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Effects of the momentum dependence of the symmetry potential in nuclear reactions induced by neutron-rich
nuclei at Rare Isotope Accelerat@RIA) energies are studied using an isospin- and momentum-dependent
transport model. It is found that symmetry potentials with and without the momentum-dependence but corre-
sponding to the same density-dependent symmetry erf®igyp) lead to significantly different predictions on
severalEs,{p)-sensitive experimental observables. The momentum dependence of the symmetry potential is
thus critically important for investigating accurately the equation of state and novel properties of dense
neutron-rich matter at RIA.
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The rapid advance in technologies to accelerate radioache symmetry potential given in a form practically usable in
tive beams has opened up several new frontiers in nuclearansport model calculatio&0]. In this work, we study the
sciences [1,2]. Particularly, the high-energy radioactive effects of the momentum dependence of the symmetry po-
beams to be available at the planned Rare Isotope Accelergential within an isospin- and momentum-dependent trans-
tor (RIA) and the accelerator facility at GSI provide a greatport model for nuclear reactions induced by neutron-rich nu-
opportunity to explore the equation of stalS0S and prop-  clej at RIA energies. It is found that symmetry potentials
erties of dense neutron-rich mattg8—€]. The energy per \ith and without the momentum dependence but correspond-
particle E(p, 8) in asymmetric nuclear matter pf densipy ing to the same symmetry enerds,{p) lead to signifi-
and relative neutron excess=(p,~pp)/(pp+py) is usually  canqy different predictions on several sensitive probes of the
expressed a&(p, 8)=E(p, §=0)+Eqyn(p) &+ O(5%), where Esynlp). Moreover, these observables are more sensitive to

Esynlp) is t.he density—dependgnt nuclear symmetry energyq yariation 0ofEsyn{p) in calculations with the momentum-
The latter is among the most important and yet very poorly

. ; . dependent symmetry potentials.
known properties of dense neutron-rich maftgg|. For in- That the momentum dependence of the single particle po-
stance, it is important for Type Il supernova explosions, for.

neutron-star mergers, and for the stability of neutron stars. Irtent|al IS d|ﬁergnt for neutrons and protons in asymmetric
. e{lwclear matter is well known and has been a subject of in-

potential in neutron stars & equilibrium. These quantities tensive research based on various many-body theories using

consequently determine the cooling rate and neutrino emidioniocal interactions, see, e.g., RgRl] for a review.
sion flux of protoneutron stars and the possibility of kaonGuided by a Hartree-Fock calculation using the Gogny ef-
condensation in dense stellar matf@8]. In nuclear reac- fective interaction, the single nucleon potential was recently
tions induced by neutron-rich nuclei, tii&,{p) reveals it- ~Parametrized ag0]

self through dynamical effects of the corresponding symme-

try potentials acting differently on neutrons and protons. U(p, 8, B, T)=AUE+A|&+ B(ﬁ)g(l_)@z)
Based on isospin-dependent transport model calculations, Po Po Po

several experimental observables have been identified as o-1

promising probes of th&,{p), such as, the neutron/proton - 87x P 0P

ratio [9—11], the neutron-proton differential flojd2,13, the o+l pg

neutron-proton correlation functiofil4], and the isobaric 2C., [ o, f(F,p')

yield ratios of light clusterd15]. However, in all existing +—'f m
transport models the momentum dependence of the symme- Po P=P

try (isovectoj potential has never been taken into account. 2C, ., (0P

Effects of the momentum dependence of the symmetry po- + o f W (1)

tential in nuclear reactions are thus completely unknown,
although effepts of the momentum depta_ndence_of the isan the abover=1/2(-1/2) for neutrons(protong and 7+ 7';
scalar potential are well knowfi6-19. This is mainly be-  5=4/3; f (7, p) is the phase space distribution function at
cause only very recently was the momentum dependence @bordinate ¥ and momentum p. The parameters
A, A,B,C. ., C. ., andA listed in Ref.[20] were obtained
by fitting the momentum dependence of 4ép, &, p, 7) pre-
*Present address: Physics Division, VEC Centre, 1/AF-dicted by the Gogny Hartree-Fock and/or the Brueckner-
Bidhannagar, Kolkata 700 064, India. Hartree-Fock calculations, saturation properties of symmet-
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60 : - : - : - : Usynlp, 6, 7) that gives the sam&g.{p) as Eq.(1). The
Usynlp, 8, 7) can be obtained fromgq{p, 8, 7)=Wsy{dp.,

40 po\ent'\a\ NI IO N where Wy, ,, is the isospin-dependent part of the potential

energy densityVy = Egyn(p)p52. Using the parametrizations
i for ES,{p) in Egs.(2) and(3), we obtain

USym (p, 8, 7) = 475(3.08 + 39.61 - 29.27° + 5.68°
-0.521% - §%(3.08 + 29.2° - 11.4°
| +1.57% (4)

for the MDI(1) parameter set and

Eqym (P/Po) (MeV)

UV, 5, 7) = 478(1.27 + 25.41 - 9.312 + 2173
-0.2Ww% - §%(1.27 +9.31°7 - 4.33°
P/P, +0.62% (5)

FIG. 1. (Color onling The density dependence of the potential for the MDI(0) parameter set. To identify reliably effe_CtS O_f
and kinetic parts of nuclear symmetry energy. the momentum dependence of the symmetry potential with-
out much interference from density effects the

ric nuclear matter and the symmetry energy of 30 MeV atU”"mip’ 9, p, 7) should lead to almost the same reaction dy-

. namics and evolution of density profiles as the single particle
normal nuclear matter density,=0.16/fn?. The com- o ) .
pressibility of symmetric nucleyg)r mattég, is set to be potential in Eq.(1). Both of them are mainly determined by

211 MeV. The morentum dependence of the symmetry the isoscalar potential for which we select the original MDY

potential stems from the different interaction strength pa_lnteractmn[l?]

rametersC, ., andC_ for a nucleon of isospirr interact- Uo(p, p) = — 110.441 + 140.94%

ing, respectively, with unlike and like nucleons in the Lo,

background fields. More specifically, Cynixe= _@fda ) f(r, p") 6)
-103.4 MeV, vhile Cjo=-11.7 MeV. Po 1+(p-p)H(1.589)?

The parametex was introduced to reflect the largely un-
certain behavior ofEg{p), specifically its potential part
Egy p). The latter corresponding tx=1 [denoted by
MDI (1) which gives the samg&gy.{p) as the default Gogny
interactiorj andx=0 [MDI(0)] together with the kinetic con-
tribution EX . (p)=52/6m,(372p/2)2"* are shown in Fig. 1.
The variation of Es (p) resulted by changing from the
MDI (1) to the MDI(0) parameter set is well within the un-
certain range predicted by various many-body theories, se
e.g., Refs[22-24. The potential contribution to the symme-
try energy can be parametrized as

where pg is the Fermi momentum. The compressibilky
for this interaction is 215 MeV. We copared numerically
Uo(p, P) in Eq. (6) with [Un(p, 6, P)+Uy(p, 6, p)1/2 ob-
tained from Eq.(1). They are indeed very close and both
agree with the nucleon optical potential data. We also
verified numerically that the potential,ondp, &, P, 7)
constructed this way leads to about the same reaction dy-
namics and the evolution of density profiles as the poten-
%ial in Eq. ().
The strengths of the symmetry potentials with and without
the momentum dependence but corresponding to the same
p _ _ 2 3 4 E.,n{p) are compared in Fig. 2 by examining the difference
Esynlp) = 3.08 +39.61~29.2r + 5,68~ 0,523 (2) begtween neutron and proton potentigly,—U,)/2. The sym-
for the MDI(1) (Gogny) and metry potential without the momentum dependence is higher
in magnitude and has generally steeper slopes than the
ERnfp) =127 +25.4- 9.3 +2.14°- 02" (3)  momentum-dependent one fpfp,<2.3 with the MD(1)
parameter set and at all densities for the MDIparameter
for the MDI(0), whereu= p/p, is the reduced nucleon den- set. Moreover, the strength of momentum-dependent symme-
sity. try potentials decreases with the increasing momentum. Thus
We implemented the single particle potential in ED).in  the difference between the symmetry potentials with and
an isospin-dependent transport mof#l Since theC terms  without the momentum dependence is larger for nucleons
in the single particle potential depend inseparably on thevith higher momenta. Several experimental observables are
density, momentum, and isospin, to investigate effects of thenown to be sensitive only to the symmetry potential but not
momentum dependence of the symmetry potential we shalb the isoscalar potential. These observables are mainly
compare results obtained using Ed) with those obtained neutron-proton differential or relative quantitig®12 where
using a single nucleon potentil,ondp, 3, P, ) =Uo(p, p)  effects of the isoscalar potential with or without the momen-
+Ugynlp, 6, 7) that has almost the same momentum-tum dependence are largely canceled out. These observables
dependent isoscalar pdsy(p, p) as that embedded in E(qL)  are also insensitive to the in-medium nucleon-nuclédN)
and a momentum-independent symmetry potentiatross section$3,9,14. We use here the isospin-dependent
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FIG. 2. (Color onling Strengths of the symmetry potentials with ~ FIG. 3. (Color onling Isospin asymmetryupper windowy and
and without (solid) the momentum-dependence as a function ofneutron-proton differential flowlower window) of free nucleons as

density as measured by the difference between neutron and protéhfunction of rapidity. The soliddashedi lines are calculated with
potentials. the momentum-independ¢ritependentsymmetry potential.

experimentaNN cross sections. Assuming the symmetry po-momentum-dependent one and the difference between them
tential is momentum independent, these observables wefBCreases with momentum, it thus leads to the highgu(y)
previously proposed as promising probes of the density dev@lues especially at higher rapidities. ,
pendence of the symmetry energy. We compare in the fol- SNown in the lower vzmdow o'f\‘(;?g. 3 is the neutron-
lowing several such observables calculated with theProton differential flow Fi_(y)=3"" (pwi)/N(y), where
U(p, 6, p, 7) in Eq. (1) and theU,,ndp, 6, , 7) correspond-  w;=1(-1) for neutrongprotong andN(y) is the total number
ing to the MD(1) parameter set. Conclusions based on calof free nucleons at rapidity. The differential flow combines
culations using the MIR0) parameter set are the saf®@5].  constructively effects of the symmetry potential on the iso-
Shown in the upper window of Fig. 3 is the average iso-spin fractionation and the collective flow. It has the advan-
spin asymmetryd;.{y) of free nucleons as a function of tage of maximizing effects of the symmetry potential while
rapidity y from 1400 events of3’Sn+!2%Sn reactions at a minimizing effects of the isoscalar potentfdl2]. Compared
beam energy of 400 MeV/nucleon and an impact parameteto the momentum-dependent symmetry potential embedded
of 5 fm. We define here free nucleons as those with localn Eq. (1), the momentum-independent symmetry potential
baryon densities less thai/8. The value ofs;dy) reflects Ugﬂyla,:l(p, 8, 77 makes not only more neutrons free but also
mainly the degree of isospin fractionation between the fregjives them higher transverse momenta in the reaction plane
nucleons and the bound ones at freeze-out. It is also influsecause of its higher magnitude and steeper density slopes.
enced slightly by the production of more than#* mesons As a result, the differential flow with the momentum-
in the reaction. The momentum-independent symmetry poindependent symmetry potential is significantly higher.
tential leads to significantly higher value 6f.¢(y) than the Complementary information about how the symmetry po-
momentum-dependent one. Moreover, the difference tends tential depends on the momentum can be obtained by study-
increase with rapidity. At midrapidity the predicte¥cdy) ing the ratio of neutrons to protons as a function of their
values are close to the value expected when a complete istransverse momentum. This ratio around the midrapidity
spin equilibrium is established among all target and projecwithin |y; m.o/Ypeand=<0.3 is shown in Fig. 4. The overall rise
tile nucleons. These features are what one expects from tha the ratio at lowp; is due to the Coulomb force which shifts
strength of the symmetry potentials as shown in the uppeprotons from lower to higher energies. It is seen that the
window of Fig. 2. The generally repulsiv@ttractivg sym-  difference between the predicted ratios increases pyjthe-
metry potential for neutron@rotong aroundp, causes more flecting the increasingly larger difference between the sym-
neutrons(protong to be free(bound. The momentum inde- metry potentials with and without the momentum depen-
pendent symmetry potential is higher and steeper than théence for nucleons with higher momenta as shown in Fig. 2.
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ables are actually more sensitive to the variatiorEgf.{p)
than the calculations with the momentum-independent sym-
metry potentials. For instance, the slope of the differential
flow Fﬁ_p(y) aty=0 changes from —1.9 to 21.4 Med/lising

Eq. (1) by changing from the MO]L) to the MDI(0) param-
eter set, while it changes from 26 to 39 MeWvith the
momentum-independent symmetry potentials. The net
change due to the variation of tlig,(p) is thus larger with

the momentum-dependent symmetry potentials.

In conclusion, the momentum dependence of the symme-
try potential is found to play an important role in heavy-ion
collisions induced by neutron-rich nuclei at RIA energies.
Symmetry potentials with and without the momentum depen-
dence but corresponding to the same symmetry energy
Esynlp) lead to significantly different predictions on several
experimental observables that were previously identified as
promising probes of theEgy{p). With the momentum-
dependent symmetry potential these observables are more

FIG. 4. (Color onling The ratio of free neutron to proton mul-  sensitive to the change ®synfp). The momentum depen-
tiplicity as a function of transverse momentum at midrapidity. The yance of the symmetry potential is thus critical for investi-

solid (dashedl line is calculated with the momentum-independent

(-dependentsymmetry potential.

The highp, nucleons are thus more useful for studying the
momentum dependence of the symmetry potential.

gating accurately the EOS of dense neutron-rich matter at
RIA energies.
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