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Disappearance of transverse flow in Adg-Au collisions
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The balance energy at which repulsive nucleon-nucleon scattering balances the attractive force due to the
nuclear mean field is measured for the first time for thetAw reaction. The observed balance energy of
42+ 345t 1sys MeV/inucleon agrees with the previously established power law dependeiigg oh system
mass, providing evidence that the Coulomb interaction does not suppress the attractive mean field near the
balance energy, in contrast to recent theoretical predictions.

PACS numbsd(s): 25.70.Pq

The study of nuclear collisions at intermediate energiesheoretical calculationgl0], which predicted that no disap-
has aided in revealing many properties of hot and denspearance of the flow could be found for the AAu system,
nuclear matter, as well as constraining the parameters of thdue to the dominance of the Coulomb interaction. We show
nuclear equation of stat&€OS [1,2]. In particular, collective  that E,, scales asA™ " for heavy systems as well, in agree-
flow variables have uncovered such phenomena as the@ent with other recent theoretical predictiofib4]. This
momentum-dependent nuclear mean i@y the “squeeze- agreement justifies interpreting the minimum as a balance
out” of particles perpendicular to the reaction plddé and  petween the attractive and repulsive components of the
the possible existence of a liquid-gas phase transition in €xyyclear interaction, rather than the onset of Coulomb-
cited nuclear mattef5]. The disappearance of directéor  gominated interactions. We attribute any difference between
in-plang transverse flow occurs at an incident beam energygirectly measured and extrapolated balance energies to diffi-
termed the balance energf,) [6], where the attractive jies in assigning values to finite transverse flow. Finally,
scattering due to the nuclear mean field balances the rep ie perform Boltzmann-Uehling-UhlenbacBUU) model

sive_scattering resulting from. nucleon—nucleon hard-shel imulations with and without the Coulomb potential included
collisions. The balance energy is of great importance becau§8 illustrate the importance of the Coulomb interaction in

the parameters of the EOS and the in-medium nucleonr- roducing the system mass dependence, as well as to relate
nucleon cross section can be related to the dominance P 9 Y P ’

repulsive or attractive scattering. Previous studies hav 1€ system mass dependencebnf, to the scaling dimen-

shown the impact parameter dependefiieand isospin de- SIONnS of the collision nuclei. _ _
pendencd8] of E,,, as well as the mass scaling la®,{, The present measurements were carried out with the MSU
al

~A~Y3) for intermediate-sized systems (2A<179) [9]. 47 Array [15] at the_Na}ic;nal Superconducting Cyclotron
However, E,, has not been measured for heavier systeméaboratory(NSCL) using **’Au beams from the K1200 cy-
such as Aud-Au (A=394). It has been suggested that theclotron. Data were taken at beam energies of 24.5, 28.2,
balance energy cannot be measured for heavy systems ba3.1, 38.3, 44.5, 48.4, 53.5, and 57.6 MeV/nucleon. The Au
cause the repulsive Coulomb force may dominate the attrad¢ams were focused directly onto an Au target with thick-
tive mean-field effect at low energi¢0]. Previous experi- ness ranging from 2 mg/cimo 20 mg/cm. Energy loss per
mental efforts only have attempted to extrapolate values ofiucleon in the target ranged from 1.2 to 3.5 MeV, depending
Epa for Au+Au from flow measurements taken at higher on incident energy and choice of target. Beam current was
energies. Values of 4711 MeV/nucleon[11] and 475 10-100 electrical pA. The main ball of them4Array con-
MeV/nucleon[12] for Ey, Wwere obtained via extrapolation. sists of 55 Bragg curve counters in front of 170 phoswich
Most recently, another group extrapolated a value of 5&ounters(arranged in hexagonal and pentagonal subarrays
+21 MeV/nucleon forZ=2 and 6514 MeV/nucleon for covering the laboratory frame polar angles $89,,,<162°.
Z=3 in semicentral collisionE13]. The Bragg curve counters served &E detectors for low-

In this Rapid Communication we present the first directenergy particles, allowing the detection of low-energy
experimental evidence for the disappearance of directedharged fragments fronz=2 to Z=12. In addition, the
transverse flow for Ag- Au. We show that, although the flow High Rate Array consists of 45 phoswich detectors covering
signal near the balance energy is weak compared to prevB°=< 6,,=<18°, with detection of charged fragments<Z
ously studied systems, a minimum in the excitation function<18. By using the Bragg counters, the main ball telescopes
of flow can be extracted. This is in contradiction to recenthave lower energy thresholds of approximately 4 MeV/
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nucleon for’Li. The High Rate Array phoswiches have cor- ) L 245 AMeV W

responding energy thresholds 6f10 MeV/nucleon. 0 L[
Because of the low beam energies presented here, the r S Aty

acceptance of the# Array was determined by simulating -20 +

isotropic events and passing them through the sbftware C o reflected

filter. As expected, low energy particles in the backward di- -40 : ,

rection are not recorded due to detector energy thresholds. o) C b) | 38.3AMeV I

To minimize the threshold effects, only particles in the for- Z L

ward hemisphere of the reactioy(,=0) are used in the 2 20 }*%’u‘-ﬁwwﬂ“ﬁ%ﬁaw

flow analysis, and forward/backward reaction symmetry is - + © . data

assumed. This technique has been carried out previously by = e = reflected

others studying collective floy13]. B T I
To extract collective flow in nucleus-nucleus collisions, ol o 57.6 AMeV i’ |

the impact parametds, and the reaction plane first must be r : e

determined. Central collisions were selected using total 20 L b +

transverse kinetic energ[)Et=2:\':°1Ei sir?(6)], N.=number ]HH w { . data

of charged particlds A large value ofE; corresponds to a A0 re]ﬂme‘.i Ll

small impact parameteh. In order to compare to previous -5 -1 05 0 05 1 1§

studies, events were placed intob5bins, each containing (y/ypmj)c_m,

20% of the total events. In the present analysis, central

(b/bmax<0.39) and semicentral (0.3%/b,,4<0.56) colli- FIG. 1. Mean transverse momentum in the reaction plane plot-

sions are studied. Herb,, is the maximum impact param- ted versus the reduced c.m. rapidity o2 fragments from cen-
eter, bya= Rproj+ Rtarg- tral collisions at beam energiéa) below, (b) near, and(c) above

In order to obtain the reaction plane, the azimuthal correlh® balance energy. Open squares are experimental data, solid
lation method was useflL6]. This method is useful when squares are refl_ected abagut 0 assuming forward/backward sym-
transverse flow is weak, i.e., near the balance energy. THEE!Y: as done in Ref13].
azimuthal correlation method finds the plane which best
aligns with the transverse momentum vectors. In order tdxperimentally, corrections need to be made to the reaction
avoid autocorrelation, the flow particle of interd8tOl) is  plane to assign flow values more accurately; however, these
removed from the reaction plane determination. Thereforegorrections do not affect the balance energy determination.
an event with multiplicityN can be thought of as having The transverse momentum is expected to pass through
separate subevents. The technique is sensitive to the finifg,=0 aty.,,=0. The negative offset in Figs(d-1(c) has
coverage and azimuthal granularity of ther AArray. The  been seen previously in many syste8®%]| and is attributed
resulting anisotropy in the reaction plane distributiop to  to two experimental biases. By removing the flow particle
15% difference between the highest and lowest values in thigom the reaction plane determinati¢io avoid autocorrela-
number of recorded events at a given lab ahgleorrected tion), an inherent lack of momentum conservation is present
by applying Fourier analysis, and by smearing the final podin the assigned reaction plane direction. However, this effect
sition (6, ¢) of each particle over the active surface of theis small, because them Array does not detect all particles.
incident detector, as determined by the #Array software  Furthermore, the expected reduction of this effect with in-
filter. creasing system mass is not seen experimentally.

Once the reaction plane for the event was determined, the A larger effect results from the likelihood of double hits
average transverse momentum projected into the reactidn detectors which lie in the direction of the reaction plane. If
plane for a particular fragment tyge.g., He fragmenjsvas  a flow particle of interestPOI) is directed in the reaction
plotted as a function of the fragment’s center-of-mass rapidplane, it is more likely to contribute to a double hit and be
ity, Yem., normalized by the projectile rapidityyyo c.m.- undetected than a POI directed to negative angles. This effect
Figures 1a)—1(c) show these plots for beam energies below,was seen in EOS dafd8] and corrected by using negative-
near, and above the balance energy. In these plots, opeapidity particle spectra and by considering the two-track
squares represent experimental values, and closed squaresolution. However, these corrections are more difficult in a
are the experimental values reflected abput,=0 by as- phoswich array, as the location of a particle cannot be pin-
suming forward/backward symmetry. This symmetry haspointed precisely enough.
been used in previous flow studies over a wide range of The extracted flow values are plotted vs incident beam
energieq13,17. The error bars are statistical, and the solidenergy in Fig. Z2solid squaresfor several particles of inter-
lines correspond to linear least square fits for the midrapidityest. ForZ=1, the extracted flow is very weak for all of the
region —0.5<(Y/Ypr) cm=0.5. Fragments emitted in this measured energies. This is partially due to the well-known
region are emitted from the excited participant volume crefragment mass dependence of flow and the higher energy
ated by the projectile-target overlap. The slope of this fit isthreshold forZ=1. However, forZ=2 andZ=3 the plot
defined as the directed transverse flow, which is a measure ofearly shows that the flow goes through a minimum. Be-
the amount of collective momentum transfer in the collision.cause our measurements are unable to distinguish between
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FIG. 2. Extracted flow vs incident beam energy in central colli- System Mass
sions for(a) Z=1, (b) Z=2, and(c) Z=3 POI. Solid squares are _ )
experimentaj data’ Open Squares are reﬂected abom m to FlG 3 Balance energy as a fUnC“On Of Comblned SyStem mass.

represent attractive scattering. The dasHedlid) linear least Open squares and circles are experimental data, and triangles rep-
squares fit is with the 44.5 MeV/nucleon data point refledtest ~ resent BUU calculations with and without the Coulomb interaction

reﬂected_ The dotted curve is a parabo"c fit. included in the calculation. The GANIL data is from REIQ]

the negativeattractive scattering which dominates belgy,,  balance energy for AtAu agrees very well with the previ-
and thepositiverepulsive scattering which dominates aboveously established power law scalifigy,~A~". We find 7
Epa» Such a minimum is indicative of the balance energy for=0.46+0.06 for our data.
the system. The dotted curves are parabolic fits. Also, the To investigate the effect of the Coulomb interaction on
flow data below the minimum are reflected about xhexis  the value of 7, a numerical implementatiof20] of the
to represent the attractive regime, and the daskelit) lin- Boltzmann-Uehling-UhlenbackBUU) model was used. In
ear least squares fits are with the 44.5 MeV/nucleon datthis model, the nucleons interact via a collectively generated
point reflectednot reflectedl For Z=2, this corresponds to mean field and with each other through two-body collisions.
a balance energy of 42453.5 or 43.1-3.6 MeV/nucleon, Previously, the BUU model successfully predicted the power
respectively, and foZ=3, the numbers are 4164.3 and law relationship betweerkp, and system masg21] for
41.9+6.1 MeV/nucleon, where the quoted errors are statisintermediate-sized systems. For the present calculations, a
tical. In the same figure, we also show the result of a parasoft equation of state=200 MeV) and a 20% reduced
bolic fit of the kind employed previously, resulting in values in-medium cross section on,= oxee(1—0.2(p/pg)), po
of 42.3+3.6 for Z=2 and 41.@5.2 MeV/nucleon forZ =normal nuclear densitywas used. Calculations were per-
=3, respectively. We can see that the balance energies férmed for systems of various masses, from+Nd (A
Z=2 andZ=3 are the same to within error bars, in agree-=47) to Au+ Au (A=394).
ment with previous experimental studies that showed no de- Figure 3 also shows the results of the BUU calculations
pendence on particle tyd®]. Combining the statistical and (solid triangle$. With the Coulomb interaction included in
systematic errors, we obtain for the Auu system the bal- the calculatior(dashed ling the simulation agrees well with
ance energy 42 3, 15, MeV/nucleon. the data {gyy=0.41+0.03). When the Coulomb interaction
The directly measured value &, differs from the most is removed(dotted ling, 7=0.31+0.03, very close to the
recent extrapolated valug¢43]. The difference most likely anticipated value of=1/3 from scaling arguments. This re-
results from the difficulty in experimentally assigning finite sult supports the notion that the mass dependence of the
flow values, because precise transverse flow measuremertglance energy results from two competing factors: the com-
need to be corrected for reaction plane dispersion and accepetition between the attractive mean field, which can be as-
tance effects. Errors in the flow values will cause errors insociated with the surface area of the interacting nuclei and
the extrapolated balance energy. The difference may also t&hould scale a8%3, and the repulsive nucleon-nucleon scat-
due to slightly different impact parameter cuts. Moreover,tering potential, which scales as the number of nucleons
finite flow measurements are difficult to compare to theorypresentA. However, our calculations show that the Coulomb
because the theory needs accurate fragment formation aiteraction is essential for reproducing the value of the bal-
has to account for experimental biases. A directly measurednce energy in very heavy systems. This is in agreement with
balance energy avoids these potential complications and cdhe result of de la Motat al. [14].
be compared effectively to microscopic transport models. In conclusion, we have presented the disappearance of
Figure 3 shows the experimentally observed relationshiglirected transverse flow for AuAu using the MSU 4r Ar-
between the balance energy and combined system mass f@y. Our results indicate that the balance energy is 42
several systemg3,8,9,19, plotted as open squares and MeV/nucleon. We have also shown tHag, scales aA™"
circles. The solid line is a power law fit to data taken with for heavy systems as well as light systems. BUU model cal-
the 4 Array. The GANIL data were obtained using azi- culations confirm the use of a reduced in-mediuy, and
muthal correlation studies, which allow estimations of thesoft EOS over the entire range of system sizes. When the
balance energy without reaction plane determination. Th&€oulomb interaction is removed from the BUU calculations,
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