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Effects of momentum-dependent nuclear potential on two-nucleon correlation functions and light
cluster production in intermediate energy heavy-ion collisions
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Using an isospin- and momentum-dependent transport model, we study the effects due to the momentum
dependence of isoscalar nuclear potential as well as that of symmetry potential on two-nucleon correlation
functions and light cluster production in intermediate energy heavy-ion collisions induced by neutron-rich
nuclei. It is found that both observables are affected significantly by the momentum dependence of nuclear
potential, leading to a reduction of their sensitivity to the stiffness of nuclear symmetry energy. However, the
t/3He ratio remains a sensitive probe of the density dependence of nuclear symmetry energy.
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I. INTRODUCTION perimental data on the nucleon directed flow in intermediate
energy heavy-ion collisions, which were previously ex-
eplained by a stiff nuclear equation of state with compressibil-

matter with unequal numbers of protons and neutrons d = of 380 MeV when the momentum dependence of nuclear
pends crucially on the nuclear symmetry energy. Although y X . P
Isoscalar potential was not taken into account, are actually

the nuclear symmetry energy at normal nuclear matter dencfonsistent with a soft nuclear equation of state with com-
sity is known to be around 30 MeV from the empirical d

liquid-drop mass formuldl,2], its values at other densities pressibility of 200 MeV after including the momentum de-

are poorly known. Studies based on various theoretical moqqendepce. The momentum dependence of nL_JcIear |sosc_alar
els also give widely different predictiori]. Lack of this potential was also found to affect the space-time properties

knowledge has hampered our understanding of both th f nucleon emission sourcg7]. The momentum depen-

structure of radioactive nuclé#—7] and many important is- ence of nuclear symmetry potential is,. on the other hand,
sues in nuclear astrophysig—1G, such as the nucleosyn- poorly known. Its effect on some of the isospin observables

thesis during the pre-supernova evolution of massive sta@em'oned above _ha_s_only recen_tly been stug@ss-40 and

and the properties of neutron stars. However, recent advan as found t? bedS|gn|f|cc:jant. In tfh'bs [t)r?per, wel . sltudy h?w
in radioactive nuclear beam facilities provides a unique opyi T mc()jmen Ium epen (;.\nce ct) t9 | |?fos<t:a; ar_nuclear po e_n—
portunity to study the density dependence of nuclear symmelal and nuciear symmetry potential atiect two-nucleon cor

iy energy(3,11-14. Theoretcal stdies hve aieady shownte\210" €11 76 10N luser procucton nermedite
that in heavy-ion collisions induced by neutron-rich nuclei, gy Y y ’

the effect of nuclear symmetry energy can be studied via thé)ur results show that the momentum dependence of nuclear

ratio of preequilibrium neutrons and protofts], the isospin potential reduces the sensitivity of two-nucleon correlation

fractionation[16—20, the isoscaling in multifragmentation Luuncﬁggpss ?r:ﬁei?e el:?er:t CIlasétxe\yleildtwoérlheth;tiitlf;fsnizﬁ of
[21], the proton differential elliptic flow22], the neutron- ' " dye end )(;n thegs)t/i.ffness of nuclear symmetry ener
proton differential transverse floj23,24, the 7~ to #* ratio P Y y gy

25, and sospin difusion n heawwon collsiorgnar, ©/% W e nelon of s momertun dependerce,
Also, it was found that the correlation function between pap 9 : L

nucleon pairs with high total momentum and the isobaricthe momentum dependence of nuclear isoscalar potential and

ratio t/3He in heavy-ion collisions induced by neutron-rich Rlézeatlrrq;yir:(;ge'i[z g()r]tgntr:]ag'n:gntsuerﬁ'_ d”el :rlsjepr:tesgglttzrrizlﬂ;s-
nuclei are sensitive to the density dependence of nucle P P

A
symmetry energy[26-31, implying that the space-time 6Uehlmg-UhIenbecl(lBUU)transport model on two-nucleon

properties of neutron and proton emission sources are ayf:_orrelatiop functio_ns .in heavy—ion coIIi;ions induced by
fected by the nuclear symmetry energy. In these studies, th eutron-rich nu.clel at mterrgedlatg energies. Results on light
momentum dependence of nuclear mean-field potential, egluster production and the *He ratio based on the nucleon
pecially its isovector partthe symmetry potentialwas not cqalescence model are given in Sec. IV. Finally, we conclude
taken into account. The momentum dependence of nucleg\f'th a summary in Sec. V.

isoscalar potential is well known, and its effect in heavy-ion
collisions is large[32]. As shown in Refs[33-34, the ex-

The equation of stat¢EOS of an asymmetric nuclear

II. MOMENTUM DEPENDENCE OF NUCLEAR
MEAN-FIELD POTENTIAL

*On leave from Department of Physics, Shanghai Jiao Tong Uni- The energy per nucleon in an asymmetric nuclear matter
versity, Shanghai 200030, China. is usually expressed as
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E(pv 5) = E(P: 6: 0) + Esym(P)§2 + 0(64)! (1) 100 J ) . ! ) . ! ) ! ;' 4

. . . MDI interaction S

yvherep: pn*pp is the baryon den5|_ty witl, and Pp denot- l /-3 /]
ing the neutron and proton densities, respectivey;p, 80 A
—pp)! (pp*py) is the isospin asymmetry; arktlp, 5=0) is the ] ,.’ la 4
energy per particle in a symmetric nuclear matter, while . s . i

Esym(p) is the nuclear symmetry energy. Studies based on
various many-body theories using nonlocal interactions
have shown that the momentum dependence of nuclear
single-particle potential is different for neutrons and pro-
tons in asymmetric nuclear matter, see, e.g., R#ffor a
review. Using the Gogny effective interactigMDI), the
nucleon single-particle potential was recently determined
in the mean-field approximation by fitting the saturation
properties of nuclear matter at zero temperature with com-
pressibility Ko=211 MeV and symmetry energy 30 MeV . . . .
[41]. The resulting potentiald(p, 8,p,7) for a nucleon 0.0 0.5 1.0 15 2,0
with isospinr (1/2 for protons and —1/2 for neutronand plp,

momentump in an asymmetric nuclear matter with iso-
spin asymmetrys and densityp, can be parametrized as

60 K .

(p) (MeV)

E
‘sym

FIG. 1. (Color onling Density dependence of nuclear symmetry
energy from the MDI interaction with different values.

U(p,8,p,7) :Au& +A,p—’+|3(ﬁ> (1-x68% ues are shown, the symmetry energy becomes stiffer with
Po Po Po decreasing but its value at normal nuclear density remains
o-1 the same. To explore the large rangesgf(p) predicted by
-8 1 7 opy various many-body theoriefs,42—44, we consider in the
7 Po present study two values gf 1 andx=-2. Since the nuclear
2C.. [ 5, fAr,p") symmetry energy given by=1 has a weaker dependence on
+ 2 1+(p-p')3A2 density than the one given by=-2, we _caII it aspft sym-
metry energy while the one correspondingkto—-2 is called
. 2C. (. fa(rp) 5 2 hard symmetry energy. We note that the soft symmetry
Po P 1+(p-p)¥AZ’ 2 energy withx=1 is the same as that given by the default

Gogny interaction.
where r# 7" and f (r,p) denotes the phase-space distribu- The difference in the density dependence of soft and stiff
tion function at coordinate and momentunp. The param- symmetry energies is due to the different density dependence
eterx in Eq.(2) is introduced to reflect the uncertainty of our in the momentum-independent part of the potential from the
knowledge on the density dependence of nuclear symmetiylDI interaction as shown in Fig. 2, where we give the den-
energy, and it has a value of 1 in the Gogny interacfii].

For the momentum-independent part of the potential, given % ! : T i d
by the first two lines of Eq(2), the value foro is 3/4 and for { 151 MBI it 2=1 { (GIMDIx=-2
B is 106.35 MeV, vhile those forA; and A, depend on the 604 Total

value of x. For x=0, we haveA =-120.57 MeV andA, | e mr:ﬁclndep Pot

— - =—Mom. Dep. Pot.

=-95.98 MeV. Forother values of, they are

AN =AD) + 2% AN=AO0 - X (3)

o+ o+1

(p) (MeV)

sym

with A/(0) andA,(0) denoting the values fax=0.

The terms with parameteiS, ,=-103.4 MeV andC, .
=-11.7 MeV with A=1.0p%, where p denotes the Fermi
momentum at normal nuclear matter density, in the seconc .
line of Eq. (2) describes the momentum dependence of not 2°7 T T
only the nuclear isoscalar potential but also the nuclear sym: —T T — T T

. . . .. . 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 20
metry potential as a nucleon with isospirinteracts differ- sy
ently with unlike and like nucleons in the background fields. ’

With different x values, one can obtain different density  FiG. 2. (Color onling Density dependence of total symmetry
dependence for the nuclear symmetry energy without changnergy together with contributions from the kinetic energy part as
ing other properties of the asymmetric nuclear matter. Asvell as the momentum-independent and momentum-dependent po-

seen in Fig. 1, where the density dependence of nuclear syneential energy parts from the MDI interaction wita) x=1 and(b)
metry energy from the MDI interaction with differemtval-  x=-2.

E
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(a) SBKD (b) MDY1 at k=1 fm™ | (c) MDYI at k=3 fm"l_"l (d)MDI atk=1fm" | (e) MDI at k=3 fm™"
%0 Tu"(s‘aﬂaym. Pot) ’ a
S Ty FIG. 3. (Color onling Density dependence of
2 '"'”»‘*‘"’5""‘-“’,‘;’;’ neutron and proton single-particle potentials at
5’.,.30 ’ different momenta in asymmetric nuclear matter

with isospin asymmetry$5=0.2 for different
nucleon effective interactions.

90 T
00 05 10 15§ 00 05§ 10 15 00 05 10 15 00 0§ 10 15 00 0§ 10 1§ 20

plp,

sity dependence of total symmetry energy for these two cases To study the effects due to the momentum dependence of
together with that due to contributions from the kinetic en-isoscalar nuclear potential, we also consider the usual
ergy part as well as the momentum-independent andnomentum-independent soft nuclear isoscalar potential with
momentum-dependent potential energy parts. The total pd<,=200 MeV (SBKD), first introduced by Bertsch, Kruse
tential energy contribution to the symmetry energy shown irand Das Gupt§45], i.e.,
Fig. 2 can be parametrized as
U(p) = - 356u + 303u""6. (7)
ERC(p) = 3.08 + 39.61— 29.2% + 5.68:° - 0.523(MeV),
(4) The density dependence of neutron and proton single-particle
potentials at isospin asymmetig=0.2 and at moment&
for the soft symmetry energy, i.e., the MDI wix1 and =1 fm™t andk=3 fm™ are shown in Fig. 3 for the SBKD,
MDY, and MDI interactions. It is seen that neutrons gen-
Eon(p) = — 1.83 = 5.45 + 30.341° - 5.04,° + 0.451%(MeV) erally have a stronger repulsive potential than protons.
(5) Their difference further depends on the nuclear symmetry
energy, with the soft one giving a larger difference at low
for the hard symmetry energy, i.e., the MDI wik¥-2. In  densities while the hard one giving a larger difference at
the aboveu=p/p, is the reduced nucleon density. high densities. Also, with momentum-dependent MDY
To study the effects due to the momentum dependence @nd MDI interactions, the nuclear potential is more repul-
nuclear symmetry energy, we also consider a nucleon potergive for high momentum nucleons. Moreover, the momen-
tial Unomdp, 8,0, 7)=Ug(p,p)+Ugynlp,8,7) with the iso- tum dependence of nuclear symmetry potential from the
scalar part taken from the original MDY interactigB4], MDI interaction generally reduces the difference between

ie., the neutron and proton potentials, especially at high mo-
menta.
Ug(p,p) = — 110.441 + 140.94*% To see more clearly the momentum dependence of

, nucleon mean-field potential, we show in Fig. 4 the momen-
_130 deo’ f(r,p’) (6) tum dependence of neutron and proton single-particle poten-
Po 1+(p-p")(1.587)%' tials in asymmetric nuclear matter with isospin asymmetry
6=0.2 and at different densities for different nucleon effec-
which has a compressibilitf,=215 MeV and is almost the  tjye interactions. Although the MDI interaction is seen to
same as the momentum-dependent isoscalar potentiglve a similar momentum dependence in the nucleon poten-
given by the MDI interaction, i.e., Eq(2). For the tjal as the MDYI interaction, the difference between the neu-
momentum-independent symmetry potentifl,{(p,5,7),  tron and proton potentials, is reduced, especially at higher
it is obtained from Ugy(p,d,7)=dWeyn/dp, using the momenta, due to its momentum dependence in the nuclear
isospin-dependent part of the potential energy densitgymmetry potential. Therefore, the MDI interaction gives a
Wyyrm=EBrni(p) -p- 6% whereERy (p) is given by Eqs(4) and  weaker symmetry potential than that from the MDY inter-
(5) from the MDI interaction. action.

30

(a) MDYl at p=0.5p, | (b) MDYl atp=p, |(c) MDI at p=0.5p, | (d) MDl at p=p,

FIG. 4. (Color online@ Momentum depen-
dence of neutron and proton single-particle po-
tentials in asymmetric nuclear matter with isospin
asymmetry$=0.2 and at different densities for
different nucleon effective interactions.
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isoscalar potential and the in-medium nucleon-nucleon cross
sections.

MDI
029X =g : EMDI; T
—-=n (MDYl Ill. TWO-NUCLEON CORRELATION FUNCTIONS
--«p (MDY) T . . -
—y i The space-time properties of nucleon emission source,
which are important for understanding the reaction dynamics
E of heavy-ion collisions, can be extracted from two-patrticle
Eord N0 >>~~_ 1.7 e -] correlation functions; see, e.g., Refd6-49 for reviews. In
s e most studies, only the two-proton correlation function is
Bt i Rl g studied[50-56. Recently, data on two-neutron and neutron-
0.6 Mg el S~ a proton correlation functions have also become available. The
R neutron-proton correlation function is especially useful as it
7 is free of correlations due to wave-function anti-
0.5 r r r r r r r symmetrization and Coulomb interactions. Indeed, Gledtti
0005 10 15 00 02 04 06 08 10 5 have deduced from measured neutron-proton correlation
plp, function the emission sequence of neutrons and protons in

intermediate energy heavy-ion collisiofis7-59 and have
also studied the isospin effects on two-nucleon correlation
?erctions[GO].

In standard Koonin-Pratt formalisrf61-63, the two-
particle correlation function is obtained by convoluting the

_ . ) ) emission functiorg(p,x), i.e., the probability for emitting a
hThe nL_JC|eO|:I effective masg IS ag |mport?nt q:Jantlty ©harticle with momentump from the space-time poink
characterize the momentum dependence of nuclear meaiy, ) “\ith the relative wave function of the two particles,

field potential. From the single-particle potential, we can ob—i e
tain the nucleon effective mass from o

m,
_=<1
mT

In Fig. 5, we show both the densitg) and isospin asymme- .
try (b) dependence of nucleon effective mass in asymmetriéh the above,P(=p;+p,) and q[=3(ps~p,)] are, respec-
nuclear matter with isospin asymmew 0.2 and at normal tiVG'y, the total and relative momenta of the particle pair; and
nuclear matter density for the MDYI and MDI interac- ¢(d.r) is the relative two-particle wave function withbe-
tions. It is seen that a neutron has a larger effective masiag their relative position, i.er,:(rz—rl)—%(vl+vz)(t2—t1).
than a proton in neutron-rich nuclear matter and both deThis approach has been very useful in studying effects of
pends strongly on the isospin asymmetry of nuclear matauclear equation of state and nucleon-nucleon cross sections
ter. The small difference between the neutron and proton the reaction dynamics of intermediate energy heavy-ion
effective masses for the MDYI interaction is due to thecollisions[47]. In the present paper, we use the Koonin-Pratt
different neutron and proton Fermi energies. In additionmethod to determine the nucleon-nucleon correlation func-
the MDYI interaction shows a slightly stronger density tions in order to study the effect due to the momentum de-
dependence for the nucleon effective mass than the MDpendence of nuclear mean-field potential and the density de-
interaction. pendence of nuclear symmetry energy on the spatial and
Above discussions indicate that the nucleon symmetry potemporal properties of nucleon emission source in interme-
tential is reduced after including its momentum dependencdiate energy heavy-ion collisions.
and the effect gets larger with increasing nucleon momen- As an example, we study here central collisions@a
tum. The difference between symmetry potentials with and+“3Ca atE=80 MeV/nucleon. This particular reaction sys-
without momentum dependence is thus larger for nucleontem with isospin asymmetry=0.2 can be studied at the
with higher momenta. In the following, the three potentialsfuture Rare Isotope Accelerat@RIA). In the present work,
obtained with the SBKD, MDYI, and MDI interactions will nucleons are considered as emitted when their local densities
be used together with the isospin-dependent experimentalre less tham,/8 and subsequent interactions do not cause
NN cross sections in the IBUU modgl5,38,39 to study the  their recapture into regions of higher density. In Fig. 6, we
effects due to the momentum dependence of isoscalar arghow the emission rates of protons and neutrons as functions
isovector(symmetry potentials on two-nucleon correlation of time for the SBKD, MDYI, and MDI interactions with
functions and light cluster production in intermediate energysoft and hard symmetry energies. It is clearly seen that there
heavy-ion collisions induced by neutron-rich nuclei. In pre-are two stages of nucleon emissions; an early fast emission
vious studieg12,15,28, it has been shown that these observ-and a subsequent slow emission. This is consistent with the
ables are sensitive to the symmetry potential but not to théong-lived nucleon emission source observed in previous

FIG. 5. (Color online (a) Density and(b) isospin asymmetry
dependence of nucleon effective mass in asymmetric nuclear matt
with isospin asymmetry=0.2 and at normal nuclear matter density
for the MDYI and MDI interactions.

J d%,d™%g(P/2,x,)g(P/2,x;)|(a,1)|?

deU>‘l
+—_

8
o dp 8

C(P,q) = 9

p=pi(7) f d*x,9(P/2,x,) f d*x,g(P/2,%,)
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1.0

(a) SBKD (b) MDY! 1" (c) MDI
——p,- - -n (soft sym. pot.) M toa
~-=-p,- - - - n (hard sym. pot.)

o
o

g
o

FIG. 6. (Color onling Emission rates of pro-
tons and neutrons as functions of time for differ-
ent nucleon effective interactions.

dN/dt (c/fm)
[=]
IS

o
[
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50 100 150 50 100 150
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BUU calculations [54]. For the momentum-independent served in experimental data from heavy-ion collisi¢bg].
nuclear potentialSBKD), we find from Fig. a) that the For nucleon pairs with high total momentum, their corre-
hard symmetry energy enhances the emission of early higlation function is stronger for the hard symmetry energy than
momentum protongdash-dotted linpand neutrongdotted for the soft symmetry energy: about 24% and 9% for
line) but suppresses late slow emission compared with rereutron-proton pairs and neutron-neutron pairs at low rela-
sults from the soft symmetry energprotons and neutrons tive momentumqg=5 MeV/c, respectively, and 21% for
are given by solid and dashed lines, respectivelye dif-  proton-proton pairs ag=20 MeV/c. The neutron-proton
ference between the emission rates of protons and neutrorsrrelation function thus exhibits the highest sensitivity to
is, however, larger for the soft symmetry energy. Figui® 6 the density dependence in nuclear symmetry engrgy(p).
shows results from the MDY interaction which includes the For nucleon pairs with low total momenta, the symmetry
momentum-dependent  isoscalar  potential but thepotential effects are weak. These results are again consistent
momentum-independent symmetry potential. It is seen thawith previous calculation§28,29.

the momentum dependence of isoscalar potential enhances What will happen to the symmetry energy effect on two-
significantly the nucleon emission rate due to the more renucleon correlation functions if we include the momentum-
pulsive momentum-dependent nuclear potential at high modependent isoscalar potential in the IBUU model? This can
menta. As a result, the relative effect due to the symmetrnpe seen from Fig. 8, where they are shown for the same
potential is reduced compared with the results shown in Figcentral collisions of®Ca+*Ca atE=80 MeV/nucleon by
6(a). In Fig. 6(c), we use the MDI interaction which includes using the MDY!I interaction with soft and hard symmetry
momentum dependence in both isoscalar potential and synpotentials in the IBUU model. For nucleon pairs with low
metry potential. The momentum dependence of symmetryotal momentum, shown in left panels, their correlation func-
potential leads to a slightly faster nucleon emission but theions remain insensitive to the nuclear symmetry energy. For
symmetry potential effects are reduced. We note that thaucleon pairs with high total momentum, shown in right pan-
fraction of total number of nucleons emitted before 200ém/ els, their correlation function is again stronger for the hard
in the IBUU simulations is about 80% for the SBKD inter-

action but almost 100% for the MDY and MDI interactions. 8] @nn i @ nn ]

The enhancement of nucleon emissions with momentum- .| P<300MeVic \ P>500 MeVic

dependent nuclear mean-field potential was also observed in 20a+®Ca \

previous calculationg37]. It should be noted that the emitted 4{  E=80 AMeV, b=0 fm{ \]

nucleons in the present study are not exactly those observed ) ”\ '

experimentally since we have not included explicitly the pro- | e

duction of clusters and intermediate mass fragments in the 15 (b) pp | S (e)pp]

IBUU simulations. e
Using the program Correlation After Burngs4], which CAL A e

takes into account final-state nucleon-nucleon interactions, © /2 2

we have evaluated two-nucleon correlation functions from 8] 1

the emission function given by the IBUU model. Shown in ool?

Fig. 7 are two-nucleon correlation functions gated on the o) ©npi (fynp ]

total momentun® of nucleon pairs from central collisions of 351 " SOKD withscftsym. ot \ ]

52Ca+*8Ca atE=80 MeV/nucleon by using the SBKD inter- ot I \

action with the soft and hard symmetry potentials. The left 20] 1 k

and right panels are for P<300 MeV/c and 151 E\\ T %\ ]

P>500 MeV/c, respectively. Both neutron-neutrqapper 0 10\” e ;—“ﬁﬁy"jﬁfw

panel$ and neutron-protorglower panels correlation func- q (MeVic)

tions peak ag=0 MeV/c, while the proton-proton correla-

tion function (middle panel is peaked at aboutq FIG. 7. (Color onling Two-nucleon correlation functions gated

=20 MeV/c due to the strong final-statewave attraction. on the total momentuni® of nucleon pairs using the SBKD inter-
The latter is suppressed g0 as a result of Coulomb re- action with soft(filled square} or stiff (open squargssymmetry
pulsion and antisymmetrization of the two-proton wave func-energy. Left panels are fd? <300 MeV/c while right panels are
tion. These general features are consistent with those olfer P>500 MeV/c.
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(a)nn [: (d)nn ] ] (a)nn { (d)nn ]
&{  P<300 MeV/c \ P>500 MeVic | s] P<300MeVic 1\ P>500MeVic |
“Cat*Ca A ] 5]  “Ca+*Ca 1 ]
4 \ E=80 AMeV, b=0 fmT N : u§=80 AMeV, b=0 fm ]
N kﬁ\k PN 4 N
154 (b) pp ¢ o (e)pp; 154 (b) pp+ N (e) pp
o .\'EE\ — 2 \E\gs
T 10 o S e Bc; 10 = A R
° / / 0.5 “/ /
0.5/ 1 /
0.0 g 0.0 g
- 1 ] 40 (c)np f)np ]
35 wmDvi withsoﬂsyn(fzc:p I Mre 35| —m— MDIwithsoftsym.pot. T \ ® ]
3.01 o MDYIwith hard sym. pot. T \ g 3.0] —O— MDIwith hard sym. pot. 1 ]
2.59 . + E g 2.5] . 1 -\
2 1 \= ] e \ 1 x\
15] 1 N ] . .
10 N . _ _ I _ _ 10 e —g—r—u— e ——
10 zcr D_;:D 40 1 20 30 *401 50 1 20 30 40 1 20 30 40 50

q (MeV/c) q (MeV/c)

FIG. 8. (Color onling Same as in Fig. 7 but using the MDYl FIG. 9. (Color onling Same as in Fig. 7 but using the MDI
interaction with sofi(filled squareyor stiff (open squargsymme-  interaction with softfilled squarepor stiff (open squargssymme-
try energy. try energy.

IV. THE t/°He RATIO

symmetry energy than for the soft symmetry energy: about . . _ L

17% and 4% for neutron-proton pairs and neutron-neutron ng_ht C|USt.er pro_ductlon ha_s been_e_xtenswely StUd'eq n

. . _ . experiments involving heavy-ion collisions at all energies,
pairs at low relative momentumg=5 MeV/c, respectively,

: e.g., see Refl65] for a recent review. A popular model for
0, -
and 129 for proton-proton palrs.qt=20 MEV/C' Compared describing the production of light clusters in these collisions
to the results from the SBKD interaction, the momentum

. . is the coalescence model, e.g., see IR&8] for a theoretical
dependence of isoscalar potential thus reduces the symmetlrgviewy which has been used at both intermed[&@&-69
potential effects on two-nucleon correlation functions. Thisgq high energieg70,71. In this model, the probability for

is due to the fact that the repulsive momentum—dependergg]‘oducirlg a cluster is determined by the overlap of its
potential enhances nucleon emissions and thus reduces @gner phase-space density with the nucleon phase-space
density effect on nucleon emissions, leading to a weakegistribution at freeze out. Explicitly, the multiplicity of a
symmetry potential effects on two-nucleon correlation func-M-nucleon cluster in a heavy-ion collision is given 0]

tions.

To see how the momentum dependence of nuclear sym- N :Gfdr- da ---dr. da
metry energy affects the effect due to its density dependence M 1,0, -1 Oigyg
on two nucleon correlation functions, we show in Fig. 9 the
results from the MDI interaction with the soft and hard sym- X<
metry potentials for central collisions 6fCa+*®Ca atE
=80 MeV/nucleon. It is seen that the effect due to the stiff-|n the abover; ,-- Ty aninl, LG, are, respectively,

ness of nuclear symmetry energy is again small for nucleoghe M-1 relafive coordinates and momenta taken at equal
pairs with low total momentum as shown in left panels. Fortime in the M-nucleon rest frameﬁ,}/\/ is the Wigner phase-
nucleon pairs with high total momentum, shown in right pan-space density of thé-nucleon cluster; and---) denotes
els, their correlation function remains stronger for the hardeyent averaging. The spin-isospin statistical factor for the
symmetry energy than for the soft symmetry energy: abougluster is given byG, and its value is 3/8 for deuteron and
11% for neutron-proton pairs at low relative momentam 1/3 for triton or®He, with the latter including the possibil-
=5MeV/c and 9% for proton-proton pairs atq ity of coalescence of a deuteron with another nucleon to
=20 MeV/c. The symmetry potential effect on the correla- form a triton or3He [72]. Details about such calculation
tion function of neutron-neutron pairs is, however, verycan be found in Ref{31].

weak. Compared with results from the SBKD and MDYl  Shown in Fig. 10 are the kinetic energy spectra in the
interactions, the two-nucleon correlation functions from thecenter-of-mass system for deuterdfisst row), tritons (sec-
MDI interaction are thus smaller, mainly due to the veryond row), and 3He’s (third row) from central collisions of
small difference between its neutron and proton potentials}’Ca+*8Ca atE=80 MeV/nucleon by using the SBK[irst
especially for higher momentum nucleons as shown in Fig. 2olumn), MDYI (second columnand MDI (third columr)

and 4. interactions with the sof{solid squares and stiff (open

> pMra riM_l:qiM_1)>- (10)

i1>ip>.. >y
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sao| | wov | | MDI The isobaric yield ratiot/3He is less model-dependent
- and also less affected by other effects, such as the feedback
f\\ \\\ from heavy fragment evaporation and the feed-down from
P I : ™~ produced excited triton antHe states. In Fig. 11, we show

ol - thet/3He ratio with statistical errors as a function of cluster
kinetic energy in the center-of-mass system for the SBKD,
MDY and MDI interactions with the softsolid squaresand
stiff (open squargssymmetry energies. For all nuclear po-
tentials, it is seen that the rati6®He obtained with different

S

T
/
)i
/

triton

i ﬁﬂm Ao symmetry energies exhibits very different energy depen-
10 o . . . . . .
o’ ; % \*ﬁ\i dence. While the/3He ratio increases with kinetic energy
*He 2 for the soft symmetry energy, it decreases and/or increase
Yo h 4 e & 1 N 4 6 @ 1 % 4o & & 1 120 weakly with kinetic energy for the stiff symmetry energy. For
B (MeV) both soft and stiff symmetry energies, the ratidHe is

FIG. 10. (Color onling Kinetic energy spectra in the center-of- larger than the neutron to proton ratio of the whole reaction

mass system for deuterdgfirst row), triton (second row, and®He system, i.e._N/Z:1.5. This is in qgr_eement With_result_s from
(third row) from central collisions of 52Ca+%ca at E  POth experiments and the statistical model simulations for
=80 MeV/nucleon by using the SBKirst column, MDYI (sec- ~ Other reaction systems and incident enerdig3-77. It is
ond column and MDI (third column) interactions with the soft interesting to note that although the yield of light clusters is
(solid squaresor stiff (open squargssymmetry energy. not so sensitive to the density dependence of symmetry po-
tential for the MDI interaction, theé/3He ratio shows very
squares symmetry energies. For the SBKD interaction, thedifférent energy dependence for the soft and hard symmetry

yields of these light clusters are very sensitive to the densitpCtentials. This is related to the different momentum depen-
dependence of nuclear symmetry energy, which is consiste@€nce of symmetry potential in the MDI interaction, espe-
with previous studie$30,33. Including momentum depen- Cally at low densities, as shown in Fig. 4.

dence in the isoscalar potential by using the MDYI interac-

tion in the IBUU model reduces slightly the symmetry po-

tential effect, although the yields of light clusters are V. SUMMARY

increased significantly as a result of enhanced nucleon emis-

sions from the momentum-dependent nuclear potential as Through studying two-nucleon correlation functions and
shown in Fig. 6. If we further include the momentum depen-light cluster production using an isospin- and momentum-
dence in symmetry potential by using the MDI interaction,dependent transport model, we have investigated the effects
the final yields of light clusters become even less sensitive tolue to the momentum dependence of isoscalar nuclear po-
the density dependence of symmetry potential than thostential and also the symmetry potential on the space-time
from the MDY!I interaction. This is due to the very small properties of nucleon emission source in heavy-ion collisions
difference between the neutron and proton potentials and theduced by neutron-rich nuclei at intermediate energies. It is
momentum dependence of their symmetry potentials in théound that the momentum dependence of both isoscalar
MDI interaction as discussed above. It should be noted thatuclear potential and the symmetry potential influences sig-
the coalescence model is expected to be a reasonable modhdficantly the space-time properties of nucleon emission
for describing the production of light clusters with large ki- source, leading thus to appreciable effects on two-nucleon
netic energies as they are not contaminated by contributionsorrelation functions and light cluster production in these
from decays of heavy fragments, which are mainly of lowcollisions. Specifically, the momentum dependence of
kinetic energies and may not be negligible in intermediatenuclear potential reduces the sensitivity of two-nucleon cor-
energy heavy-ion collisions. relation functions and the light cluster yield on the stiffness

25

(b) MDY!I {c) MDI
2Ca+*"Ca
E=80 AMeV, b=0 fm
m  Soft Sym. Pot.
O Hard Sym. Pot.

(a)ISBK'D

FIG. 11. (Color onling The t/3He ratio as a
function of cluster kinetic energy in the center-of-

)
=
; 20 mass system for different interactio@ SBKD,
T |x {% . (b) MDYI, and () MDI with the soft (solid
s r},’ N 3 P squarepand stiff (open squargssymmetry ener-
Ty E}--@ <l S -{3'"%' gies. The lines are drawn to guide the eyes.

1.5

O 20 40 60 8 100 O 20 40 60 80 100 O 20 40 60 80 100 120

E,,, (MeV)
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