriv
from the above nuclear symmetry energy@24# is

Vsym~r,d!562@Esym~r0!ug212.7u2/3#d

1@Esym~r0!~g21!ug14.2u2/3#d2, ~6!

where ‘‘1 ’’ and ‘‘ 2 ’’ are for neutrons and protons, respe
tively.

For the isospin-independent part of the nuclear EO
E(r,d50), we use a Skyrme-like parametrization, i.e.,

E~r,d50!5
3

5
EF

0u2/31
a

2
u1

b

11s
us, ~7!

where the first term is the kinetic part andEF
0 is the Fermi

energy of symmetric nuclear matter at normal nuclear ma
density. The parametersa52358.1 MeV, b5304.8 MeV,
and s57/6 correspond to the so-called soft EOS with i
compressibilityK05201 MeV, while a52123.6 MeV, b
570.4 MeV, ands52 give the so-called stiff EOS with
incompressibilityK05380 MeV. Both EOS’s have a satura
tion density r050.16 fm23 for symmetric nuclear matter
The isospin-independent potential obtained from this EOS
then

V0~r!5au1bus. ~8!

The pressure of nuclear matter is given by

P~r,d!5r2
]E~r,d!

]r
, ~9!

which leads to a contribution from nuclear symmetry ene
given by

Psym~r,d!5r2d2
]Esym~r!

]r
5r0Esym~r0!gd2ug11,

~10!
5-2
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besides that due to isospin-independent energy given by

P0~r,d50!5
2

5
EF

0r0u5/31
1

2
ar0u21

bs

11s
us11.

~11!

At moderate and high temperaturesT (T.4 MeV), the
pressure can also be decomposed into an isospin-depe
part Psym(r,d,T) and an isospin-independent partP0(r,d
50,T), i.e.,

Psym~r,d,T!5
1

2 (
n51

`

bnS lT
3r

4 D n

@~11d!11n1~12d!11n

22#1r0d2@Esym~r0!gug1128.5u5/3#,

~12!

and

P0~r,d50,T!5TrF11 (
n51

`

bnS lT
3r

4 D nG1
1

2
ar0u2

1
bs

11s
us11, ~13!

wherebn8s are the inversion coefficients given in Refs.@18,3#
and

lT5S 2p\2

mT D 1/2

~14!

is the thermal wavelength of nucleons with massm. In Eq.
~12!, we have used the explicitd-dependent kinetic part o
symmetry energy instead of the parabolic approximation
calculate the pressure at finite temperatures.

In the present work, we consider two cases ofg50.5
~soft! and 2 ~stiff! to explore the large range ofL andKsym
discussed above. Theg50.5 ~2! givesL552.5~210.0! MeV
and Ksym5278.8 ~630.0! MeV. In Figs. 1~a! and 1~b!, we
show the nuclear symmetry potentials for protons and n
trons in isospin asymmetric nuclear matter withd50.2 and
0.4, respectively. Except at densities below 0.5r0 for the
case ofg52, the symmetry potential is attractive for proto
and repulsive for neutrons, and increases with density
isospin asymmetry. Furthermore, the stiff symmetry poten
becomes stronger than the soft one when the nuclear de
exceeds certain value around normal nuclear density, w
depends on the isospin asymmetry and is different for n
trons and protons.

Different symmetry energies also result in different th
modynamical properties for neutron-rich matter. The pr
sure due to symmetry energy,Psym, in an asymmetric
nuclear matter with isospin asymmetryd50.2 or 0.4 and
temperatureT50 or 10 MeV, is shown in Fig. 2 as a func
tion of density for both soft (g50.5) and stiff (g52) sym-
metry energies. It is seen that the stiff symmetry energy gi
a larger pressure in asymmetric nuclear matter than the
one at the same density, and the difference increases
both density and isospin asymmetry. Since the symmetry
01460
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ergy is insensitive to temperature, temperature dependen
the pressure from symmetry energy is rather weak, as in
more sophisticated finite-temperature Skyrme-Hartree-F
calculations@49#. For comparison, the isospin-independe
part of pressure,P0 , is shown in Fig. 3 as a function o
density for ~a! T50 and ~b! 10 MeV, and withK05201
~dashed curves! and 380~solid curves! MeV. We see that the
stiff EOS gives a stronger pressure at both higher dens
and temperatures.

FIG. 1. ~Color online! Neutron and proton symmetry potentia
as functions of density in asymmetric nuclear matter with isos
asymmetry~a! d50.2 and~b! d50.4 for both stiff (g52) and soft
(g50.5) symmetry energies, respectively.

FIG. 2. ~Color online! Pressure of asymmetric nuclear matt
due to the symmetry energy,Psym, as a function of density for
different temperatures and isospin asymmetries:~a! T50 MeV and
d50.2, ~b! T510 MeV andd50.2, ~c! T50 MeV and d50.4,
and ~d! T510 MeV andd50.4. Solid and dashed curves are f
soft (g52.0) and stiff (g50.5) symmetry energies, respectively.
5-3
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Although the total incompressibility of asymmetr
nuclear matter is mainly determined by the stiffness of
isoscalar part of nuclear energy, the stiffness of symme
energy has non-negligible effects on its EOS and thermo
namical properties. We thus expect that different symme
energies would lead to different space-time evolutions
heavy-ion collisions induced by neutron-rich nuclei at int
mediate energies, resulting in observable effects in
nucleon-nucleon correlation functions.

III. ISOSPIN-DEPENDENT BUU TRANSPORT MODEL

Our study is based on an IBUU transport model~e.g.,
Refs. @50,17,25,26,51#!. In this model, initial positions of
protons and neutrons are determined according to their
sity distributions from the relativistic mean-field theory@52–
54#. The neutron and proton initial momenta are then tak
to have uniform distributions inside their respective Fer
spheres, with Fermi momenta determined by their local d
sities via the Thomas-Fermi approximation. For the isosc
potential, we use as default the Skyrme potential with inco
pressibilityK05380 MeV. Although the transverse flow da
from heavy-ion collisions are best described by
momentum-dependent soft potential withK05210 MeV
@55,56#, they can also be approximately reproduced with
momentum-independent stiff potential withK05380 MeV.
Dependence of the reaction dynamics on isospins is inclu
through the isospin-dependent total and differential nucle
nucleon cross sections and Pauli blockings, the symm
potential Vsym, and the Coulomb potentialVc for protons.
For nucleon-nucleon cross sections, we use as default
experimental values in free space,sexp. For a review of the
IBUU model, we refer the reader to Ref.@3#. To study effects
due to the medium dependence of nucleon-nucleon c
sections, we also use the parametrized in-medium nucle
nucleon cross sectionss in-medium from the Dirac-Brueckner
approach based on the Bonn-A potential@57#. In Figs. 4~a!–
~c!, we show the density dependence of total nucle

FIG. 3. ~Color online! Isospin-independent part of pressure,P0,
as a function of density for~a! T50 and~b! 10 MeV, respectively,
with K05380 ~solid curves! and 201~dashed curves! MeV.
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nucleon cross sectionssexp ~squares! and s in-medium ~lines!
for laboratory incident energiesE550, 100, and 200 MeV,
respectively. In experimental free-space cross sections,
neutron-proton cross section is about a factor of 3 larger t
the neutron-neutron or proton-proton cross section. On
other hand, in-medium nucleon-nucleon cross sections f
the Dirac-Brueckner approach based on the Bonn-A potential
have smaller magnitude and weaker isospin dependence
sexp, but strong density dependence.

To solve the IBUU model, we use the usual test parti
method@50#. Results presented in the following are obtain
with 10 000 events using 100 test particles for a physi
nucleon.

IV. NUCLEON EMISSION FUNCTIONS

The nucleon emission function describes the distributio
of time, position, and momentum at which nucleons a
emitted. In the following, we first show the distribution o
nucleon emission times and the dependence of the ave
emission time on the nucleon momentum. This is then f
lowed by the distribution of nucleon emission positions a
its dependence on the nucleon momentum. The momen
distribution of emitted nucleons is also given. All momen
are in the center-of-mass system unless stated otherwise

A. Nucleon emission times

The emission times of different particles in heavy-ion c
lisions are relevant for understanding both the collision d
namics and the mechanism for particle production. In hea
ion collisions at intermediate energies, the dynamics
nucleon emissions is mainly governed by the pressure of
excited nuclear matter produced during the initial stage
collisions @24,58#. Since the stiff symmetry energy gives

FIG. 4. ~Color online! Density dependence of total nucleon
nucleon cross sections at laboratory energies~a! E550, ~b! 100 and
~c! 200 MeV, for the experimental free-space cross secti
~squares! and the in-medium nucleon-nucleon cross sections fr
the Dirac-Brueckner approach based on the Bonn-A potential
~lines!.
5-4
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larger pressure than that due to the soft symmetry energ
shown in Fig. 2, it leads to a faster emission of neutrons
protons. The relative emission sequence of neutrons and
tons is, however, determined by the difference in their sy
metry potentials. With the symmetry potential being gen
ally repulsive for neutrons and attractive for proton
neutrons are expected to be emitted earlier than protons.
difference in neutron and proton emission times is parti
larly large for the soft symmetry potential as its magnitude
densities below the normal nuclear matter density, wh
most nucleons are emitted, is larger than that of stiff symm
try potential as seen in Fig. 1. Since the stiff symmetry p
tential changes sign when the nuclear density drops be
0.5r0, the relative emission sequence of neutrons and p
tons in this case depends on the average density at w
they are emitted. Also, the emission time for protons is
fected by the repulsive Coulomb potential. Of course, det
of these competing effects on nucleon emissions depen
both the reaction dynamics and momenta of nucleons. Th
details can only be studied by using transport models.

As an example, we study here central collisions of52Ca
148Ca atE580 MeV/nucleon. This particular reaction sy
tem with isospin asymmetryd50.2 can be studied at th
RIA. In the present work, nucleons are considered as be
emitted when their local densities are less thanr0/8 and sub-
sequent interactions do not cause their recapture into reg
of higher density. Other emission criteria, such as taking
nucleon emission time as its last collision time in the IBU
model, do not change our conclusions. In Fig. 5, we show
emission rates of protons and neutrons as functions of t

FIG. 5. ~Color online! Emission rates of protons and neutrons
functions of time for different cases:~a! Soft or stiff symmetry
energy withK05380 MeV andsexp, ~b! different EOS’s, i.e.,K0

5380 and 200 MeV withg50.5, and~c! different NN cross sec-
tions with K05380 MeV andg50.5.
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for different cases. It is clearly seen that there are two sta
of nucleon emissions; an early fast emission and a su
quent slow emission. This is consistent with the long-liv
nucleon emission source observed in previous BUU calc
tions @59#. In Fig. 5~a!, effects due to different symmetr
energies are shown, and we find that the stiff symmetry
ergy ~triangles! enhances the emission of early high mome
tum protons and neutrons but suppresses late slow emis
compared with results from the soft symmetry ener
~squares!. Difference between the emission rates of proto
and neutrons is, however, larger for the soft symmetry
ergy. Both features are what we have expected from
above discussions about the effects of nuclear symmetry
ergy on particle emissions. Figure 5~b! shows results by us
ing different incompressibilities ofK05380 ~squares! and
201 ~triangles! MeV for the isoscalar potential. It is seen th
the nucleon emission rate is not sensitive to the incompr
ibility K0 of the symmetric nuclear matter EOS, except th
the stiff EOS slightly enhances the nucleon emission rat
the early stage of reactions. In Fig. 5~c!, we compare results
from the experimental free spaceNN cross sectionsexp
~squares! and those from the in-mediumNN cross sections
s in-medium ~triangles!. Again, the nucleon emission rate
found to be insensitive to theNN cross sections used for th
present reaction system, except that the in-medium cross
tions slightly enhance the nucleon emission rate at later s
of reactions (50–100 fm/c).

To see if nucleons are emitted from an equilibrium
nonequilibrium sources, we consider time evolution of t
scaled quadrupole moment of nucleon momentum distri
tion Qzz/Ares defined as@60#

Qzz/Ares~ t !51/AresE drdp

~2p!3
~2pz

22px
22py

2! f ~r ,p,t!,

~15!

whereAres is the mass number of the residue composed
nucleons at local density larger thanr0/8, andf (r ,p,t) is the
nucleon phase-space distribution function given by the IBU
model. How far the emission source deviates from therm
equilibrium is then given by the value ofQzz, with Qzz50
implying that thermal equilibrium is achieved. Shown in Fi
6 are time evolutions ofQzz/Ares for different nuclear sym-
metry potentials, isoscalar potentials, andNN cross sections.
It is seen that the emission source nearly reaches the
equilibrium after around 40 fm/c, except the case with in
mediumNN cross sections~dash-dotted curve!. In the latter
case, the thermal equilibration time is delayed to ab
70 fm/c as a result of smaller in-mediumNN cross sections
than freeNN cross sections. Therefore, early emitted nuc
ons are mostly from pre-equilibrium stage of heavy-ion c
lisions, while late emitted ones are more like statistical em
sions. Since positiveQzz indicates incomplete nuclea
stopping or nuclear transparency while negative one imp
transverse expansion or collectivity, all cases except the
with in-mediumNN cross sections thus show strong nucle
stopping but weak transverse expansion after 120 fm/c.

The weak dependence of the nucleon emission rate on
stiffness of isoscalar potential is due to reduced differenc
5-5
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the pressure of excited nuclear matter as a result of diffe
maximum densities reached in collisions, with the stiff o
giving a lower density than the soft one. This can be see
Fig. 7 where the time evolution of average central dens
~calculated in a sphere located at the center of collid
nuclear matter with radius of 3 fm! is shown by usingK0
5380 ~solid curve! or 201 ~dashed curve! MeV, but with
same soft symmetry energy and free nucleon-nucleon c
sections. Maximum average central densities reached in
collisions are about 1.46r0 and 1.66r0, respectively, forK0
5380 and 201 MeV, resulting in similar pressures of ab
8 and 7 MeV/fm3, respectively. In addition, the soft EO
leads to a slower expansion and a longer higher density s
than the stiff EOS. On the other hand, the maximum aver
central density reached in the collisions is reduced o

FIG. 6. Time evolutions of scaled quadrupole moment
nucleon momentum distributionQzz/Ares by using K05380 and
210 MeV with g50.5, K05380 with g52, andK05380 MeV,
with g50.5 and in-mediumNN cross sections.

FIG. 7. Time evolution of average central density by usingK0

5380 and 210 MeV withg50.5, K05380 with g52, and K0

5380 MeV with g50.5 and in-mediumNN cross sections.
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slightly if the stiff symmetry energy is used for the case o
K05380 MeV and freeNN cross sections~dotted curve!.
Also shown in Fig. 7 is the time evolution of average centra
density by usingK05380 MeV and the soft symmetry en-
ergy, but with in-mediumNN cross sectionss in-medium~dash-
dotted curve!. One finds that differentNN cross sections lead
to almost similar time evolutions of average central densit
Although the freeNN cross sections, which have larger val-
ues than the in-medium ones, would lead to more stoppin
and thus higher density, enhanced Pauli blocking and mea
field pressure effects bring the resulting maximum densi
similar to that obtained using the in-medium cross section
As a result, the two different cross sections lead to simila
pressures during the high density stage of heavy-ion col
sions, and thus give comparable nucleon emission times
shown in Fig. 5~c!.

Energies of emitted nucleons are correlated to the times
which they are emitted. Generally, earlier emitted nucleon
have higher energies than later emitted ones. This can
seen in Fig. 8, where we show the average emission times
protons and neutrons as functions of their momenta by usi
K05380 MeV with the soft or stiff symmetry energy. In-
deed, high momentum nucleons are emitted in the early pr
equilibrium stage of collisions when the average density
relatively high, while low momentum ones are mainly emit
ted when the system is close to equilibrium and the avera
density is low. Figure 8 further shows that the average emi
sion time of nucleons with a given momentum is earlier fo
the stiff symmetry energy~triangles! than for the soft one
~squares!. Moreover, there are significant delays in proton
emissions~filled squares! with the soft symmetry energy.
These features are consistent with the results shown in F
5~a!. For stiff symmetry energy, the change in the emissio
sequence of neutrons and protons with their momenta is co
sistent with the change in the sign of stiff symmetry potentia
at low densities as shown in Fig. 1.

We note, however, that the distribution of the emissio
times for nucleons with same momentum is quite broad pa

f FIG. 8. ~Color online! Average emission times of protons and
neutrons as functions of their momenta for different symmetr
energies.
5-6
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ISOSPIN EFFECTS OF TWO-NUCLEON CORRELATION . . . PHYSICAL REVIEW C68, 014605 ~2003!
ticularly for low momentum nucleons. This is shown in Fi
9 for nucleons with momenta of~a! 100, ~b! 200, and~c!
300 MeV/c ~all with bin size of 20 MeV/c), obtained with
K05380 MeV, freeNN cross sections, and either soft
stiff symmetry energy. Although the peak emission time
creases with decreasing nucleon momentum, the distribu
of nucleon emission times is broad. Furthermore, at la
times more nucleons with momentum of 200 MeV/c are
emitted than those with momentum of 100 MeV/c are emit-
ted. For both protons and neutrons, more are emitted for
stiff than for the soft symmetry energy.

In low and intermediate energy heavy-ion collisions
duced by heavy nuclei, the Coulomb interaction is expec
to affect the emission time of protons, and thus also
neutron-proton correlation function@61,62#. In present IBUU
simulations, the Coulomb potential is included explicitly
the dynamic evolution of colliding nuclei. Effects of Cou
lomb interaction on the proton emission time can be see
Fig. 10, where the average emission time of protons is sh
as a function of their momenta with~filled squares! and with-
out ~open squares! Coulomb interaction by using either th
soft ~left panel! or stiff ~right panel! symmetry energy. One
finds that the Coulomb interaction is not important f
52Ca148Ca as it only shortens the proton average emiss
time by factors less than 10% for both the soft and s
symmetry energies. The Coulomb potential effect is ev
smaller for protons with high momentum, which are emitt
early during collisions. We note that the Coulomb poten
does not affect the neutron emission time as expected.

FIG. 9. ~Color online! Emission rates of neutrons and proto
with momenta~a! 100, ~b! 200, and~c! 300 MeV/c ~with bin size
of 20 MeV/c) for K05380 MeV, freeNN cross sections, and ei
ther soft or stiff symmetry energy.
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B. Size of nucleon emission source

The size of emission source can be characterized by
root-mean-squared radii of emitted protons and neutron
the transverse (^Rrms&) and longitudinal (̂Zrms&) directions.
In Fig. 11, we show these radii as functions of nucleon m
mentum usingK05380 MeV and freeNN cross sections,
but with either soft~squares! or stiff ~triangles! symmetry
energy. It is seen that for both symmetry energies the em
sion source has an oblate shape with a larger transvers
dius than longitudinal radius. Furthermore, the emiss
source size is larger for the soft than the stiff symmetry
ergy. However, the difference between the transverse rad
proton and neutron emission sources is more appreciab

FIG. 10. ~Color online! Average emission time of protons as
function of their momenta with~filled squares! and without~open
squares! Coulomb interaction by using the soft~a! or stiff ~b! sym-
metry energy.

FIG. 11. ~Color online! Root-mean-squared transverse emiss
radius ^Rrms& and longitudinal emission radiuŝZrms&of neutrons
and protons as functions of their momenta by usingK0

5380 MeV with either soft~squares! or stiff ~triangles! symmetry
energy.
5-7
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the case of soft symmetry energy than stiff symmetry ene
These features are consistent with the emission times sh
in Fig. 8.

The decrease of the transverse radius with increa
nucleon momentum shown in Fig. 11 is expected as hig

FIG. 12. ~Color online! Transverse radius distribution of emitte
nucleons with momenta~a! 100, ~b! 200, and~c! 300 MeV/c ~with
bin size of 20 MeV/c) for K05380 MeV, freeNN cross sections,
and either soft or stiff symmetry energy.
01460
y.
wn

g
er

momentum nucleons are emitted earlier when the source
is more compact. The small transverse radius of the emis
source for lower momentum nucleons are, on the other ha
due to the broad distributions in nucleon emission tim
resulting in the emissions of more intermediate moment
nucleons than low momentum nucleons at later times. A
result, the source size for low momentum nucleons is larg
determined by earlier emitted nucleons. This can also b
seen in Fig. 12 where we show the transverse radius di
butions of emitted nucleons with momenta~a! 100, ~b! 200,
and ~c! 300 MeV/c ~with bin size of 20 MeV/c) for K0

5380 MeV, freeNN cross sections, and either soft or st
symmetry energy. It is seen that the peak of the transve
radius distribution first increases then decreases as
nucleon momentum gets larger, consistent with that show
Fig. 11. Furthermore, the width of the radius distribution
narrower for high momentum nucleons than for low mome
tum ones.

To see more clearly the size and structure of nucle
emission source, we show in Figs. 13 and 14 the den
contoursr(x,0,z) in the reaction plane andr(x,y,0) perpen-
dicular to the reaction plane at different times by usingK0
5380 MeV and freeNN cross sections with the soft sym
metry energy. It is seen that after initial contact of the tar
and projectile at 1 fm/c, the nuclear matter is compressed
high density during the first 20 fm/c. This is followed by
expansions, mainly in the transverse direction, leading to
formation of an oblate bubble nuclear matter, which sub
quently changes into a ring-shaped structure. The ring st
ture has a long lifetime and decays into several fragme
after about 100 fm/c. Such exotic structures also exist in th
other cases, i.e., usingK05201 MeV, stiff symmetry energy
or in-mediumNN cross sections. This interesting phenom
y.
FIG. 13. Density contoursr(x,0,z) at different times by usingK05380 MeV and freeNN cross sections with the soft symmetry energ
5-8
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FIG. 14. ~Color online! Density contoursr(x,y,0) at different times by usingK05380 MeV and freeNN cross sections with the sof
symmetry energy. The thick curves representr0/8.
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enon is not new and was studied extensively a decade
For medium mass nuclei, this is a common phenomeno
central or near central collisions at energy considered h
@63–65#. The formation of bubble and ring structures duri
expansion implies that the central density shown in Fig. 7
not always the maximum density reached in collisions.
Fig. 15, we show the time evolution of maximum density f
different incompressibilities,NN cross sections, and symme
try energies as in Fig. 7. We see that after about 30 fmc
when the bubble is formed, the maximum density has a va

FIG. 15. Time evolution of maximum density for different in
compressibilities,NN cross sections, and symmetry energies as
Fig. 7.
01460
o.
in
re

is
n

e

around normal nuclear density and is very different from
central density shown in Fig. 7. Since low momentum nuc
ons are mainly emitted during the late stage of heavy-
collisions from the ring and its decaying fragments, the sy
metry energy effect is thus small as a result of the sm
difference between soft and stiff symmetry potentials at n
mal nuclear density as shown in Fig. 1.

C. Momentum distributions of emitted nucleons

Figure 16 shows the momentum distributions of emitt
neutrons and protons forK05380 MeV and freeNN cross

n
FIG. 16. ~Color online! Momentum distributions of emitted neu

trons and protons forK05380 MeV and freeNN cross sections
with soft ~squares! or stiff ~triangles! symmetry energy.
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sections with soft~squares! or stiff ~triangles! symmetry en-
ergy. It is seen that most nucleons are emitted with mome
aroundp5180 MeV/c, and the peak momentum shifts to
larger value as the symmetry energy becomes softer.
lower peak momentum in the case of stiff symmetry ene
is due to the larger potential energy during initial compr
sions, and thus lower average nucleon kinetic energy a
result of energy conservation. Furthermore, symmetry ene
effects on lower momentum nucleons are stronger for p
tons than for neutrons, which is consistent with the lar
variation of proton symmetry potential at low densities w
the stiffness of symmetry energy than that of neutron sy
metry potential as shown in Fig. 1.

V. NUCLEON-NUCLEON CORRELATION FUNCTIONS

The nucleon emission function, which is important f
understanding the reaction dynamics in heavy-ion collisio
can be extracted from two-particle correlation functions; s
e.g., Refs.@27–30# for reviews. In most studies, only th
two-proton correlation function has been measured@66–
69,59#. Recently, data on two-neutron and neutron-pro
correlation functions have also become available. T
neutron-proton correlation function is especially useful a
is free of correlations due to wave function antisymmetri
tion and Coulomb interactions. Indeed, Ghettiet al. have de-
duced from measured neutron-proton correlation function
time sequence of neutron and proton emissions@70,71#.

In the standard Koonin-Pratt formalism@72–74#, the two-
particle correlation function is obtained by convoluting t
emission functiong(p,x), i.e., the probability for emitting a
particle with momentump from the space-time pointx
5(r ,t), with the relative wave function of the two particle
i.e.,

C~P,q!5

E d4x1d4x2g~P/2,x1!g~P/2,x2!uf~q,r !u2

E d4x1g~P/2,x1!E d4x2g~P/2,x2!

.

~16!

In the above,P(5p11p2) and q@5(1/2)(p12p2)# are, re-
spectively, the total and relative momenta of the particle p
andf(q,r ) is the relative two-particle wave function, withr
being their relative position, i.e.,r5(r22r1)2(1/2)(v1
1v2)(t22t1). This approach has been very useful in stud
ing effects of nuclear equation of state and nucleon-nucl
cross sections on the reaction dynamics of intermediate
ergy heavy-ion collisions@28#. In the present paper, we us
the Koonin-Pratt method to determine the nucleon-nucl
correlation functions in order to study the effect due to
density dependence of nuclear symmetry energy on the
tial and temporal structure of nucleon emission source
intermediate energy heavy-ion collisions.

A. Symmetry energy effects

Using the program Correlation After Burner@75#, which
takes into account final-state nucleon-nucleon interactio
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we have evaluated two-nucleon correlation functions fr
the emission function given by the IBUU model. Shown
Fig. 17 are two-nucleon correlation functions gated on to
momentumP of nucleon pairs from central collisions o
52Ca148Ca atE580 MeV/nucleon. The left and right pan
els are forP,300 MeV/c andP.500 MeV/c, respectively.
For both neutron-neutron~upper panels! and neutron-proton
~lower panels! correlation functions, they peak atq
'0 MeV/c. The proton-proton correlation function~middle
panel! is, however, peaked at aboutq520 MeV/c due to
strong final-states-wave attraction, but is suppressed atq
50 as a result of Coulomb repulsion and antisymmetrizat
of two-proton wave function. These general features are c
sistent with those observed in experimental data from hea
ion collisions@70#.

Since emission times of low-momentum nucleons do
change much with the differentEsym(r) used in the IBUU
model as shown in Fig. 8, two-nucleon correlation functio
are not much affected by the stiffness of symmetry ene
On the other hand, the emission times of high-moment
nucleons, which are dominated by those with momenta n
250 MeV/c, differ appreciably for the two symmetry ene
gies considered here. Correlation functions of hig
momentum nucleon pairs thus show a strong dependenc
the nuclear symmetry energy. Gating on nucleon pairs w
high total momentum allows one to select those nucle
that have short average spatial separations at emissions
thus exhibit enhanced correlations. For these nucleon p
with high total momentum, strength of their correlation fun

FIG. 17. ~Color online! Two-nucleon correlation functions gate
on total momentum of nucleon pairs using the soft~filled squares!
or stiff ~filled triangles! symmetry energy. Left panels are forP
,300 MeV/c while the right panels are forP.500 MeV/c.
5-10
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ISOSPIN EFFECTS OF TWO-NUCLEON CORRELATION . . . PHYSICAL REVIEW C68, 014605 ~2003!
tion is stronger for the stiff symmetry energy than for the s
symmetry energy: about 30% and 20% for neutron-pro
pairs and neutron-neutron pairs at low relative moment
q55 MeV/c, respectively, and 20% for proton-proton pa
at q520 MeV/c. The neutron-proton correlation functio
thus exhibits the highest sensitivity to variations ofEsym(r).
As shown in Fig. 8 and discussed earlier, the emission
quence of neutrons and protons is sensitive toEsym(r). With
stiff Esym(r), high-momentum neutrons and protons a
emitted almost simultaneously, and they are thus tempor
strongly correlated, leading to a larger neutron-proton co
lation function. On the other hand, proton emissions in
case of softEsym(r) are delayed compared to neutrons,
they are temporally weakly correlated with neutrons. T
resulting values of neutron-proton correlation function a
thus smaller. Furthermore, both neutrons and protons
emitted earlier with stiffEsym(r), so they have shorter spa
tial separation at emissions. As a result, neutrons and pro
are more correlated for the stiff symmetry energy than for
soft symmetry energy. Our results thus clearly demonst
that correlation functions of nucleon pairs with high to
momentum can indeed reveal sensitively the effect of nuc
symmetry energy on the temporal and spatial distribution
emitted nucleons.

To see more clearly the symmetry energy effect
nucleon-nucleon correlation functions, we show in Fig.
the total momentum dependence of the correlation functi
for neutron-neutron and neutron-proton pairs with relat

FIG. 18. ~Color online! Total momentum dependence of th
correlation functions for neutron-neutron~a! and neutron-proton~c!
pairs with relative momentumq55 MeV/c and proton-proton~b!
pairs with relative momentumq520 MeV/c by using K0

5380 MeV with both soft~filled squares! and stiff ~open squares!
symmetry energies.
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momentumq55 MeV/c and proton-proton pairs with rela
tive momentumq520 MeV/c by usingK05380 MeV with
both soft~filled squares! and stiff ~open squares! symmetry
energies. It is seen that the symmetry energy effect is m
pronounced for pairs with higher total momentum as d
cussed previously. However, the effect becomes wea
when their total momentum becomes very large. This is d
to the fact that very energetic neutrons and protons ma
come from very early stage of collisions when the react
system reaches maximum compression and nucleon e
sions are largely affected by the isospin-independent par
EOS. The symmetry energy effect on the emission time
nucleons is therefore reduced for these very energetic n
trons and protons as shown in Fig. 8. Furthermore, emiss
times of very energetic neutrons and protons are stron
influenced by the high density behavior of symmetry ener
and for the stiff symmetry energy very high momentum ne
trons are emitted earlier than protons as shown in Fig. 8.
a result, the symmetry energy effect on the correlation fu
tion of very energetic neutron-proton pairs is also reduce

Since the nuclear symmetry energy affects differently
transverse and longitudinal radii of nucleon emission sou
it is useful to study also the dependence of two-nucleon c
relation functions on the direction of emitted nucleons. W
have thus considered both transverse cut withuc.m.590°
610° and longitudinal cut with uc.m.50° –20° or
160° –180°, whereuc.m. is the center-of-mass angle with re
spect to the beam direction. Results similar to Fig. 17
two-proton, two-neutron, and neutron-proton correlati
functions using both stiff and soft symmetry energies b
stiff isospin-independent EOS and freeNN cross sections are
shown in Figs. 19 and 20 for transverse and longitudi
cuts, respectively. It is seen that the transverse cut g
smaller values for nucleon-nucleon correlation functio
than the longitudinal cut. This is easy to understand as
correlation functions with transverse~longitudinal! cut
mainly reflect the transverse~longitudinal! size or lifetime of
the emission source. A transverse radius larger than the
gitudinal radius shown in Fig. 11 thus leads to smaller valu
for the nucleon-nucleon correlation functions. Our resu
further show that the correlation functions of nucleon pa
with total momentumP.500 MeV/c obtained with trans-
verse cut have stronger symmetry energy dependence
those obtained with longitudinal cut. For transverse cut,
symmetry energy effects are about 23% and 33%
neutron-neutron and neutron-proton pairs atq55 MeV/c,
and 22% for proton-proton pairs atq520 MeV/c, respec-
tively, but corresponding effects are 14%, 22%, and 19
respectively, for longitudinal cut. However, compared to
sults in Fig. 17 without the angular cut, there is only a slig
enhancement of two-nucleon correlation functions when
transverse cut is imposed, as most nucleons are emitte
the transverse direction.

In the above analysis, the IBUU calculations are term
nated at 200 fm/c. In Fig. 21, we show the stop time depe
dence of the correlation functions for high total momentu
(P.500 MeV) neutron-neutron and neutron-proton pa
with relative momentumq55 MeV/c and proton-proton
pairs with relative momentumq520 MeV/c by using K0
5-11
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5380 MeV with soft~filled squares! or stiff ~open squares!
symmetry energy. It is seen that values of these correla
functions are essentially fixed after about 150 fm/c for both
soft ~open squares! and stiff ~filled squares! symmetry ener-

FIG. 20. ~Color online! Same as Fig. 17 but with angular cu
uc.m.50° –20° or 160° –180° in center-of-mass system.

FIG. 19. ~Color online! Same as Fig. 17 but with angular cu
uc.m.590°610° in center-of-mass~c.m.! system.
01460
n

gies. Furthermore, the symmetry energy effect starts to
pear after 50 fm/c, when the central density is about 1/5r0
of normal nuclear matter density as shown in Fig. 7 and
maximum density is about 1/2r0 as shown in Fig. 15, indi-
cating that two-nucleon correlation functions are sensitive
the properties of nuclear symmetry energy at densi
around and below the normal nuclear density.

B. EOS andNN cross section effects

We have also studied the effects of isoscalar potential
in-medium NN cross sections on nucleon-nucleon corre
tion functions. In Fig. 22, we show gated two-nucleon c
relation functions from central collisions of52Ca148Ca at
E580 MeV/nucleon using the soft symmetry energy but d
ferent values of incompressibilityK0 andNN cross sections.
One finds that reducingK0 from 380 ~filled squares! to 201
~filled triangles! MeV increases the value of the correlatio
function for high momentum pairs (P.500 MeV/c) but de-
creases that for low momentum pairs (P,300 MeV/c).
Specifically, the increases are about 8% and 13% for h
momentum neutron-proton and neutron-neutron pairs w
relative momentumq55 MeV/c, and about 5% for high
momentum proton-proton pairs with relative momentumq
520 MeV/c, while corresponding decreases for low m
mentum pairs are about 14%, 3%, and 12%. Changing
perimental free-spaceNN cross sectionsexp to in-medium
NN cross sectionss in-medium ~open triangles! leads to

FIG. 21. ~Color online! Dependence of two-nucleon correlatio
functions on stop times for high total momentum (P.500 MeV)
neutron-neutron~a! and neutron-proton~c! pairs with relative mo-
mentumq55 MeV/c and proton-proton~b! pairs with relative mo-
mentum q520 MeV/c by using K05380 MeV with soft ~filled
squares! or stiff ~open squares! symmetry energy.
5-12
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ISOSPIN EFFECTS OF TWO-NUCLEON CORRELATION . . . PHYSICAL REVIEW C68, 014605 ~2003!
changes of about 5%, 6%, and 1% in the neutron-pro
neutron-neutron, and proton-proton correlation functions
high momentum particle pairs (P.500 MeV/c), but about
10%, 2%, and 5% for low momentum particle pairs (P
,300 MeV/c). These results are similar to those found
Ref. @28#. The weak dependence of two-nucleon correlat
functions on the stiffness of isoscalar potential and theNN
cross sections is consistent with the nucleon emission ti
shown in the last section.

C. Impact parameter and incident energy dependence

The nucleon-nucleon correlation functions also depend
the impact parameter and incident energy of heavy-ion
lisions. Figure 23 shows the impact parameter dependenc
neutron-neutron and neutron-proton correlation functions
a relative momentumq55 MeV/c and proton-proton corre
lation function at a relative momentumq520 MeV/c for
particle pairs with high total momentumP.500 MeV/c by
using K05380 MeV and freeNN cross sections with the
soft ~filled squares! or stiff ~open squares! symmetry energy.
It is seen that the symmetry energy effect is stronger in c
tral and semicentral collisions and becomes weaker in se
peripheral and peripheral collisions. This simply reflects
fact that nuclear compression is weaker in peripheral co
sions, and the symmetry energy effect mainly comes fr
the small difference between the soft and stiff symmetry
ergies at low densities. Also, one finds that values of th
correlation functions decrease with increasing impact par

FIG. 22. ~Color online! Two-nucleon correlation functions gate
on total momentum of nucleon pairs using the soft symmetry
ergy but different values of incompressibilityK0 and NN cross
sections. Left panels are forP,300 MeV/c while right panels are
for P.500 MeV/c.
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eter, which is consistent with previous BUU results for t
proton-proton correlation function@67#. The correlation
function obtained with the stiff symmetry energy exhibit
however, a stronger dependence on impact parameter
that using the soft symmetry energy as the former ha
stronger density dependence.

Dependence of nucleon-nucleon correlation functions
the incident energy of heavy-ion collisions is shown in F
24 for high total momentum (P.500 MeV) neutron-neutron
and neutron-proton pairs with relative momentumq
55 MeV/c and for proton-proton pairs with relative mo
mentumq520 MeV/c. The results are obtained usingK0
5380 MeV and freeNN cross sections with the soft~filled
squares! or stiff ~open squares! symmetry energy. It is seen
that the values of nucleon-nucleon correlation functions
crease with increasing incident energy. This is understa
able since nuclear compression increases with increasing
cident energy, and nucleons are also emitted earlier, lea
to a smaller source size. Also, the stiff symmetry ene
gives a larger value for the nucleon-nucleon correlation fu
tion than the soft symmetry energy, and the difference d
not depend much on incident energies, although the rela
effect is reduced. This is due to the fact that at high incid
energies the symmetry energy effect mainly comes fr
early compression stage of collisions when nuclear pres
affects strongly the emission times of nucleons. Furtherm

- FIG. 23. ~Color online! Impact parameter dependence
neutron-neutron~a! and neutron-proton~c! correlation functions at
relative momentumq55 MeV/c and proton-proton~b! correlation
function at relative momentumq520 MeV/c for particle pairs with
high total momentumP.500 MeV/c by usingK05380 MeV and
free NN cross sections with the soft~filled squares! or stiff ~open
squares! symmetry energy.
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the system expands rapidly at high incident energies, the
density behavior of symmetry potential thus plays a less
portant role on the relative emission time of neutrons a
protons. According to Fig. 8, nucleons are emitted ear
with stiff rather than with soft symmetry energies. Therefo
the symmetry potential effects remain appreciable with
creasing incident energy. On the other hand, the initial co
pression is relatively weak at lower incident energies, a
the behavior of symmetry energy at low densities becom
relevant.

D. Reaction system dependence

To see how the above results change for different reac
systems, we show in Fig. 25 two-nucleon correlation fu
tions for head-on collisions of 132Sn1124Sn at E
580 MeV/nucleon by using the soft~squares! or stiff ~tri-
angles! symmetry energy. This reaction system has a sim
isospin asymmetry, i.e.,d50.22 as the reaction system
52Ca148Ca studied in the above, and can also be studie
future RIA. It is seen that two-nucleon correlation functio
in this case are similar to those in52Ca148Ca reactions
shown in Fig. 17. The strength of two-nucleon correlati
functions at small relative momenta is, however, about a
tor of 2 smaller than that in the reaction system52Ca
148Ca. This reduction is mainly due to the larger size of t

FIG. 24. ~Color online! Dependence of nucleon-nucleon corr
lation functions on the incident energy for hight total momentu
(P.500 MeV) neutron-neutron~a! and neutron-proton~c! pairs
with relative momentumq55 MeV/c and proton-proton~b! pairs
with relative momentumq520 MeV/c by using K05380 MeV
and freeNN cross sections with the soft~filled squares! or stiff
~open circles! symmetry energy.
01460
w
-
d
r
,
-
-
d
s

n
-

r

in

c-

e

reaction system132Sn1124Sn than 52Ca148Ca. Because of
stronger Coulomb repulsion for protons, the symmetry
ergy effect on the correlation functions of neutron-prot
pairs and proton-proton pairs is weaker compared with th
in the reaction system52Ca148Ca, i.e., about 17% and 8%
respectively, instead of 30% and 20%. However, the sy
metry energy effect on the neutron-neutron correlation fu
tion, which is not affected by Coulomb potential, is not mu
influenced by the size of reaction system, i.e., it is about 2
and 15% for the light and heavy reaction systems, resp
tively. As in collisions of52Ca148Ca, effects due to differen
isoscalar potentials andNN cross sections on nucleon
nucleon correlation functions are found to be small.

VI. SUMMARY AND OUTLOOK

In conclusion, using an isospin-dependent transport mo
we explore systematically the isospin effects on nucle
nucleon correlation functions in heavy-ion collisions induc
by neutron-rich nuclei at intermediate energies. It is fou
that the nuclear symmetry energyEsym(r) influences signifi-
cantly both the emission times and the relative emission
quence of neutrons and protons. A stifferEsym(r) leads to a
faster and almost simultaneous emission of neutrons and
tons. Consequently, two-nucleon correlation functions, es
cially for neutron-proton pairs with high total momentum b
low relative momentum, are stronger for the stiff symme
energy than the soft one. The correlation function of neutr
proton pairs gated on higher total momentum but w

FIG. 25. ~Color online! Two-nucleon correlation functions gate
on total momentum of nucleon pairs using the soft~filled squares!
or stiff ~filled triangles! symmetry energy for the central reactio
system 132Sn1124Sn at E580 MeV/nucleon. Left panels are fo
P,300 MeV/c while right panels are forP.500 MeV/c.
5-14
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smaller relative momentum is, on the other hand, insensi
to the incompressibility of symmetric nuclear matter EO
and the in-mediumNN cross sections. This novel proper
can be used as a possible tool to extract useful informa
about the density dependence of nuclear symmetry ene
These results do not change much if only nucleons emitte
certain directions are considered.

We have also studied the dependence of neutron-pr
correlation function on the impact parameter and incid
energy of heavy-ion collisions as well as masses of the re
tion system. We find that the symmetry energy effect
comes weaker with increasing impact parameter and incid
energy. Also, the strength of nucleon-nucleon correlat
function is reduced in collisions of heavier reaction syste
as a result of larger nucleon emission source. For pro
proton and neutron-proton correlation functions, the symm
try energy effect is further suppressed by the stronger C
lomb potential in heavier reaction systems. Our results t
suggest that the correlation function of neutron-proton p
gated on higher total momentum but with smaller relat
momentum from central or semicentral collisions induced
lighter neutron-rich nuclei is a sensitive probe to the den
dependence of nuclear symmetry energy. We have fur
studied the dependence of symmetry energy effect on
time at which IBUU simulations are terminated. We find th
the symmetry energy effect on nucleon-nucleon correla
functions begins to appear when the maximum nuclear d
sity is already below the normal nuclear matter density. T
effect addressed in the present study via nucleon-nuc
er

,

H
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y.

in
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-
nt
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u-
s
s
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on

correlation functions is thus largely limited to the properti
of nuclear symmetry energy at subnormal nuclear densit
similar to that from studying neutron skins of radioacti
nuclei.

In the present work, we have not included momentu
dependence in either the isoscalar mean-field potential or
symmetry potential. The former may affect the properties
nuclear emission source as it was shown that a moment
dependent mean-field potential reduces nuclear stoppin
increases nuclear transparency@76#. With momentum depen-
dence included in the nuclear symmetry potential, diff
ences between the neutron and proton potentials are affe
not only by the density dependence of nuclear symme
energy but also by the magnitude of proton and neutron m
menta @77#. It will be of interest to study how the result
obtained in the present study are modified by the momen
dependence of nuclear mean field. We plan to carry out s
a study in the future.
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