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Isospin effects on two-nucleon correlation functions in heavy-ion collisions at intermediate energies
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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 dioactive nuclei via their total reaction cross sectiphlor
that in stable heavy nuclei, such @8Pb, via parity-violating
Heavy-ion collisions with radioactive nuclear beams pro-electron scatteringls/], was recently proposed as a sensitive
vide a unique opportunity to study the properties of nucleaprobe to Egy(p). In heavy-ion collisions induced by
matter at the extreme condition of large isospin asymmetryieutron-rich nuclei, the pre-equilibrium neutron/proton ratio
[1-4]. In these collisions, the dynamics is affected not only[17], isospin fractionatiof18—22], isoscaling in multifrag-
by the isospin-independent part of nuclear equation of statmentation 23], proton differential elliptic flow{24], neutron-
(EOS but also by the isospin-dependent part, i.e., theproton differential transverse flof25], as well as ther ™~ to
nuclear symmetry energyEg . (p), and the isospin- = ratio[26] have been identified as promising probes.
dependent in-medium nucleon-nucledyw) cross sections. Observables mentioned in the above involve only the mo-
Knowledge on the density dependence of nuclear symmetrghentum, charge, and mass distributions of individual par-
energy is essential for understanding both the structure dicles in the final state of a reaction. On the other hand,
radioactive nuclef5—8] and many key issues in astrophysics two-particle correlation functions, through final-state interac-
[9-11]. Although the root-mean-squared radius of neutrontions and quantum statistics effects, have been shown to be a
distribution in a heavy nucleus and that of a neutron stagensitive probe to the temporal and spatial information about
differ by about 18 orders of magnitude, the properties of bottthe reaction dynamics in heavy-ion collisions at incident en-
systems are strongly affected by the sag{(p) [7,12,13.  ergies ranging from intermediate27-29 to relativistic
Moreover, the nucleosynthesis in presupernova evolution ofieavy-ion collider energy30]. In particular, the correlation
massive stars, mechanisms of supernova explosions, coolirignction of two nonidentical particles from heavy-ion colli-
rates of protoneutron stars and associated neutrino fluxesions has been found to depend on their relative space-time
and the kaon condensation as well as the hadron to quarklistributions at freeze-out, and thus provides a useful tool for
gluon plasma phase transitions in neutron stars all rely critimeasuring the emission sequence, time delay, and separation
cally on the nuclear symmetry ener9,10,14. However, between the emission sources for different partif8is-34.
our knowledge orE . p) is still rather poor, despite exten- Indeed, time delays as short as 1 éneind source radius
sive theoretical studies based on various many-body theoriadifferences of a few tenths of a femtometer have been re-
[11]. In fact, it is often regarded as the most uncertain propsolved experimentally from correlation functions of noniden-
erty of a neutron-rich matt¢i.5,16|. Fortunately, radioactive tical particles[37].
beams, particularly the very energetic ones to be available at In the present work, we study systematically hByy.{p)
the planned rare isotope acceleraBtA) and the new ac- affects the temporal and spatial structure of reaction dynam-
celerator facility at the German Heavy lon Accelerator Cen-cs in heavy-ion collisions induced by neutron-rich nuclei at
ter, provide a great opportunity to study teg,.(p). It is  intermediate energies. A brief report of the present work can
thus important to investigate theoretically what experimentabe found in Ref[38]. We show that average emission times
observables can be used to extract information aboudf neutrons and protons as well as their relative emission
Esym(p)- In this regard, significant progress has been madeequence in heavy-ion collisions are sensitivé&ig,(p). A
recently. For instance, measurement of neutron skins of rastiffer density dependence of nuclear symmetry energy leads
to faster and nearly simultaneous emissions of high momen-
tum neutrons and protons. Consequently, strengths of the
*On leave from Department of Physics, Shanghai Jiao Tong Unicorrelation functions for nucleon pairs with high total mo-
versity, Shanghai 200030, China. mentum, especially neutron-proton pairs with low relative
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momentum, are stronger for a stiff€,{p). This novel ~The L and Ky characterize the density dependence of
property thus provides another possible tool for extractingiuclear symmetry energy around normal nuclear matter den-
useful information aboUE gy, p). In addition, we also study Sity, and thus provide important information about the prop-
how two-nucleon correlation functions depend on theerties of nuclear symmetry energy at both high and low den-
isospin-independent part of nuclear matter EOS, the insities. They are, however, not well determined either
mediumNN cross sections, as well as the impact parametettheoretically or experimentally. The theoretically predicted
incident energy, and masses of colliding nuclei. values forKg, vary from about—700 MeV to +466 MeV

The paper is organized as follows. In Sec. Il, we discusge.g., Ref[46]), while data from giant monopole resonances
the density dependence of nuclear symmetry energy and thadicate thatKg, is in the range from-566+ 1350 MeV to
EOS of neutron-rich nuclear matter. The isospin-depender34+ 159 MeV, depending on the mass region of nuclei and
Boltzmann-Uehling-Uhlenbeck(IBUU) transport model the number of parameters used in parametrizing the incom-
used in the present study is briefly described in Sec. IlI. Irpressibility of finite nuclei(47]. There are no experimental
Sec. IV, we presented results from the IBUU model on thedata for the value ok, and different theoretical models give
nucleon emission functions and their isospin dependence iits value from—50 to 200 MeV[8].
heavy-ion collisions induced by neutron-rich nuclei at inter- Predictions for the density dependence E&f.(p) are
mediate energies. These include the nucleon emission timejus divergent. In the present study, we adopt the parametri-
the size of nucleon emission source, and the momentum digation used in Ref(48] for studying the properties of neu-
tributions of emitted nucleons. In Sec. V, we study nucleon4ron stars, i.e.,
nucleon correlation functions and their dependence on the
nuclear symmetry energy. We also present results on the Esym(p)=Esym(po)u”, ®)

variations of the symmetry energy effects on nucleony,pqre u=plp is the reduced density an®qy{po)

nucleon correlations with respect to the nuclear isoscalar po-. 35 MeV is the symmetry energy at normal nuclear matter

tential, nucle_:on_-nucleon cross sections, as well as th_e Imloaijtensity. The symmetry potential acting on a nucleon derived
parameter, incident energy, and masses of heavy-ion coll

from the above nuclear symmetry ene is
sions. Finally, we conclude with a summary and outlook in y y Gy
Sec. VI. Veyrd p,8) = = 2[ Egynl po)u” — 12.7u%%] 5
_ y 2137 2
Il. NUCLEAR SYMMETRY ENERGY FEgynlpo) (y=Du"+4. 207757 (6)

Many theoretical studie®.g., Refs[39—44)) have shown }[/ivvheel)r/e “+"and * —" are for neutrons and protons, respec-

that the EOS of asymmetric nuclear matter can be approxi
y PP For the isospin-independent part of the nuclear EOS,
mately expressed as . DT
E(p,5=0), we use a Skyrme-like parametrization, i.e.,
E(p,8)=E(p,6=0)+Eqn{p) &%, (1)

3 a
E(p,6=0)= g ERu™+ Su+

R L @)

where p=p,+p, is the baryon densityp=(p,—pp)/(pp
+pn) is the isospin asymmetry, aip, 6=0) is the energy e the first term is the kinetic part af is the Fermi

per part_lcle in symmetric nuclear maiter. The bulk Symmetryenergy of symmetric nuclear matter at normal nuclear matter
energy is denoted by the so-called symmetry energy Coeff'density The parametem= — 358.1 MeV, b=2304.8 MeV

C|en|t ESV'“(pt)tE Ed(p'é.j 1)[._ E(’é' 6=0). Its ValL('f ?tdmt)rngal and o=7/6 correspond to the so-called soft EOS with in-
ngc etaggz I\L;Ir Ven&gq €., SV"‘(é’lO)]t lsthpre IIC € ct) et dcompressibilityKo=201 MeV, whilea=—123.6 MeV, b
abou €V, ancd 1S comparablé to the value extracted_ ;1 4 MeV, ando=2 give the so-called stiff EOS with

fro_lrphatomlc ma;ss dafgd5]. ficierE b incompressibilityK =380 MeV. Both EOS’s have a satura-
pandeed 5;2:23 rr?lorﬂaelr%c(l:g:r :g;e'cte?yg((;r)])'sit;ags € & tion density py=0.16 fm 3 for symmetric nuclear matter.
The isospin-independent potential obtained from this EOS is
then
P~ Po

2
Ksym ) , (2) V 3 "
Po olp)=au+bu’. 8

18

L{p—po
Esym(P) = Esym(PO) + §(

whereL and K, are the slope and curvature of symmetry The pressure of nuclear matter is given by

energy coefficient at normal nuclear density, i.e., IE(p,d)
P(P,5)=PZT, 9)
L=3p &EL"‘(‘O) (3)
o op 7 which leads to a contribution from nuclear symmetry energy
Prro given by
2 JE
Keym= Pg#ym(p) . (4 Psym(Pv5):F’252#:P0Esym(Po) ysturtt,

TP P=po (10
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besides that due to isospin-independent energy given by

1 bo
_apou2+ _u0'+l

2
Po(p,8=0)= g Eppou+ 3 o

(12)
At moderate and high temperaturégT>4 MeV), the

pressure can also be decomposed into an isospin- dependegt 0 /// SRR

part Psyn{p,5,T) and an isospin-independent p&(p,
=0,T), i.e.,

Ponlp.51)= 5 3 b ( )[(1+5)1+"+<1 DR

—2]+ P052[ EsynP0) yu - 8-5‘15/3]1

(12
and
o A3\ "
Po(p,8=0T)=Tp| 1+ > b| ——| |+ Zapou?
n=1 4 2
bo
o+1
+—1+0u , (13

whereb/s are the inversion coefficients given in R¢fs3,3]
and

thZ 1/2
T= ( ) (14

mT

is the thermal wavelength of nucleons with massin Eq.
(12), we have used the explic#-dependent kinetic part of

symmetry energy instead of the parabolic approximation to / !

calculate the pressure at finite temperatures.

In the present work, we consider two casesyof0.5
(soft) and 2 (stiff) to explore the large range af andKgy,
discussed above. The=0.5(2) givesL=52.5(210.0 MeV
and Kgym=—78.8(630.0 MeV. In Figs. 1a) and Xb), we

show the nuclear symmetry potentials for protons and neu-

trons in isospin asymmetric nuclear matter with 0.2 and
0.4, respectively. Except at densities belowgg.5or the
case ofy=2, the symmetry potential is attractive for protons

and repulsive for neutrons, and increases with density and o 12 | /)
isospin asymmetry. Furthermore, the stiff symmetry potential , /
becomes stronger than the soft one when the nuclear density 1
exceeds certain value around normal nuclear density, which , ,
depends on the isospin asymmetry and is different for neu- , i ‘

trons and protons.
Different symmetry energies also result in different ther-

modynamical properties for neutron-rich matter. The pres- G0 o5 10 15 00 05 10 15 20

sure due to symmetry energfgm,, in an asymmetric
nuclear matter with isospin asymmets~=0.2 or 0.4 and
temperaturel =0 or 10 MeV, is shown in Fig. 2 as a func-
tion of density for both soft ¥=0.5) and stiff (y=2) sym-

PHYSICAL REVIEWES, 014605 (2003

60 —T T LI— LI T T LI
(a) 5=0.2 A4 (b)s=04 J

404 ——1=05 s ! i
,,,,, =2

,
20 neutrons -

€
=7 protons "~
-20 SN

40 - N N i

-60 T T T T T T T T T T T T T T
0.0 0.5 1.0 15 0.0 0.5 1.0 1.5 20

plp,

FIG. 1. (Color online Neutron and proton symmetry potentials
as functions of density in asymmetric nuclear matter with isospin
asymmetry(a) 6=0.2 and(b) §=0.4 for both stiff (y=2) and soft
(y=0.5) symmetry energies, respectively.

ergy is insensitive to temperature, temperature dependence of
the pressure from symmetry energy is rather weak, as in the
more sophisticated finite-temperature Skyrme-Hartree-Fock
calculations[49]. For comparison, the isospin-independent
part of pressureP,, is shown in Fig. 3 as a function of
density for(a) T=0 and(b) 10 MeV, and withK,=201
(dashed curvesand 380(solid curve$ MeV. We see that the

stiff EOS gives a stronger pressure at both higher densities
and temperatures.
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FIG. 2. (Color online Pressure of asymmetric nuclear matter
due to the symmetry energ?sym as a function of density for

metry energies. It is seen that the stiff symmetry energy givegifferent temperatures and isospin asymmetri@sT=0 MeV and

a larger pressure in asymmetric nuclear matter than the soft=0.2, (b) T=10 MeV and5=0.2, (c) T=0 MeV and §=0.4,
one at the same density, and the difference increases witihd (d) T=10 MeV and§=0.4. Solid and dashed curves are for
both density and isospin asymmetry. Since the symmetry ersoft (y=2.0) and stiff (y=0.5) symmetry energies, respectively.
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FIG. 3. (Color onling Isospin-independent part of pressurg, FIG. 4. (Color onling Density dependence of total nucleon-
as a function of density fofa) T=0 and(b) 10 MeV, respectively, nhucleon cross sections at laboratory energie& =50, (b) 100 and
with K= 380 (solid curve$ and 201(dashed curvesMeV. (c) 200 MeV, for the experimental free-space cross sections

(squares and the in-medium nucleon-nucleon cross sections from

Although the total incompressibility of asymmetric th_e Dirac-Brueckner approach based on the BAnmotential
nuclear matter is mainly determined by the stiffness of thelines.
isoscalar part of nuclear energy, the stiffness of symmetry
energy has non-negligible effects on its EOS and thermodyrucleon cross sections,,, (squarep and o,.megium (lines)
namical properties. We thus expect that different symmetryor laboratory incident energies=50, 100, and 200 MeV,
energies would lead to different space-time evolutions irrespectively. In experimental free-space cross sections, the
heavy-ion collisions induced by neutron-rich nuclei at inter-neutron-proton cross section is about a factor of 3 larger than
mediate energies, resulting in observable effects in théhe neutron-neutron or proton-proton cross section. On the

nucleon-nucleon correlation functions. other hand, in-medium nucleon-nucleon cross sections from
the Dirac-Brueckner approach based on the BArpotential
I1l. ISOSPIN-DEPENDENT BUU TRANSPORT MODEL have smaller magnitude and weaker iSOSpin dependence than
. Texp, UL Strong density dependence.
Our study is based on an IBUU transport modelg., To solve the IBUU model, we use the usual test particle

Refs. [50,17,25,26,5]. In this model, initial positions of method[50]. Results presented in the following are obtained
protons and neutrons are determined according to their defvith 10000 events using 100 test particles for a physical
sity distributions from the relativistic mean-field thedB2—  nucleon.
54]. The neutron and proton initial momenta are then taken

to have uniform distributions inside their respective Fermi
spheres, with Fermi momenta determined by their local den-

sities via the Thomas-Fermi approximation. For the isoscalar The nucleon emission function describes the distributions
pressibilityK =380 MeV. Although the transverse flow data emitted. In the following, we first show the distribution of
from heavy-ion collisions are best described by anycleon emission times and the dependence of the average
momentum-dependent soft potential wit,=210 MeV  emission time on the nucleon momentum. This is then fol-
[55,56, they can also be approximately reproduced with aowed by the distribution of nucleon emission positions and
momentum-independent stiff potential wiky=380 MeV. jts dependence on the nucleon momentum. The momentum
Dependence of the reaction dynamics on isospins is includegistribution of emitted nucleons is also given. All momenta

through the isospin-dependent total and differential nucleonare in the center-of-mass system unless stated otherwise.
nucleon cross sections and Pauli blockings, the symmetry

potential Vg, and the Coulomb potential; for protons.

For nucleon-nucleon cross sections, we use as default the
experimental values in free spaee,,,. For a review of the The emission times of different particles in heavy-ion col-

IBUU model, we refer the reader to RER]. To study effects lisions are relevant for understanding both the collision dy-
due to the medium dependence of nucleon-nucleon crossamics and the mechanism for particle production. In heavy-
sections, we also use the parametrized in-medium nucleorien collisions at intermediate energies, the dynamics of
nucleon cross sections;,.meqium ffom the Dirac-Brueckner nucleon emissions is mainly governed by the pressure of the
approach based on the BoAnpotential[57]. In Figs. 4(a)—  excited nuclear matter produced during the initial stage of
(c), we show the density dependence of total nucleoncollisions[24,58. Since the stiff symmetry energy gives a

IV. NUCLEON EMISSION FUNCTIONS

A. Nucleon emission times
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for different cases. It is clearly seen that there are two stages

g:g: /g/}EQA\ (a) Dn;fertgnlt Symmetry of nucleon emissions; an early fast emission and a subse-
04] /A/ /A\A\A potenuals ] quent slow emission. This is consistent W_lth the long-lived
03] /7 ‘/.\_ A\\\gﬁ 1?12?2255) ] nucleon emission source observed in previous BUU calcula-
0a] // s \.\:Eﬁg‘ﬁ\ ' ! ] tions [59]. In Fig. 5a), effects_ due to dn‘fert_ant symmetry
0'1< a i N E%iﬁiﬁzgzg: ] energies are shown, and we flnpl that the stiff symmetry en-
= 0'0 Z ‘ ‘ o “nag ergy (triangles e;hances thg emission of ealrly h|g|;h momen-
E &l ‘ X iy ] tum protons and neutrons but suppresses late slow emission
S 2:; 07 (b) Different EOS's 1 compared with results from the soft symmetry energy
2 04l % :Ei:ii:gg?; ] (squares Difference between the emission rates of protons
c 03] Z Ay u ’ 1 and neutrons is, however, larger for the soft symmetry en-
S 4] / /l/ \‘\.\ﬂ\ﬂﬂ:& ] ergy. Both features are what we have expected from the
2 o4 Jl k':':'*i%iﬁiﬁéﬁzﬁ;@;ﬁa above discussions about the effects of nuclear symmetry en-
QE, 0.0 ,/J/ # A ergy on particle emissions. Figurebd shows results by us-
2 o6 ~ (c) Different cross sections/ ing different incompressibilities oK,=380 (squares and
£ 05/ /BAQ%% “mp-0-n() ] 201 (triangles MeV for the isoscalar potential. It is seen that
g o4l y N —A—p, (o) ] the nucleon emission rate is not sensitive to the incompress-
0.3] /k.\\\;\%sk ] ibility K, of the symmetric nuclear matter EOS, except that
0.21 // '\.\gﬁm\mﬂ 1 the stiff EOS slightly enhances the nucleon emission rate at
o1l /Q / \A:F-‘aiﬁizézﬁigiﬁﬂ‘ﬁ: the early stage of reactions. In Figich we compare results
00122 , , , ] from the experimental free spadéN cross sectionoey,
0 50 100 150 200 (squarep and those from the in-mediuMN cross sections
t (fm/c) Oin-medium (triangleg. Again, the nucleon emission rate is

_ o found to be insensitive to thdN cross sections used for the
FIG. 5. (Color onling Emission rates of protons and neutrons as present reaction system, except that the in-medium cross sec-

functions of time for different caseda) Soft or stiff symmetry  tjons slightly enhance the nucleon emission rate at later stage
energy withKy,=380 MeV ando,,, (b) different EOS’s, i.e.Kg of reactions (50—100 fna).

'[TOS:ISSOW?tr;IdKz(iO3gI($\I\//I;V\I/thayn:dofl() aénd(c) differentNN cross sec- To see if nucleons are emitted from an equilibrium or
0 y=E nonequilibrium sources, we consider time evolution of the

larger pressure than that due to the soft symmetry energy &aled quadrupole moment of nucleon momentum distribu-
shown in Fig. 2, it leads to a faster emission of neutrons andon Qz./Ares defined ag60]
protons. The relative emission sequence of neutrons and pro- drd
tons is, however, determined by the difference in their sym- _ rap 2 o o
metry potentials. With the symmetry potential being gener- QZZ/AWS(t)_l/AreSf (277)3(2pz Px=PyT(r.p.Y),
ally repulsive for neutrons and attractive for protons, (15)
neutrons are expected to be emitted earlier than protons. The
difference in neutron and proton emission times is particuwhereA is the mass number of the residue composed of
larly large for the soft symmetry potential as its magnitude anucleons at local density larger thag/8, andf(r,p,t) is the
densities below the normal nuclear matter density, wheré@ucleon phase-space distribution function given by the IBUU
most nucleons are emitted, is larger than that of stiff symmemodel. How far the emission source deviates from thermal
try potential as seen in Fig. 1. Since the stiff symmetry po-equilibrium is then given by the value @,,, with Q,,=0
tential changes sign when the nuclear density drops belownplying that thermal equilibrium is achieved. Shown in Fig.
0.5p,, the relative emission sequence of neutrons and proé are time evolutions 0®,,/A for different nuclear sym-
tons in this case depends on the average density at whighetry potentials, isoscalar potentials, @i cross sections.
they are emitted. Also, the emission time for protons is aflt is seen that the emission source nearly reaches thermal
fected by the repulsive Coulomb potential. Of course, detailequilibrium after around 40 fna/ except the case with in-
of these competing effects on nucleon emissions depend anediumNN cross sectiongdash-dotted curveIn the latter
both the reaction dynamics and momenta of nucleons. Thesmse, the thermal equilibration time is delayed to about
details can only be studied by using transport models. 70 fm/c as a result of smaller in-mediuMN cross sections

As an example, we study here central collisions®®a  than freeNN cross sections. Therefore, early emitted nucle-
+4%8Ca atE=80 MeV/nucleon. This particular reaction sys- ons are mostly from pre-equilibrium stage of heavy-ion col-
tem with isospin asymmetry=0.2 can be studied at the lisions, while late emitted ones are more like statistical emis-
RIA. In the present work, nucleons are considered as beingions. Since positiveQ,, indicates incomplete nuclear
emitted when their local densities are less tpgf8 and sub-  stopping or nuclear transparency while negative one implies
sequent interactions do not cause their recapture into regiorigansverse expansion or collectivity, all cases except the one
of higher density. Other emission criteria, such as taking thavith in-mediumNN cross sections thus show strong nuclear
nucleon emission time as its last collision time in the IBUU stopping but weak transverse expansion after 12@& fm/
model, do not change our conclusions. In Fig. 5, we show the The weak dependence of the nucleon emission rate on the
emission rates of protons and neutrons as functions of timstiffness of isoscalar potential is due to reduced difference in
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FIG. 6. Time evolutions of scaled quadrupole moment of FIG. 8. (Color onling Average emission times of protons and
nucleon momentum distributio®,,/Aes by usingK,=380 and  Neutrons as functions of their momenta for different symmetry
210 MeV with y=0.5, K,=380 with y=2, andK,=380 MeV, €nergies.
with y=0.5 and in-mediunNN cross sections.

slightly if the stiff symmetry energy is used for the case of

the pressure of excited nuclear matter as a result of differeri{ ;=380 MeV and freeNN cross sectiongdotted curvé
maximum densities reached in collisions, with the stiff oneAlso shown in Fig. 7 is the time evolution of average central
giving a lower density than the soft one. This can be seen inensity by usingK,=380 MeV and the soft symmetry en-
Fig. 7 where the time evolution of average central densityergy, but with in-mediunNN cross sections,.megium (dash-
(calculated in a sphere located at the center of collidinglotted curveé One finds that differer¥IN cross sections lead
nuclear matter with radius of 3 firis shown by usingK,  to almost similar time evolutions of average central density.
=380 (solid curve or 201 (dashed curveMeV, but with  Although the freeNN cross sections, which have larger val-
same soft symmetry energy and free nucleon-nucleon crosges than the in-medium ones, would lead to more stopping
sections. Maximum average central densities reached in thend thus higher density, enhanced Pauli blocking and mean-
collisions are about 1.46 and 1.6, respectively, folK, field pressure effects bring the resulting maximum density
=380 and 201 MeV, resulting in similar pressures of aboutsimilar to that obtained using the in-medium cross sections.
8 and 7 MeV/fni, respectively. In addition, the soft EOS As a result, the two different cross sections lead to similar
leads to a slower expansion and a longer higher density staggessures during the high density stage of heavy-ion colli-
than the stiff EOS. On the other hand, the maximum averagsions, and thus give comparable nucleon emission times as
central density reached in the collisions is reduced onlyhown in Fig. %c).

Energies of emitted nucleons are correlated to the times at

1.8 - . - . : T : T - which they are emitted. Generally, earlier emitted nucleons
16 N %Ca+**Ca, E=80 AMeV, b=0 fm ] have higher energies than later emitted ones. This can be
' SN — K =380 MeV with y=0.5 - seen in Fig. 8, where we show the average emission times of
1.4 4 NV s KZ=210 MeV with y=0.5 - protons and neutrons as functions of their momenta by using
NV K,=380 MeV with y=2 1 Ky,=380 MeV with the soft or stiff symmetry energy. In-
129 Vo e K,=380 MeV with y=0.5 ] deed, high momentum nucleons are emitted in the early pre-
104 ando,__ .- ] equilibrium stage of collisions when the average density is
- relatively high, while low momentum ones are mainly emit-
e 0.8 ted when the system is close to equilibrium and the average
density is low. Figure 8 further shows that the average emis-
06+ sion time of nucleons with a given momentum is earlier for
04 the stiff symmetry energytriangles than for the soft one
(squares Moreover, there are significant delays in proton
0.2 4 emissions(filled squarep with the soft symmetry energy.
________ — These features are consistent with the results shown in Fig.
0.0 T T T T T T T T T H H feci
0 20 40 50 80 100  S(a). For stiff symmetry energy, the change in the emission

sequence of neutrons and protons with their momenta is con-

sistent with the change in the sign of stiff symmetry potential
FIG. 7. Time evolution of average central density by usigg ~ at low densities as shown in Fig. 1.

=380 and 210 MeV withy=0.5, Kq=380 with y=2, andK, We note, however, that the distribution of the emission

=380 MeV with y=0.5 and in-mediunNN cross sections. times for nucleons with same momentum is quite broad par-

t (fm/c)
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= /é//A/./ ---\_\A\ 2 4| E=80AMeV, b=0fm '\%h__ "
o \I
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% %l/ ‘lllM?ﬁl?ﬁ?@ﬁﬁ?@ gm 1 —o—p (wlo Coul.) T -y
0.00 ALl } 20 | — T —T T T T T T T T
m\ (c) p=300 MeV/c 100 200 300 400 100 200 300 400
X o jal p (MeV/c)
0.04- 7 a 1
7 A/_‘\ FIG. 10. (Color onling Average emission time of protons as a
0.02 A/:f' '\A function of their momenta witftfilled squaresand without(open
' E " squares Coulomb interaction by using the sd#) or stiff (b) sym-
.%ﬁg metry energy.
0.00 1= _ PRRRRRARERAARRRNRAR AR ARA
0 50 100 150 200

t (fm/c) B. Size of nucleon emission source

, o The size of emission source can be characterized by the
_FIG. 9. (Color onling Emission rates of neutrons and protons yqot-mean-squared radii of emitted protons and neutrons in
with momenta(a) 100, (b) 200, and(c) 300 MeVic (Wl_th bin Sizé  the transverse(R,yg) and longitudinal (Z,,)) directions.
0f 20 MeVic) for K, =380 MeV, freeNN cross sections, and ei- |, rig 17 e show these radii as functions of nucleon mo-
ther soft or stiff symmetry energy. mentum usingK,=380 MeV and freeNN cross sections,
but with either soft(square} or stiff (triangle3 symmetry
ticularly for low momentum nucleons. This is shown in Fig. energy. It is seen that for both symmetry energies the emis-
9 for nucleons with momenta af) 100, (b) 200, and(c) sion source has an oblate shape with a larger transverse ra-
300 MeV/c (all with bin size of 20 MeVt), obtained with  dius than longitudinal radius. Furthermore, the emission
=380 MeV, freeNN cross sections, and either soft or source size is larger for the soft than the stiff symmetry en-
stiff symmetry energy. Although the peak emission time in-€rgy. However, the diffe_rer_1ce between _the transverse _radii c_>f
creases with decreasing nucleon momentum, the distributioBroton and neutron emission sources is more appreciable in
of nucleon emission times is broad. Furthermore, at later

times more nucleons with momentum of 200 MeVére 10 —

emitted than those with momentum of 100 Me\dre emit- 1 _E-E-E_g

ted. For both protons and neutrons, more are emitted for the °7] @/@ g%i’;g oo \-\ |

stiff than for thg soft symmetry energy. . . s-/g fkg/ <R _> A |
In low and intermediate energy heavy-ion collisions in- ¥ &\

duced by heavy nuclei, the Coulomb interaction is expectecg 7 KA\A)A>W> .

to affect the emission time of protons, and thus also ther, - \A\A-A

neutron-proton correlation functide1,62. In present IBUU  ny" 6+

simulations, the Coulomb potential is included explicitly in s

the dynamic evolution of colliding nuclei. Effects of Cou- "¢ 5'_ S T
lomb interaction on the proton emission time can be seen irff 4_§EQ‘Q\@ m\@
Fig. 10, where the average emission time of protons is shown | ‘@%Q;%wt@:@‘@
as a function of their momenta witfilled squaresand with- 34 —m—p,—0—n (y=0.5) .
out (open squargsCoulomb interaction by using either the 1 A—pL-n(=2)
soft (left pane) or stiff (right pane) symmetry energy. One 2 — T T T T T T

50 100 150 200 250 300 350 400

finds that the Coulomb interaction is not important for
S2Cat+“¥Ca as it only shortens the proton average emission
time by factors less than 10% for both the soft and stiff FiG. 11. (Color online Root-mean-squared transverse emission
symmetry energies. The Coulomb potential effect is eveRadius (R, and longitudinal emission radiuz,Jof neutrons
smaller for protons with high momentum, which are emittedand protons as functions of their momenta by usiig
early during collisions. We note that the Coulomb potential=380 MeV with either sof{squaresor stiff (triangle$ symmetry
does not affect the neutron emission time as expected.  energy.

p (MeV/c)
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FIG. 12. (Color online Transverse radius distribution of emitted
nucleons with momenté) 100, (b) 200, and(c) 300 MeVkt (with
bin size of 20 MeVt) for K,=380 MeV, freeNN cross sections,
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and either soft or stiff symmetry energy.
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momentum nucleons are emitted earlier when the source size
is more compact. The small transverse radius of the emission
source for lower momentum nucleons are, on the other hand,
due to the broad distributions in nucleon emission times,
resulting in the emissions of more intermediate momentum
nucleons than low momentum nucleons at later times. As a
result, the source size for low momentum nucleons is largely
determined by earlier emitted nucleons. This can also been
seen in Fig. 12 where we show the transverse radius distri-
butions of emitted nucleons with momer{& 100, (b) 200,

and (c) 300 MeV/c (with bin size of 20 MeVt) for K,
=380 MeV, freeNN cross sections, and either soft or stiff
symmetry energy. It is seen that the peak of the transverse
radius distribution first increases then decreases as the
nucleon momentum gets larger, consistent with that shown in
Fig. 11. Furthermore, the width of the radius distribution is
narrower for high momentum nucleons than for low momen-
tum ones.

To see more clearly the size and structure of nucleon
emission source, we show in Figs. 13 and 14 the density
contoursp(x,0,2) in the reaction plane ane(x,y,0) perpen-
dicular to the reaction plane at different times by usitg
=380 MeV and freeNN cross sections with the soft sym-
metry energy. It is seen that after initial contact of the target
and projectile at 1 fnd, the nuclear matter is compressed to
high density during the first 20 fra/ This is followed by
expansions, mainly in the transverse direction, leading to the
formation of an oblate bubble nuclear matter, which subse-

the case of soft symmetry energy than stiff symmetry energyquently changes into a ring-shaped structure. The ring struc-
These features are consistent with the emission times shownre has a long lifetime and decays into several fragments

in Fig. 8.

after about 100 fnd. Such exotic structures also exist in the

The decrease of the transverse radius with increasingther cases, i.e., usirgy=201 MeV, stiff symmetry energy,
nucleon momentum shown in Fig. 11 is expected as higheor in-mediumNN cross sections. This interesting phenom-

x (fm)

*’Ca+*Ca, E=80 AMeV,

20

=0 fm

15 t=1 fm/c 120 fm/ic
10 [K =380 MeV and y=0.5-|

T

T T T 71 T TT T T T T T T

T 40 fm/c 160 fm/ic .

A T T T A B

L

1

T I I I A I | I T T T A N S |

-20 I I IO I I

20-15-10 5 0 5 10 15-20-15-10 -5 0 5 10 15

20-15-10 5 0 5 10 15-20-15-10 -5 0 5 10 15 20

z (fm)

FIG. 13. Density contourg(x,0z) at different times by usiné =380 MeV and freeNN cross sections with the soft symmetry energy.
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FIG. 14. (Color online Density contours(x,y,0) at different times by using,=380 MeV and freeNN cross sections with the soft

*?Ca+"Ca, E=80 AMeV, b=0 fm

PHYSICAL REVIEWES, 014605 (2003
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symmetry energy. The thick curves represgg8.

enon is not new and was studied extensively a decade agaround normal nuclear density and is very different from the
For medium mass nuclei, this is a common phenomenon igentral density shown in Fig. 7. Since low momentum nucle-
central or near central collisions at energy considered herens are mainly emitted during the late stage of heavy-ion
[63—69. The formation of bubble and ring structures during collisions from the ring and its decaying fragments, the sym-
expansion implies that the central density shown in Fig. 7 isnetry energy effect is thus small as a result of the small
not always the maximum density reached in collisions. Indifference between soft and stiff symmetry potentials at nor-

10 15

x (fm)

Fig. 15, we show the time evolution of maximum density for mal nuclear density as shown in Fig. 1.
different incompressibilitiedN N cross sections, and symme-
try energies as in Fig. 7. We see that after about 3@fm/

when the bubble is formed, the maximum density has a value
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FIG. 15. Time evolution of maximum density for different in-

T
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C. Momentum distributions of emitted nucleons

Figure 16 shows the momentum distributions of emitted

neutrons and protons fdf,=380 MeV and freeNN cross

030 T T T T T T T T T T
0.25 1 A-D —m—p,—0—n (y=0.5)
0 —A—p,—A—n (y=2
A;D/ Sﬁx P (=2)
0.20 A i
- VA %
3 / g AA A\
= /4 A .
S 0154 AR \A i
5 7NN
Z A
3 0.10] A /./ ‘s_ \ i
A
A%. \l;g\&é
0.05 N i
" /l .\‘jﬁ\&\é
Aé?/} L‘%‘iﬁfﬁiﬁi&
000 T 7T T T T T ]
0 50 100 150 200 250 300 350 400 450 500
p (MeV/c)

FIG. 16. (Color online@ Momentum distributions of emitted neu-

compressibilitiesNN cross sections, and symmetry energies as introns and protons foK,=380 MeV and freeNN cross sections
with soft (squaresor stiff (triangles symmetry energy.

Fig. 7.
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sections with soffsquaregor stiff (triangle3 symmetry en-

ergy. It is seen that most nucleons are emitted with momenta 8 (@) nn IR (d) nn 4
aroundp=180 MeVic, and the peak momentum shifts toa | ~ P<300MeVic 1\ P>500 MeV/c
larger value as the symmetry energy becomes softer. The 2ca+*®Ca 'k
lower peak momentum in the case of stiff symmetry energy 4] E=80 AMeV, b=0 fm | ‘\
is due to the larger potential energy during initial compres- '\A
sions, and thus lower average nucleon kinetic energy as a  2{ . '\k‘
result of energy conservation. Furthermore, symmetry energy et ——t—t—a—a
effects on lower momentum nucleons are stronger for pro- 15| (b) pp A (e) pp
tons than for neutrons, which is consistent with the larger A a_
variation of proton symmetry potential at low densities with o 1 A4 4 a u =N
the stiffness of symmetry energy than that of neutron sym& / A
metry potential as shown in Fig. 1. 051 / /

V. NUCLEON-NUCLEON CORRELATION FUNCTIONS ool . } }

The nucleon emission function, which is important for 4] e os (€)np 14 (fynp 1
understanding the reaction dynamics in heavy-ion collisions, +Z:2' \
can be extracted from two-particle correlation functions; see, 3] ™
e.g., Refs[27-3Q for reviews. In most studies, only the \‘\
two-proton correlation function has been measuféd— 2‘\ T .\A
69,59. Recently, data on two-neutron and neutron-proton " '\
correlation functions have also become available. The ! —— = z e =

neutron-proton correlation function is especially useful as it 120 3 40 S0 10 20 30 40 50

is free of correlations due to wave function antisymmetriza- q (MeVic)
tion and Coulomb interactions. Indeed, Ghettal. have de- FIG. 17.(Color online Two-nucleon correlation functions gated
duced from measured neutron-proton correlation function the o ) ) . 9
time sequence of neutron and proton emissigits7 1. on tqtal momeqtum of nucleon pairs using the géifted squares

. . or stiff (filled triangles symmetry energy. Left panels are fér

In the standard Koonin-Pratt formalisii2—74, the two-  _ 34 \evic while the right panels are fdP>500 MeVic.

particle correlation function is obtained by convoluting the
emission functiorg(p,x), i.e., the probability for emitting a
particle with momentump from the space-time poink
=(r,t), with the relative wave function of the two particles,
ie.,

we have evaluated two-nucleon correlation functions from
the emission function given by the IBUU model. Shown in
Fig. 17 are two-nucleon correlation functions gated on total
momentumP of nucleon pairs from central collisions of
S2Cat *®Ca atE=80 MeV/nucleon. The left and right pan-
4y, 44 2 els are folP<300 MeV/c andP>500 MeV/c, respectively.
f I d9(P2x0)g(PI2x2) [ 4(a.n)] For both neutron-neutroupper panelsand neutron-proton
4 4 ’ (lower panels correlation functions, they peak atf
f d xlg(P/2,x1)f d™x29(PI2x;) ~0 MeV/c. The proton-proton correlation functidgmiddle
(16) pane) is, however, peaked at abogt=20 MeV/c due to
strong final-statesswave attraction, but is suppressed cat
In the aboveP(=p;+p,) andqg[=(1/2)(p;—p,)] are, re- =0 as aresult of Coulomb repulsion and antisymmetrization
spectively, the total and relative momenta of the particle pair0f two-proton wave function. These general features are con-
and ¢(q,r) is the relative two-particle wave function, with ~ Sistent with those observed in experimental data from heavy-
being their relative position, i.e.r=(r,—ry)—(1/2)(v,  ion collisions[70].
+V,)(t,—t;). This approach has been very useful in study- Since emission times of low-momentum nucleons do not
ing effects of nuclear equation of state and nucleon-nucleoghange much with the differeris,(p) used in the IBUU
cross sections on the reaction dynamics of intermediate erfnodel as shown in Fig. 8, two-nucleon correlation functions
ergy heavy-ion collision$28]. In the present paper, we use are not much affected by the stiffness of symmetry energy.
the Koonin-Pratt method to determine the nucleon-nucleoPn the other hand, the emission times of high-momentum
correlation functions in order to study the effect due to thehucleons, which are dominated by those with momenta near
density dependence of nuclear symmetry energy on the spg50 MeVlc, differ appreciably for the two symmetry ener-

tial and temporal structure of nucleon emission source irfgies considered here. Correlation functions of high-
intermediate energy heavy-ion collisions. momentum nucleon pairs thus show a strong dependence on

the nuclear symmetry energy. Gating on nucleon pairs with
high total momentum allows one to select those nucleons
that have short average spatial separations at emissions, and
Using the program Correlation After Burngr5], which  thus exhibit enhanced correlations. For these nucleon pairs
takes into account final-state nucleon-nucleon interactionsyith high total momentum, strength of their correlation func-

C(P,g)=

A. Symmetry energy effects
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momentumg=5 MeV/c and proton-proton pairs with rela-

12 R
(saz) m 8 2 tive momentung=20 MeV/c by usingK,=380 MeV with
5 101 “Cat+"Ca 5/ 7 both soft(filled squaresand stiff (open squaréssymmetry
é s E/A=80 MeV, b=0 fm /- _ energies. It is seen that the symmetry energy effect is more
o —m— K =380 MeV with y=0.5 pronounced for pairs with higher total momentum as dis-
& %] 9K, 380 MeV with y=2 . / ) cussed previously. However, the effect becomes weaker
O 4 - %- . when their total momentum becomes very large. This is due
o ’ ’ to the fact that very energetic neutrons and protons mainly
204 (b) pP CE. come from very early stage of collisions when the reaction
g [5/ system reaches maximum compression and nucleon emis-
2 16 i sions are largely affected by the isospin-independent part of
S " EOS. The symmetry energy effect on the emission time of
& 12 /Eﬂ/ | nucleons is therefore reducgd fc_ur these very energetic neu-
5% —i —" trons and protons as shown in Fig. 8. Furthermore, emission
: : : : times of very energetic neutrons and protons are strongly
07 (c) np E ] influenced by the high density behavior of symmetry energy,
S 501 D/ i and for the stiff symmetry energy very high momentum neu-
% trons are emitted earlier than protons as shown in Fig. 8. As
= 0 /- ) a result, the symmetry energy effect on the correlation func-
Lfc?r 3.0 [ﬂ/ . tion of very energetic neutron-proton pairs is also reduced.
o 204 [ﬂ<ﬁ;- 1 Since the nuclear symmetry energy affects differently the
' . . . . transverse and longitudinal radii of nucleon emission source,
0 200 400 600 800 1000 it is useful to study also the dependence of two-nucleon cor-
P (MeV/c) relation functions on the direction of emitted nucleons. We

FIG. 18. (Col lina Total wm d g ( th have thus considered both transverse cut with,=90°
- 18. (Color onling Total momentum dependence of the ., ;g0 gng longitudinal cut with 6. ,=0°-20° or

correlation functions for neutron-neutréa and neutron-protoxc) 160°—180°, wherd, . is the center-of-mass angle with re
- 1 c.m. B -

Sz::z wvl\fir:hreIg;;gv?omimzrrﬂ;n?qu%/iﬂ:C?Cprg;onl-gg;or(}z)) spect to the beam direction. Results similar to Fig. 17 .for
=380 MeV with both softfilled squaresand stiff (open squargs tWO'p_rOton’ _tWO'neUtrO.n’ and neutron-proton corr_elat|on
symmetry energies. functions using both stiff and soft symmetry energies but
stiff isospin-independent EOS and fridd cross sections are
tion is stronger for the stiff symmetry energy than for the softshown in Figs. 19 and 20 for transverse and longitudinal
symmetry energy: about 30% and 20% for neutron-protorcuts, respectively. It is seen that the transverse cut gives
pairs and neutron-neutron pairs at low relative momentunsmaller values for nucleon-nucleon correlation functions
g=>5 MeV/c, respectively, and 20% for proton-proton pairs than the longitudinal cut. This is easy to understand as the
at =20 MeV/c. The neutron-proton correlation function correlation functions with transvers¢longitudina) cut
thus exhibits the highest sensitivity to variationsEf,{ p). mainly reflect the transverg®ngitudina) size or lifetime of
As shown in Fig. 8 and discussed earlier, the emission sghe emission source. A transverse radius larger than the lon-
quence of neutrons and protons is sensitivEd@{(p). With  gitudinal radius shown in Fig. 11 thus leads to smaller values
stiff Egyn(p), high-momentum neutrons and protons arefor the nucleon-nucleon correlation functions. Our results
emitted almost simultaneously, and they are thus temporallfurther show that the correlation functions of nucleon pairs
strongly correlated, leading to a larger neutron-proton correwith total momentumP>500 MeV/c obtained with trans-
lation function. On the other hand, proton emissions in theverse cut have stronger symmetry energy dependence than
case of softEs,(p) are delayed compared to neutrons, sothose obtained with longitudinal cut. For transverse cut, the
they are temporally weakly correlated with neutrons. Thesymmetry energy effects are about 23% and 33% for
resulting values of neutron-proton correlation function areneutron-neutron and neutron-proton pairsgat5 MeV/c,
thus smaller. Furthermore, both neutrons and protons ar@nd 22% for proton-proton pairs at=20 MeV/c, respec-
emitted earlier with stiffE,(p), so they have shorter spa- tively, but corresponding effects are 14%, 22%, and 19%,
tial separation at emissions. As a result, neutrons and protorigspectively, for longitudinal cut. However, compared to re-
are more correlated for the stiff symmetry energy than for thesults in Fig. 17 without the angular cut, there is only a slight
soft symmetry energy. Our results thus clearly demonstratenhancement of two-nucleon correlation functions when the
that correlation functions of nucleon pairs with high total transverse cut is imposed, as most nucleons are emitted in
momentum can indeed reveal sensitively the effect of nucleathe transverse direction.
symmetry energy on the temporal and spatial distributions of In the above analysis, the IBUU calculations are termi-
emitted nucleons. nated at 200 fnd. In Fig. 21, we show the stop time depen-
To see more clearly the symmetry energy effect ondence of the correlation functions for high total momentum
nucleon-nucleon correlation functions, we show in Fig. 18(P>500 MeV) neutron-neutron and neutron-proton pairs
the total momentum dependence of the correlation functionwith relative momentumg=5 MeV/c and proton-proton
for neutron-neutron and neutron-proton pairs with relativepairs with relative momentung=20 MeV/c by using K
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FIG. 19. (Color onlin@ Same as Fig. 17 but with angular cut
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FIG. 21. (Color online Dependence of two-nucleon correlation
functions on stop times for high total momentu@>500 MeV)
neutron-neutrorfa) and neutron-protoiic) pairs with relative mo-
mentumg=5 MeV/c and proton-protorib) pairs with relative mo-

symmetry energy. It is seen that values of these correlatiomentum q=20 MeV/c by using K,=380 MeV with soft (filled

functions are essentially fixed after about 150 ¢nfgr both
soft (open squargsand stiff (filled squares symmetry ener-

P<300 MeV/c
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FIG. 20. (Color online Same as Fig. 17 but with angular cut

0. m=0°—20° or 160°—180° in center-of-mass system.

squaresor stiff (open squargssymmetry energy.

gies. Furthermore, the symmetry energy effect starts to ap-
pear after 50 fm¢, when the central density is about A

of normal nuclear matter density as shown in Fig. 7 and the
maximum density is about 143 as shown in Fig. 15, indi-
cating that two-nucleon correlation functions are sensitive to
the properties of nuclear symmetry energy at densities
around and below the normal nuclear density.

B. EOS andNN cross section effects

We have also studied the effects of isoscalar potential and
in-medium NN cross sections on nucleon-nucleon correla-
tion functions. In Fig. 22, we show gated two-nucleon cor-
relation functions from central collisions ofCa+“Ca at
E=80 MeV/nucleon using the soft symmetry energy but dif-
ferent values of incompressibilit¥, andNN cross sections.
One finds that reducing, from 380 (filled squaresto 201
(filled triangles MeV increases the value of the correlation
function for high momentum pairdP(>500 MeV/c) but de-
creases that for low momentum pair® <300 MeV/c).
Specifically, the increases are about 8% and 13% for high
momentum neutron-proton and neutron-neutron pairs with
relative momentumg=5 MeV/c, and about 5% for high
momentum proton-proton pairs with relative momentgm
=20 MeV/c, while corresponding decreases for low mo-
mentum pairs are about 14%, 3%, and 12%. Changing ex-
perimental free-spacBlN cross sectionre,, to in-medium
NN cross sectionsoi,.medqium (Op€en triangles leads to
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FIG. 22. (Color onling Two-nucleon correlation functions gated
on total momentum of nucleon pairs using the soft symmetry en- FIG. 23. (Color onling Impact parameter dependence of
ergy but different values of incompressibilit¢, and NN cross  neutron-neutroria) and neutron-protoric) correlation functions at
sections. Left panels are f&<300 MeV/c while right panels are relative momentung=5 MeV/c and proton-protorib) correlation
for P>500 MeV/c. function at relative momentuigp=20 MeV/c for particle pairs with
high total momentunP>500 MeV/c by usingK,=380 MeV and
changes of about 5%, 6%, and 1% in the neutron-protonfree NN cross sections with the soffilled squarep or stiff (open

. - sguares symmetry energy.
neutron-neutron, and proton-proton correlation functions for

high momentum particle pairsP(>500 MeV/c), but about L . . .
'9 um p P e ) eter, which is consistent with previous BUU results for the

10%, 2%, and 5% for low momentum particle pail® ( . ) )
<300 MeV/c). These results are similar to those found in proton-proton _ correlation f“’FCt'O'{Gﬂ- The correlanc_)r!
function obtained with the stiff symmetry energy exhibits,

Ref.[28]. The weak dependence of two-nucleon correlatio ;
[28] b nhowever, a stronger dependence on impact parameter than

functions on the stiffness of isoscalar potential and e .
cross sections is consistent with the nucleon emission timetg]at using thg soft symmetry energy as the former has a
shown in the last section. stronger density dependence. . .
Dependence of nucleon-nucleon correlation functions on
the incident energy of heavy-ion collisions is shown in Fig.
24 for high total momentumR>500 MeV) neutron-neutron
The nucleon-nucleon correlation functions also depend oand neutron-proton pairs with relative momentum
the impact parameter and incident energy of heavy-ion col=5 MeV/c and for proton-proton pairs with relative mo-
lisions. Figure 23 shows the impact parameter dependence afentumg=20 MeV/c. The results are obtained usirig,
neutron-neutron and neutron-proton correlation functions at 380 MeV and freeNN cross sections with the soffilled
a relative momentung=5 MeV/c and proton-proton corre- squares or stiff (open squargssymmetry energy. It is seen
lation function at a relative momentuip=20 MeV/c for  that the values of nucleon-nucleon correlation functions in-
particle pairs with high total momentuf@>500 MeV/c by  crease with increasing incident energy. This is understand-
using K,=380 MeV and freeNN cross sections with the able since nuclear compression increases with increasing in-
soft (filled squaresor stiff (open squargssymmetry energy. cident energy, and nucleons are also emitted earlier, leading
It is seen that the symmetry energy effect is stronger in cento a smaller source size. Also, the stiff symmetry energy
tral and semicentral collisions and becomes weaker in semgives a larger value for the nucleon-nucleon correlation func-
peripheral and peripheral collisions. This simply reflects thetion than the soft symmetry energy, and the difference does
fact that nuclear compression is weaker in peripheral collisnot depend much on incident energies, although the relative
sions, and the symmetry energy effect mainly comes froneffect is reduced. This is due to the fact that at high incident
the small difference between the soft and stiff symmetry enenergies the symmetry energy effect mainly comes from
ergies at low densities. Also, one finds that values of thesearly compression stage of collisions when nuclear pressure
correlation functions decrease with increasing impact paramaffects strongly the emission times of nucleons. Furthermore,

C. Impact parameter and incident energy dependence
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) FIG. 25. (Color online Two-nucleon correlation functions gated

_FIG. 24._ (Color onllng D_ependence of nugleon-nucleon CoITe- o total momentum of nucleon pairs using the séifted squares
lation functions on the incident energy for hight total mom.entumOr stiff (filled triangle$ symmetry energy for the central reaction
(P>500 MeV) neutron-neutroria) and neutron-protor(c) pairs system 13%n+ 1245n at E=80 MeV/nucleon. Left panels are for

with relative momentung=5 MeV/c and proton-protorib) pairs  p-300 MeV/c while right panels are foP>500 MeVic.
with relative momentumg=20 MeV/c by using K,=380 MeV
and fregNN cross sections with the soffilled squares or stiff reaction Systeml328n+ 1245 than 2Ca+ %8Ca. Because of
(open circley symmetry energy. stronger Coulomb repulsion for protons, the symmetry en-
ergy effect on the correlation functions of neutron-proton
the system expands rapidly at high incident energies, the lowairs and proton-proton pairs is weaker compared with those
density behavior of symmetry potential thus plays a less imin the reaction syster”Cat“*Ca, i.e., about 17% and 8%,
portant role on the relative emission time of neutrons andespectively, instead of 30% and 20%. However, the sym-
protons. According to Fig. 8, nucleons are emitted earliemetry energy effect on the neutron-neutron correlation func-
with stiff rather than with soft symmetry energies. Therefore,tion, which is not affected by Coulomb potential, is not much
the symmetry potential effects remain appreciable with indinfluenced by the size of reaction system, i.e., it is about 20%
creasing incident energy. On the other hand, the initial comand 15% for the light and heavy reaction systems, respec-
pression is relatively weak at lower incident energies, andively. As in collisions of*’Ca+ “®Ca, effects due to different
the behavior of symmetry energy at low densities becomeisoscalar potentials andNN cross sections on nucleon-
relevant. nucleon correlation functions are found to be small.

D. Reaction system dependence VI. SUMMARY AND OUTLOOK

To see how the above results change for different reaction |n conclusion, using an isospin-dependent transport model
systems, we show in Fig. 25 two-nucleon correlation func-we explore systematically the isospin effects on nucleon-
tions for head-on collisions of 32Sn+1%%Sn at E  nucleon correlation functions in heavy-ion collisions induced
=80 MeV/nucleon by using the sofsquarey or stiff (tri- by neutron-rich nuclei at intermediate energies. It is found
angleg symmetry energy. This reaction system has a similathat the nuclear symmetry energy,.{p) influences signifi-
isospin asymmetry, i.e.f=0.22 as the reaction system cantly both the emission times and the relative emission se-
S’Cat *°Ca studied in the above, and can also be studied iquence of neutrons and protons. A stiffe,(p) leads to a
future RIA. It is seen that two-nucleon correlation functionsfaster and almost simultaneous emission of neutrons and pro-
in this case are similar to those iffCa+*%Ca reactions tons. Consequently, two-nucleon correlation functions, espe-
shown in Fig. 17. The strength of two-nucleon correlationcially for neutron-proton pairs with high total momentum but
functions at small relative momenta is, however, about a faclow relative momentum, are stronger for the stiff symmetry
tor of 2 smaller than that in the reaction systetfCa energy than the soft one. The correlation function of neutron-
+48Ca. This reduction is mainly due to the larger size of theproton pairs gated on higher total momentum but with
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smaller relative momentum is, on the other hand, insensitiveorrelation functions is thus largely limited to the properties
to the incompressibility of symmetric nuclear matter EOSof nuclear symmetry energy at subnormal nuclear densities,
and the in-mediunNN cross sections. This novel property similar to that from studying neutron skins of radioactive
can be used as a possible tool to extract useful informationyclei.
about the density dependence of nuclear symmetry energy. |n the present work, we have not included momentum
These results do not change much if only nucleons emitted igependence in either the isoscalar mean-field potential or the
certain directions are considered. symmetry potential. The former may affect the properties of
We have also studied the dependence of neutron-protogiyclear emission source as it was shown that a momentum-
correlation function on the impact parameter and incidengependent mean-field potential reduces nuclear stopping or
energy of heaVy-ion collisions as well as masses of the reaGncreases nuclear transparerﬁaﬁ]. With momentum depen_
tion system. We find that the symmetry energy effect begence included in the nuclear symmetry potential, differ-
comes weaker with increasing impact parameter and inciderdnces between the neutron and proton potentials are affected
energy. AlSO, the Strength of nucleon-nucleon Correlatiorhot On|y by the density dependence of nuclear Symmetry
function is reduced in collisions of heavier reaction SyStem%nergy but also by the magnitude of proton and neutron mo-
as a result of larger nucleon emission source. For protonmenta[77]. It will be of interest to study how the results
proton and neutron-proton correlation functions, the symmepptained in the present study are modified by the momentum

try energy effect is further suppressed by the stronger Coldependence of nuclear mean field. We plan to carry out such
lomb potential in heavier reaction systems. Our results thug study in the future.

suggest that the correlation function of neutron-proton pairs

gated on higher total momentum but with smaller relative

r_nomentum from central or semlcen.tr.al collisions induced py ACKNOWLEDGMENTS
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