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Observable effects of symmetry energy in heavy-ion collisions at intermediate energies
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Within an isospin-dependent transport model for nuclear reactions induced by neutron-rich nuclei, we
perform a comparative study 6#°Sn+124Sn and'°%Zn+124Zn reactions at beam energies of 30 MeV/nucleon
and 400 MeV/nucleon to identify optimal experimental conditions and observables for investigating the equa-
tion of state(EOS of neutron-rich matter at the Rare Isotope Acceleré®A). Several observables known to
be sensitive to the density dependence of the symmetry energy are examined as a function of impact parameter
for both reaction systems. In particular, the strength of isospin transport/diffusion is studied by using rapidity
distributions of free nucleons and their isospin asymmetries. An approximate isospin equilibrium is established
even for peripheral collisions with a very soft symmetry energy at 30 MeV/nucleon. At 400 MeV/nucleon,
however, a strong isospin translucency is observed even in most central collisions with either soft or stiff
symmetry energies. Origins of these observations and their implications to determining the EOS of neutron-
rich matter at the RIA are discussed.
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The isospin dependence of the nuclear equation of stateonclusions. The EOS of asymmetric matter should also be
(EQ9 is one of the most important but yet very poorly momentum dependent since both the isoscalar and isovector
known properties of neutron-rich mattgt]. Its determina-  potentials are momentum depend§®®,27. For this com-
tion in laboratory-controlled experiments has profound im-parative study, however, it is perfectly sufficient and much
plications to the study of many critical issues in astrophysicsnore efficient in calculations to use the momentum-
[2,3]. Nuclear reactions induced by radioactive beams proindependent EOS.
vide a unique opportunity to extract useful information about  The form of the symmetry energy as a function of density
the EOS and novel properties of neutron-rich matter. In pars rather strongly model dependent. We adopt here a param-

ticular, at the Rare Isotope Accelerat@lA), heavy ions up  etrization used by Heiselberg and Hjorth-Jensen in their stud-
to 400 MeV/nucleon will be available. It just enables thejes on neutron starg2g] Eeynlp) =Esynlpo)U”, where u

study of neutron-rich matter up to about three times normal
nuclear matter density. A number of experimental observ- 100 ' ' ' ' '
ables have already been identified as sensitive probes of th
EOS of neutron-rich mattgd—17. To gauge the sensitivity 80
of some of these observables in reactions to be available
RIA, we carry out a comparative study of nuclear reactions
induced by °°SnN/z=1) and 1°%Zn(N/zZ=2.3 on
1245(N/Zz=1.489 target at 30 MeV/nucleon and
400 MeV/nucleon from central to peripheral collisions. Re- w
sults of this study are useful for planning experiments and
designing new detectors at RIA. Moreover, the role of iso-
spin degree of freedom in nuclear dynamics at RIA energies
is an interesting subject in its own right. 0
At present, nuclear many-body theories predict vastly dif-
ferent isospin dependence of the nuclear EOS depending o
both the calculation techniques and the bare two-body and/o
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three-body interactions employed, see e.g., REf8-21]. %: ------------------- L
Various theoretical studie@.g., Refs[22,23) have shown = 0 T
that the energy per nucle@ip, 5) in nuclear matter of den- >§ ---------------- o5

sity p and isospin asymmetry parametérdefined asé
=(pn—pp)/ (pn+pp) can be approximated very well by a
parabolic functiore(p, 8)=e(p,0)+Esynfp)>. In the above,

e(p,0) is the EOS of isospin symmetric nuclear matter and =40 5 05 ] 15 5 25 3
Esynfp) is the symmetry energy at densjiyWe shall use for pip,

isospin-symmetric nuclear matter a stiff EOS wit,

=380 MeV which can reproduce the transverse flow data FIG. 1. Symmetry energgupper window and symmetry poten-
equally well as a momentum-dependent soft EOS Wigh tials as a function of density for an isospin asymmetrysD.2 and
=210 MeV [24,25. The choice ofK, does not affect our the y parameter of 0.5 and 2.0, respectively.
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FIG. 2. (Color onling Rapidity distributions
of neutrong(left) and protongright) in the reac-
tion of 10%Sn+1245n and%%zn+124sn at a beam
energy of 30 MeV/nucleon.
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=plp, is the reduced density artl,(po) is the symmetry diffusion in heavy-ion collisions at 50 MeV/nucleon at the
energy at normal nuclear matter density By fitting the ~ NSCL/MSU, some experimental indications oy @arameter
result of variational many-body calculations by Aknedlal.  as high as 2 was fourfd 7]. Therefore, in this work we study
[19], Heiselberg and Hjorth-Jensen found the values oinfluence of the symmetry energy on experimental observ-
Esynpo) =32 MeV andy=0.6. However, as shown by many ables by varying they parameter between 0.5 and 2. Assum-
other authors previouslj20,29 using other approaches, the ing no momentum dependence, the corresponding symmetry
extracted value ofy varies widely, even its sign at supranor- potentials can be derived directly from the density-dependent
mal densities is undetermined. In a recent analysis of isospisymmetry energy11]. Shown in Fig. 1 are the symmetry
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FIG. 4. (Color online Rapidity distributions of isospin asymme- FIG. 5. (Color onling Rapidity distributions of isospin asymme-
try of free nucleons in the reaction df°%Sn+124Sn and1°%Zn  try of free nucleons in the reaction dP’Sn+2%Sn and%%n
+1245n at a beam energy of 30 MeV/nucleon. +1245n at a beam energy of 400 MeV/nucleon.

] ) . tions will allow us to investigate the isospin transport and

energy(upper window and symmetry potentialdower win-  possible isospin equilibration.
dow) at 5=0.2 as a function of density. It is seen that the soft Shown in Fig. 2 and 3 are the distributions of free neu-
(y=0.5 symmetry energy leads to a largemalley magni-  trons(left panel$ and protongright panel$ as a function of
tude of the symmetry potential than the stiff ofg=2) at  scaled rapidity at a beam energy of 30 MeV/nucleon and
densities belowabove aboutp,. Since the magnitude of the 400 MeV/nucleon, respectively, at an impact parameter of 1,
generally repulsiveattractivg symmetry potential for neu- 5, and 7 fm. Here we have selected free nucleons as those
trons (protony affects significantly then/p ratio of emitted having local densities less thag/8 at freeze-out. o
pected to affect the isospin asymmetry of emitted free nucledistributions of both neutrons and protons are about symmet-
ons differently at low and high energies. To investigate thd'C around(y/Ypeancm=0, indicating a high degree of isospin
density dependence of the symmetry, energy reactions with %nd kinetic equilibrium. At 400 MgV/nucIeon, hpwever, d.IS.-
broad range of beam energies are useful. tinct forward/backward asy_mr(?etrlels2 are seen in the rapidity

Our study is based on an isospin-dependent Boltzmanr‘%gg'bultz'gsns of n_eutLons in'?%Sn + |4Sn||_a_nd p'fog?”s. n
Uehling—UhIenbeck(IgB uu) trlz(i)nsport model(e.g., Refs. signri]fi-::ant nnEZﬁar;rmt:aﬁsTJ(c):setnzinggdCgolr?;ctjggbmgIcgtlelz:gor?d
[1.1’4'3Q)' We_ §elect1 "Sn and'®Zn on the opposite pound— the main effect of the generally repulsigagtractivg symme-
aries of stability of mass number 100 as projectiles on

&ry potential for neutrongprotong is to cause moreles
stable 12%Sn target. The initial neutron and proton densit yp %P % tesy

T o ; . yneutronsx(protons to become free. This effect relies directly
distributions of the projectile nuclei were calculated by using,,  the magnitude of the symmetry potential. At

the Hartree-Fock-Bo_goIiubO\_/ method and were proovided 1330 MeV/nucleon, since the symmetry potential is higher
us by Dobaczewski31]. With these choices thé®Sn  yjth ,=0.5 than withy=2 as shown in Fig. 1, there are thus
+12%Sn reaction is symmetrichighly asymmetrigin protons  more/(lesg free neutrongprotons emitted withy=0.5 than
(neutrong in the projectile and target, while th&Zn  wijth y=2. While the opposite is true at 400 MeV/nucleon
+1245n reaction is approximately symmetiisighly asym-  since the magnitude of the symmetry potential reverses its
metric) in neutrons(protony. Comparing rapidity distribu- order abovep, with y=2 leading to higher symmetry poten-
tions of neutrongprotong, for instance, of these two reac- tials now.
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FIG. 6. (Color onling Transverse momentum dependence of the  FIG. 7. (Color onling Transverse momentum dependence of the
neutron/proton ratio at midrapidity for the reaction é#%Sn  neutron/proton ratio at midrapidity for the reaction é%°Sn
+1245n and%%zn+124Sn at a beam energy of 30 MeV/nucleon.  +12%Sn and!®%Zn+%2%Sn at a beam energy of 400 MeV/nucleon.

To be more quantitative about the degree of isospin equi=0.5 at 30 MeV/nucleon. This trend is mainly due to the
librium and to examine effects of the symmetry potential onCoulomb effect which shifts protons from low energies to
isospin transport, we show in Fig. 4 and 5 the isospin asymhigher energies. While the generally attractive symmetry po-
metry of free nucleons as a function of rapidity. It is seen thatential for protons works against the Coulomb potential. For
a rather uniform isospin asymmetry is achieved over therotons at low transverse momenta the Coulomb potential
whole rapidity range only withy=0.5 at 30 MeV/nucleon dominates. While at higher transverse momenta with the pa-
because of the large magnitude of the symmetry potential aametery=0.5 the symmetry potential dominates. With the
densities relevant to the reaction. At 400 MeV/nucleon, arsoft symmetry energy at 30 MeV/nucleon, tihép ratio
appreciable backward-forward asymmetric isospin asymmereaches the highest value at the highest transverse momen-
try exists for both reactions. Withy=2 the overall isospin tum. There is thus a strong sensitivity to the symmetry en-
asymmetry of free nucleons are significantly higher than thaergy at high transverse momenta at 30 MeV/nucleon. The
with y=0.5. This is what one expects based on the density/p ratio differs by more than a factor of 2 by using=0.5
dependence of the symmetry potential shown in Fig. landy=2. This is mainly due to the fact that these high trans-
Moreover, in contrast to the case at 30 MeV/nucleon, thevzerse momentum nucleons have gone through regions of
reaction time at 400 MeV/nucleon is much too short com-higher density gradients.
pared to the time necessary for the system to reach the global At 400 MeV/nucleon, effect of the symmetry potential is
isospin equilibrium[32,33. still obvious but not as dramatic as that at 30 MeV/nucleon.

A good quantitative measure of the isospin transport is th&wo effects are responsible for this observation. First, mean
neutron to proton ratio at midrapidity. Shown in Fig. 6 andfield effects are weaker at higher energies than at lower en-
Fig. 7 are then/p ratios at midrapidity versus the transverseergies. Second, because of the particular functional form of
momentump, at 30 MeV/nucleon and 400 MeV/nucleon, the symmetry potential used here, the relative strengthes of
respectively. For the neutron-rich systéfizn+12Sn at low  the symmetry potentials are just opposite at supranormal and
transverse momenta at both beam energiesntiperatio is  subnormal densities witlh=0.5 and 2 as shown in Fig. 1. At
obviously increased compared to that of the reaction systen80 MeV/nucleon, only the low-density part up to about
At both energies there is a general trend of an increasipg 1.2 py contributes while at 400 MeV/nucleon a broad range
ratio at lower transverse momenta, except the cases of of densities up to about 3, is involved. Of course, at
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FIG. 8. (Color onling Neutron-proton differential flow for the FIG. 9. (Color onling Neutron-proton differential flow for the

reaction of'%%Zn+124Sn at a beam energy of 30 MeV/nucleon.  reaction of°%Zn+124Sn at a beam energy of 400 MeV/nucleon.

. . . . and Fig. 9 are the neutron-proton differential flows in central
400 MeV/nucleon effects of the high-density region domi- 5,4 midcentral collisions at 30 MeV/nucleon and

nate although there is a concealing effect for particles going MeV/nucleonyespectively.
through both low- and high-density regions. Thus tifg At 30 MeV/nucleon, one observes an antiflow while at
ratio is higher withy=2 than withy=0.5 in contrast to the 440 Mev/nucleon there is a positive flow. This transition
30 MeV/nucleon case. Therefore, the midrapidiip ratio  ¢om negative to positive flow from the Fermi energy to rela-
observable is mostly useful for learning the symmetry energy;istic energies is well knowh34]. At both energies there is
at subnormal dgnsities in reactiong with .beam energieaea”y an observable symmetry energy effect. Again, the
around the Fermi energy. We shall discuss in t_he fOHOW'ngnigher magnitude of symmetry potential at low densities
two observables that are more useful for learning the symg: y=0.5 and at higher densities with=2 leads to the
metry energy at supranormal densities in reactions at highgfigher neutron-proton differential flow at 30 MeV/nucleon
beam energies. . . . and 400 MeV/nucleon, respectively. Obviously the symme-
We now examine the neutron-proton differential flow for 4 energy effect is now much stronger at 400 MeV/nucleon
the neutron-rich system®Zn+12%Sn. The neutron-proton an' at 30 MeV/nucleon. This is consistent with the well-
differential flow in neutron-deficient reactions is not sensi-,,qwn finding that the transverse flow is sensitive to the
tive to the symmetry energy as one expects. The neutrorb—a”y density and pressure gradieri@]. Therefore, the

proton differential flow is defined as neutron-proton differential flow is more useful for studying
N(y) the symmetry energy at high densities.
X (y) = W /N(Y), 1 Another observable known to be sensitive to the high-
nplY) z (prwi)/N(y) @ density behavior of symmetry energy is the/=* ratio

[14,35. Shown in Fig. 10 are ther /#* ratios at
wherew;=1(-1) for neutrons(protonsg andN(y) is the total 400 MeV/nucleon from central to peripheral collisions. It is
number of free nucleons at rapidiyy It combines construc- seen that ther /7 ratio is sensitive to both the/p ratio of
tively effects of the symmetry potential on the isospin frac-the reaction system and the symmetry energy, especially in
tionation and the collective flow. It also has the advantage otentral collisions. As discussed in detail in Refs4,39, the
maximizing effects of the symmetry potential while mini- 7~/ #* ratio is sensitive to the isospin asymmetry of the
mizing effects of the isoscalar potentjdR]. Shown in Fig. 8  high-density regior{n/ p)gense While the latter is determined
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4 — r - . - r - r ; In summary, within an isospin-dependent transport model
[ y y v for nuclear reactions induced by neutron-rich nuclei, we car-
35 R A4 M PVl . ried out a comparative study of°%Sn+'24Sn and 1°%n
; +1243n reactions at a beam energy of 30 MeV/nucleon and
3L ] 400 MeV/nucleon, respectively. The strength of isospin
[ transport/diffusion is studied by using the rapidity distribu-
o5 b ] tions of free nucleons and their isospin asymmetries. An ap-
e | proximate isospin equilibrium can be obtained even for pe-
G [ ripheral collisions with only the soft symmetry energy at
2r ] 30 MeV/nucleon. At 400 MeV/nucleon, however, an appre-
{ ciable isospin translucency happens even in the most central
15 5 collisions. We found that the neutron/proton ratio at midra-
i pidity but high transverse momenta at 30 MeV/nucleon is
1L ] most sensitive to the symmetry energy at subnormal densi-
f ties. On the other hand, at higher beam energies, e.g.,
05 L ‘ . , . 400 MeV/nucleon, neutron-proton differential flow and the
0 2 4 6 8 10 7 | =" ratio are found to be more sensitive to the density
Impact parameter (fm) dependence of the symmetry energy at supranormal densi-

ties. To map out the entire density dependence of the sym-

FIG. 10. (Color onling 7~ /=" ratio as a function of impact metry energy a combination of several complementary ob-
parameter in the reaction df%Zn+*Sn at a beam energy of servables in a broad range of beam energies is necessary.
400 MeV/nucleon. These observations are useful for planning experiments and

) designing new detectors for exploring the EOS of neutron-
by the stiffness of the symmetry energy. The soft symmetryich matter at RIA. Several observables useful for studying

energy at supranormal densities favors the formation of ghe EQS of neutron-rich matter require the detection of neu-
neutron-rich high-density region and a neutron-deficit |oW-trons.

density region. In our discussions above, it has been shown

that at 400 MeV/nucleon witly=0.5 then/p ratios of free We would like to thank Dr. J. Dobaczewski and Dr. Lie-

nucleons are less than those wijtk 2. Thus the correspond- Wen Chen for providing us the initial nucleon density distri-

ing (n/p)gense@nd 7w~/ 7" ratios are higher withy=0.5. It is  butions used in this work. This work was supported in part
seen from Fig. 10 that the™/ =" ratio is about 25% higher by the National Science Foundation Grant Nos. PHY-
with y=0.5 than withy=2 in central collisions. 0088934 and PHY-0243571.
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