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The characterization of the density dependence of the auelguation-of-state (EOS) remains
a longstanding problem in nuclear astrophysics. While alagiens of neutron star masses have
placed astronomical lower limits on the asymmetry term ef BOS, experimental constraints
remain open. Recent improvements in experiment, datgirgtiation, and theoretical predictions
have greatly reduced the constraints on what is known camagthis dependence. Future work
must focus on studying the nuclear EOS at higher-dengity p,). Recent heavy-ion beam ex-
perimentation will be described, and the theoretical prietation will be presented. Of particular
importance are plans to increase the density of the explegidn of the nuclear EOS. The ap-
plications of experimental results frof¥48Ca+12124Sn reactions at 140 MeV/A will also be
covered. These reactions were studied to constrain theetitrm nucleon masses, which are a
considerable unknown in model predictions of the nucleaBEO
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1. Introduction

Studies have placed significant constraints upon the equation-of-s@8) (&r isospin sym-
metric nuclear matter. The dependence of the EOS on the isospin asyndmetign — pp)/(Pn+
Pp), however, remains largely unconstrained; estimates of the uncertaintp thie term suggest
that it may be the dominant contribution to the uncertainty in the EOS of neutronrmalte
surprisingly, the asymmetry term governs many macroscopic propertiesugion stars, such as
their radii, their moments of inertia, their maximum masses, how they are formedomh@]
and the possibility that exotic matter may occur in the neutron star core. Themddnoments
of inertia are particularly sensitive to the density dependence of the asyyntagtr at normal
and sub-normal density. However, the uncertainty in the pressure dine touclear asymme-
try term can be larger than many estimates for the total pressure of the sySteasurements
at the NSCL have recently provided information about the density depeadd the asymmetry
term.[2,[3,[#[b] Observables which have been measured and whicheatietpd to be sensitive
to the isospin dependence of the EOS include isospin diffusion, neutodorgemission ratiog][3]
and most recently charged-particle correlations.

2. Experimental Work

Work has been completed on NSCL experiment #07018 and #05049 taexpéisospin
dependence of the in-medium nuclear cross-sections. In this experimeasurements of the
relative neutron and proton flow observables were made to better temtkrand constrain the
in-medium nucleon cross-sections, which are an unknown parametengpéna calculationg]6]
For an effective experiment,

a fairly complicated setup

was done which included
neutron detectors with a

large angular range, the

Large Area Neutron Array
(LANA)[T] charged particle B
telescopes capable of a simi-

lar angular range, and a suf-

ficient energy range to pro- \
vide emission spectra ex-

tracted from the mid-rapidity L -
region in the described reac- \jﬁfﬁf
tions, and way of measuring /\
the reaction impact parame- \
ter via charged particle mul- | L N
tiplicity. These devices al-
ready exist in the form of the
large liquid scintillator neu-

tron walls at the NSCL[J7] elements of the LASSA array and the MiniBall ajfffsAdditionally, a

Figure 1: Technical drawing of the NSCL S2 reactions area showing
the neutron TOF walls and scattering chamber.
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simple position sensitive trigger detector array was constructed for timing@mdsition trigger-
ing.
The experimental setup is shown in Figlife 1. Neutron walls were placedaactsof about
6-7 m from the target with an angular coverage in the lab’ab8&®, providing a center-of-mass
coverage of 7®to 110 for the EOS experiment, as well as a large angular coverage at forward
angles for the NN cross-section measurement. A similar coverage wadgqutdw six charged-
particle telescopes. The S2 vault is large enough to accommodate the nsati©north of the
target area.
Impact parameter was determined via charged-particle multiplicity in the MinfBalBich
was complimented by a granular plastic scintillator start detector. The Micrplalides over
97% coverage over backward angles, as well as particle identificatr@cdmbined information
from the charged-particle telescopes, the start detector informatiortharidiniBall provided a
good measure of the impact parameter and reaction plane needed fer @vept characterization.
This experiment utilized*%® Ca+1121243n reactions at 140 MeV/u. Neutron and charged-
particle kinematics were measured. Analysis is currently underway, aglthprary results
are being produced. As
an example, neutron energy
spectra are shown in Figure r

for the 48Ca+24Sn reac- 1 I3

tion, showing neutron ener- C

gies well above 200 MeV. 10

this is important as sensi- i

tivity to in-medium effective 1027 i n

masses is greatest at highest
particle rapidities. It is par-
ticularly interesting to note
that the neutron wall also
makes an excellent charged-
particle detector. Charged
particles are detected via
their TOF-charge deposit re- Figure 2: Neutron energy spectra from tH&Ca+24Sn reaction in
lationship. This may be ex- NSCL experiment #05049. Note that the neutron energies abelve
tremely useful as we may 200 MeV are achievable, meaning that high particle rapislityuld be
very well be able to ex- observed. The insetshows the rapidity distribution of tteelpced neu-
trons in the lab frame (relative to the beam), indicatingioiaiion at rel-
ative rapidities above 0.7 where the sensitivity to thectife masses is
greatest. Only a fraction of the data is shown.
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tract neutron-proton correla-
tion functions, which may be
a good indicator of the stiff-
ness of the asymmetry term of the nuclear EQS.[9] This effect is explarétteamomentum de-
pendence (interaction term) results in a reduction off the in-medium effattasses, which in turn
results in a reduction of the in-medium cross-sections. A reduction of thregtium cross-sections
will alter the asymmetry of forward-emitted fragments as projectile decay fratgmneust undergo
transport through the excited medium. Likewise, a larger neutron attraeoiting from a stiffer
low-density EOS will result in more correlated neutron emission.
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3. Computational Work

The experiment is supplemented by theoretical investigations of the denpidience of
the asymmetry energy in the nuclear equation-of-state (EOS). Two primeesgtigations have
been completed using transport calculations to constrain predictions afythereetry term of the
nuclear EOS with experimental observations. Prior calculatipris[[10, &4 heen shown to be
somewhat inconsistent with each other and with experimental refults.[3iiEbissistentcy stems
from the fact that the effects of clusters (both formation and decayjrea¢ed in an inconsis-
tent manner. Recent calculations have attempted to reduce this uncertainte$tygating pre-
equilibrium emissions from the same reactions investigated in prior experifinssfig both par-
ticle transport and quantum molecular dynamics (QMD) modEls. [12] Treselations have been
adapted to both clustering
and secondary decay codes. LAY Rl LR

. - ImQMD; b=2 fm

In one study, the emis- % data
sions of neutrons, protons 2.5
and bound clusters from
central 24Sn + 1245n and I
1257+ 1125n  collisions -
have been simulated us- 20
ing the Improved Quantum
Molecular Dynamics model
for two different density-
dependent symmetry-energy
functions. The calculated -
neutron-proton spectral dou- [T
ble ratios for these two sys- tobee b by b by by b 1
tems have been shown to be 0 20 40 60 20 40 80
sensitive to the density de-
pendence of the symmetry
energy, consistent with pre-

lIIlIIlIIIKIlfIIr

coalescence invarian

% data
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1.5

Figure 3: The free neutron-proton double-ratio (left panel), and the
coalescence- invariant neutronproton double-ratio®i{ppanel) plotted
vious work. In this investi-  as a function of kinetic energy of the nucleons. The shadgibme
gation, the double ratios, de- represent calculated results from the IMQMD simulationis at2 fm.

fined to be the ratio of total Experimental data is showf.[3]

neutron-proton emission ra-
dvn dvn
— [ e dE
dE / 124 \dE / 112

tios for each system:

However, cluster emission increases the double ratios in the low enerigy megative to values
calculated in a “coalescence-invariant” approach, that is, an analysibigh all nucleons are
counted, both free and bound in clusters. To circumvent uncertaintidastec production and
secondary decays, it is important to have more accurate measurememrtsiefitton-proton ratios
at higher energies in the center of mass system, where the influencénadffeats is reduced. The
details of the calculation are described in Zhang et al. (2Q0B).[12]
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While previous calculations using the BUU modle][11] have shown a lackrsfihéty of the
neutron-proton emission for a momentum-dependent mean-field potentidhéace, a disagree-
ment with theory), recent calculations incorporting this coalescent-imtaaf@roach have shown
a reasonable agreement with experimental results. Models using the InfM&{lculation are
shown in Figurd]3 for free nucleons and all nucleons (coalescentiamt In this figure, the
symmetry energy of the EOS is parametrizedsgs) [ p¥. While the agreement is good, it can
also be seen that the isotopic emission ratios at highter energies haverleegiinties due to low

statistics. Reducing this uncertainty is one area of concentration in the upgrgears.

In addition to these recent calculations, a chi-square analysis has yg@ddo recent
theoretical results to constrain parameters of the asymmetry term in calculdtrese analyses
concentrate on constraining results from isospin diffusion as well asigotopic ratios in a
consistent manner. Calculations have recently been completed, and aeswtsrently in press.
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