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Previous theoretical studies of the disappearance of directed transverse flow showed a dual dependence on
the equation of stattEOS and the in-medium cross section {,) for light systems. Also, the balance energy
was shown to increase as a function of the impact parameter. However, Boltzmann-Uehling-Uh(&tligrk
model calculations show that the dependencergnweakens for heavy systems such ast#w, and data
presented here show that the impact parameter dependence nearly vanishes Aar. Abherefore, the EOS
parameteK can be isolated using the balance energy, and BUU calculations show good agreemestffor a
EOS. The reduction i, is then investigated using the experimental mass dependence of the balance energy.

PACS numbsds): 25.70.Pq

The phenomenon of collective flow in heavy ion reactionssured directly[30,31], extending the system mass depen-
has been used to study the properties of hot and compressddnce ofg,, and providing motivation for the present work.
nuclear matter for a wide range of densit[ds-3]. Of par- In this paper we show for the first time that the EOS
ticular interest is the nuclear equation of stéEOS [4,5], parameterK can be isolated using the balance energy. We
which is relevant to astrophysical events and objects such ahow that the impact parameter dependencegfweakens
the big bang, supernovae explosions, and neutron[§afs  as the system mass increases and nearly vanishes for a heavy
The nuclear equation of state is the description of the thersystem such as AuAu. We employ Boltzmann-Uehling-
modynamic state of nuclear matter as a function of the statelhlenbeck (BUU) model calculationd18,19,24 to show
variables density, temperature, pressure, and entropy. Wat the dependence d,, on o,, weakens as well for
have evidence that two phase transitions in the nuclear phaseavy systems. These findings, together with a strong depen-
diagram can be observed. Collective flow may be of rel-dence on the compressibility, allow for the first time isola-
evance to this physics because of the postulated softest poitibn of EOS properties with the balance energy, which is
[8,9]. Recently, the E895 Collaboration measured ellipticparticularly beneficial because the balance energy is a rela-
flow in Au+Au collisions that suggests a softening of thetively model-independent observall&7]. Finally, the ex-
EOS atE,q,ni~4A GeV [10] when compared to transport tended system mass dependenc&gf can then be used to
calculations. At lower energies, theoretical Thomas-Fermiexamine the magnitude of the in-medium modification of the
calculations showed that the existence of radial flow coinbaryon-baryon cross sectioa,,,.
cides with a first-order liquid-gas phase transititf]. Other The balance energy arises from the canceling effects of
recently proposed experimental quantities for studying thehe attractive part of the nuclear mean field, dominant at
EOS include differential floWy12] and elliptic flow near the = Epe,,~~10MeV/nucleon, and the repulsive nature of
balance energyl3]. Historically, much more attention, how- nucleon-nucleon scattering, which dominates Bge,m
ever, has been focused on the curvature of the binding er= 150 MeV/nucleon. Coulomb repulsion plays an increasing
ergy as a function of density for smal=(Q) temperature, the role in the collision dynamics as system size increases
nuclear compressibility. [20,27, which explains the measured deviation from the an-

The disappearance of directed transvéssgeward flow,  ticipated value of 7=1/3 in the E <A~ " dependence
termed the balance ener@y,, was suggested as a powerful [30,32. Experimentally we observe that-0.45. Therefore,
probe of the EO$14,15. However, numerous model calcu- the Coulomb interaction certainly needs to be included when
lations have demonstrated that the balance energy, while sesemparing experimental balance energies to model predic-
sitive to the nuclear compressibility, was also sensitive to tions for heavy systems such as-A4u.

the in-medium cross sectian,, [16,18,17,19,2)) as well as Previously, the balance energy was observed to increase
the momentum dependence of the nuclear mean fRld- linearly as a function of impact parametefor light systems
27]. [27,29. This dependence was attributed to the need for a

Zheng etal. recently used an isospin-dependentlarger incident energy to overcome effects of the mean field
Boltzmann-Uehling-UhlenbeckBUU) model for the ®Ca  as the participant zone gets smalfeith increasingb). Fig-
+48Ca system to show that the same balance energy is olure 1 shows the balance energy as a function of the reduced
tained with a stiff EOS and vacuum cross section as with ampact parameteb/b,,,,, (Whereb,,,, is the maximum esti-
soft EOS and reduced, [13]. In fact, E,y was shown to  mated impact paramedefor the four systems At Sc, Ni
have a weak dependence Knfor light systemg28]. Also, +Ni, Kr+Nb, and Au+-Au. Data were recorded at the Na-
Ea Was shown to depend strongly on the impact parametetional Superconducting Cyclotron Laboratory with ther 4
[27-29, further hindering study of the EOS. However, all of Array [34] in a consistent configuration which included a
these studies were carried out for systems with total mass @f5-element High Rate Array in the forward direction. Details
A=200. Recently the balance energy for-AAu was mea- of the experimental setup can be found in Refs.

0556-2813/2000/62)/0416034)/$15.00 62 041603-1 ©2000 The American Physical Society



RAPID COMMUNICATIONS

D. J. MAGESTRO, W. BAUER, AND G. D. WESTFALL PHYSICAL REVIEW €2 041603R)

| T ' K = 200 MeV (soft)

140 |- . :: Ar +:85Sc - 100 b/b,,., = 0.28 (most central) |
i ® “"Ni+ Ni ]

a 300 90 _

120 |V 9 Au+™ Au ] 30 1

~J
]

=)
<

j—
[—4
]
|
Balance Energy (MeV/nucleon)

B 4x, NSCL
* a=-3
R 50 A o==2 7
= | O oa=-1
80 | O free cross section
40 — | - - -
+ 1 60 80 100 200 300 400

System Mass (A)

|

Balance Energy (MeV/nucleon)

FIG. 2. BUU model calculations of the mass dependendg,gf
for values of different reductions of the in-medium cross section
| | | | | onn- EXxperimental measurements @, are shown as solid
03 0.4 05 0.6 0.7 0.8 squares. The calculated balance energy for-Au depends very
weakly on the value ofx.
b/b

max

%

S
o

FIG. 1. Balance energy as a function of the reduced impactience ofE,, on K and o,,,. However, these calculations

parameter for four systems. Data are taken with theAtray, the  were generally carried out for light systems.

linear fits are intended to guide the eye. We present results of a systematic study of the balance
energy using the BUU model for a wide range of system
sizes, 63XA<394. For each system size, several energies

[29,30,35-37. Not all impact parameter bins are shown duenpear the anticipated balance energy were chosen, and several

to detector acceptance effects at low incident energies anghmpinations of K, ) were selectedk =200, 235, and 380

for less-central collisions. The lines represent linear fits toyev and a=0, —0.1, —0.2, and—0.3. The values foK

the data, included to guide the eye. As the system mass iRgere chosen in accordance with parameter sets used in pre-

creasesEp, exhibits a weaker dependence bfbma,, and  yjous studies. Each set of parameters was calculated using

for Au+Au the dependence nearly vanishes. The weakeningyyr different random number seeds to minimize any effect

could be due to the increasing role of the Coulomb interacfrom the choice of seed. For all systems, an impact parameter

tion on the projectile’s trajectory @%by, increases, coun-  corresponding t/b,,=0.28 was used in order to compare

teracting the attractive mean field. Therefore, the comparisofy the most central bin of our experimental défar which

of Epe to model calculations for AétAu should be not af-  the mearb/b,,,,,~0.28). Momentum-dependent mean fields

fected strongly by impact parameter selection. were not included in the present numerical implementation,

The Boltzmann-Uehling-UhlenbeckBUU) model has  pecause,, is affected very little by momentum dependence

been successful in Studying the flow of nuclear matter an%t low beam energies and in near-central CO”|S|EQE

energy. The BUU model treats the single-body phase space Figyure 2 shows balance energies extracted from BUU cal-

distribution as it evolves through time. In the present numerivations as a function of the system mass for four different

cal implementation of the BUU model, the internucleon po-¢ross sections, assuming a soft equation of state. Lines rep-

tential is split among two mechanisms: a mean field for softyesent power law fits to the simulated values, as suggested

low-momentum processes, and hard nucleon-nucleon scattqu the experimental mass dependenceEgf [30,33. The

Ing error bars are associated with the linear fit of the flow exci-
tation function. The balance energy clearly shows a strong

. 2<1+ aﬁ) 1) dependence oa for light systems, in agreement with.preyi—

nn~ Tre po)’ ous theoretical work33]. However, as the system size in-

creases, thex dependence of,, nearly vanishes. For
where ogee is the cross section in the vacuum, amds the ~ A=394 (Au+Au), all of the extracted balance energies are
the first-order coefficient of the Taylor expansion of the in-well within error bars.
medium cross section in terms of the den$it@]. Previous The gradual loss of the sensitivity &, to o, can be
studies had found a value betweet®.2 and—0.3 for @, in  attributed to the change in the collision dynamics at lower
good agreement with finite temperatuBematrix calculation beam energies. A& increases, the corresponding balance
results[38]. The mean field can be expressed in terms of theenergy decreases, and hard scattering processes play a lesser
compressibilityK. A value of K=200MeV is commonly role in the dynamics of the collisioj27]. This is due to the
used for asoft EOS, while K=380 corresponds to atiff  Pauli exclusion principle, which forbids an increasing num-
EOS. Previously, the BUU model exhibited a dual depen-ber of collisions as the number of nucleons present increases
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FIG. 3. BUU balance energies plotted as a function ofdhg
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FIG. 4. BUU balance energies plotted as a function ofdhg

reduction parameter « for three different values of the compress- reduction parameter « for three different values of the compress-
ibility K for Ar+Sc. The experimental measurement is representedbility K for Au+Au. The experimental measurement is represented
by a flat line with error bars. by a flat line with error bars.

Danielewicz estimated th#t lies between 165 and 220 MeV

[18]. Pauli blocking also becomes more dominant as bearpy studying the dependence of sideward flow on multiplicity
energy is decreased. Therefore, for heavy systems the bgha3.
ance energy is due mostly to combined effects of the attrac- Once a value foK in the BUU parametrization is estab-
tive mean field and the repulsive Coulomb interaction. With-jished, the system mass dependence can be used to investi-
out the Coulomb interaction included in the BUU gate the magnitude af,,'s deviation from the vacuum cross
calculations, Ep, for Au+Au is ~10-15MeV/nucleon section. Figure 2 shows the experimental data for the mass
larger[30]. dependence of the balance eneffilfed boxes [30]. A re-

Because the balance energy for AU is nearly inde-  duction ofa= —0.2 in the cross section agrees well with the
pendent of the reduction in in-medium cross sections and th@ata for light- and medium-sized systems, while= —0.3
impact parameter, BUU predictions can be compared dimost closely reproduces the sloffower-law exponenton
rectly to the experimental value of the balance energy tahe experimental mass dependence.
estimate the nuclear compressibiliy This lack of depen- In conclusion, we have shown that the impact parameter
dence onb and & for Au+Au differs from lighter systems dependence of the balance energy nearly vanishes for heavy
that showed strong dependenceloand «, which made the systems such as AtAu, which we attribute to the increased
isolation of K difficult. Figure 3 shows BUU balance ener- strength of the Coulomb repulsion counteracting the attrac-
gies for Ar+ Sc (A=85) as a function of the cross section tive mean field a®/b,,,, increases. We have also performed
reduction parameter-« for three different values of the a systematic set of BUU calculations to show that the sensi-
nuclear compressibilityk =200, 235, and 380 MeV. Dashed tivity of E,, to the in-medium cross section weakens as the
lines are included only to guide the eye. The single experisystem size increases and nearly disappears fofAAu
mental value is plotted as a horizontal line with error barsThis effect is ascribed to the lesser role of hard scattering
Depending on ther selected, all thre&’s can agree within  processes at lower beam energies due to Pauli blocking.
error bars of the experimental value fép,). These two findings make AtAu a very promising system

In Fig. 4, BUU balance energies for AtAu are plotted  for extracting the nuclear compressibilityfrom the balance
vs —a, and again the experimental value is represented by anergy. Boltzmann-Uehling-Uhlenbeck calculations for Au
horizontal line. OnlyK =200 MeV, which corresponds to a +Au with K=200 MeV, corresponding to softequation of
soft equation of state, falls within the error bars of the ex-state, produce balance energies which lie within error bars of
perimental measurement. The approximate valu& @ in  the recently measured value. The present findings warrant
good agreement with other measurement techniques. Studigsther theoretical and experimental study of the balance en-
of the isoscalar monopole resonance indicdle=200 ergy for very heavy systems, as a more thorough study has
+20MeV [39], while recent Thomas-Fermi model calcula- the potential to determine the compressibility in a relatively
tions pointed to K=234MeV [40]. Also, Pan and model-independent way. In addition, the experimental mass
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