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We study the energy dependence of collective (hydrodynamic-like) nuclear matter flow in (400—
1970A MeV Ni + Au and (1000-197@ MeV Ni + Cu reactions. The flow increases with energy,
appears to reach a maximum, and then to decrease at higher energies. A way of comparing the
energy dependence of flow values for different projectile-target mass combinations is introduced,
which demonstrates a more-or-less common scaling behavior among flow values from different
systems. [S0031-9007(97)02592-1]

PACS numbers: 25.75.Ld, 25.70.Pq

The study of nuclear matter over a wide range of temimomentum method [7]. The flow is found to increase with
peratures and densities and the determination of the equparticle massi, and with energy up to projectile energies
tion of state (EOS) of nuclear matter continues to be obf 1150A MeV where it tends to level out (saturate) at val-
considerable interest [1]. Lacking the possibility of com-ues close to the Plastic Ball data [8].
prehensive studies of nuclear matter in bulk (as in neutron Here we present analyses of recent EOSHNAu data
stars), one resorts to the study of transient, finite systemsith energies between 480and 197@& MeV and EOS
provided by nucleus-nucleus collisions (over a wide rangéNi + Cu data at energies of 10801500, and 197@
of energy). It is now clear that the extraction of EOS in-MeV. This study with the Ni beam allows the use of
formation from nuclear collisions requires a comprehen-higher energy per nucleon projectiles, and so extends the
sive set of measurements of collision observables, whicknergy of our flow measurements beyond the Hb@&V
can be compared to realistic microscopic calculations intimit of the EOS Au+ Au data [6]. We also present a
volving the nuclear matter variables. comparison of the flow values with predictions of two

At GeV per nucleon energies, where the collision velocimodels, and introduce a scaled flow which allows the
ity exceeds that of nuclear sound, the collisions produceomparison of flow data from a variety of projectile-target
densities several times higher than ground state densitigsass systems. In total, the data provide the strongest
and exhibit compression-induced flow of nuclear matterevidence yet that, with increasing energy, flow reaches a
[1]. However, it was not until the analysis of events from maximum near 1009 MeV, and then declines.
the 47 Plastic BalfWall [2] and Streamer Chamber [3]  The EOS Collaboration detector systems have been de-
detector systems at the Bevalac that the matter flow chascribed in Refs. [4] and [6]. The data presented here were
acteristics could be studied and quantified for a range obbtained using the EOS Time Projection Chamber (TPC)
systems and energies. More recently, at the Bevalac §9)], situated in the magnetic field of the HISS Magnet. The
LBNL, the EOS Collaboration carried out a comprehen-TPC provides fairly unambiguous particle identification,
sive set of measurements over a wide range of energieas well as a measurement of momentum, for particles of
and projectile-target combinations [4]. Similar studies arecharge up t&Z = 6. Particle ID is ambiguous for rigidi-
underway at GSI in Darmstadt and, with lighter projec-ties above2.4 GeV/c. Thus, some misidentification will
tiles, by the DIOGENE Collaboration at Saclay [5]. EOS occur and its effect is represented in the uncertainties. The
Collaboration data has been used to study flow for thearget is just upstream from the TPC, and this results in a
Au + Au system at lab energies ranging from 25 large and nearly seamless acceptance. Simulations have
1150A MeV [6]. Particle flow for protons, deuterons, and been performed to study the geometrical acceptance of the
alpha particles has been determined, using the transverdetector and to provide acceptance corrections.
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In the present experlment,.the thickness of the Au target zzz N0 AN | NiBOOAU A NeY
was 730 mg/cnm? corresponding to about 1% interaction ok e oo e
probability. The trigger was provided by a scintillator I I S e
just downstream from the target. The MUSIC (multiple sof Ll SR >
sampling ionization chamber) detector, downstream from o W.“* - éef'
the TPC, provided an on-line check on the threshold charge S -sop e
of the heaviest fragment allowed by the trigger. For %m, NIT000AT AMeY | NI1970A A Mev
this analysis, data for a wide range of impact parameters B L st ™ Lo rmusn aet
were taken. We used charged particle multiplicity as a 100 F 2 gos o a® %s;;;z,ﬁgggmrd o "&s«.ﬁ
measure of the collision centrality, and have adopted the sof & S *
Plastic Ball [8] convention by dividing the events into 0 - - Frai
five multiplicity bins with bin MUL1 corresponding to the o finst pos
most peripheral and bin MUL5 having the most central 62508 57 58508 8
events. For the Ni Au 4004, 6004, 1000, and 197@ y y

MeV the numbers of events analyzed were 44 000, 28 00GIG. 1. S curves for the four Ni+ Au energies, using protons
28000, and 26 000, respectively. The NiCu 100\, only in multiplicity bin MUL4. The solid squares are EOS data,
15004, and 197@ MeV analyses were done on recently ari]t% “::;’gigvfglr cleas g?;gg”g'ﬁzrgrg ggu{?,zdﬂg?f”'agﬁgfg
analyzed data sets of, respectively, 29 OOQ’ 18000, a e the %auer é'UU code, while the bottom panels Esréd the
47000 events. For each event, the reaction plane Wa3guu Giessen code. Calculations were done on all four
determined using the transverse momenta of the particlesystems with both models, but for clarity purposes we do not
as proposed by Danielewicz and Odyniec [7]. The planshow all the comparisons?, is the average of thecomponent
is determined by the Vect@ =3 w; p! and the incident of the momentum (see text)y’ is the rapidity in the lab frame
beam direction. Herep! is the transverse momentum SCal€d by the rapidity of the beam.
of particle i, and w; is a weighting factor defined to
maximize the contribution of high rapidity particles to panels) we here compare to a RBUU model [11] from
the Q vector determination. Normally, for symmetric Giessen. For each of the models, and all four energies, we
collisions of equal, w; is taken to increase linearly with performed calculations with a sofK(= 200) and a hard
rapidity up tow; = *1 at|y.,,| = § and to be constantat (K = 380) (versions NL1 and NL2 of Ref. [11]) equation
+1 for |y/,,| = 8. Using the subevent method of Ref. [7] of state. Both models are relativistically covariant, but for
we found the optimal reaction plane determination to bedescription purposes we will refer to the Bauer code as
made withé = 0.7. We also found that varying by = BUU and to the Giessen code as R(elativistical)BUU. For
0.1 results in only a 1% change in the flow values. Toclarity purposes we do not display the lower energy RBUU
characterize the flow, it has been customary to project eaddnd the higher energy BUU comparisons. For all the com-
particle’s p, onto the reaction plane. We define tke parisons, we conclude that the models are able to reproduce
direction to be in the reaction plane and thelirection the gross features of the curves quite well. The differ-
to be perpendicular to the plane. Plotting the./A)  ences in the beam rapidity region could be due to projectile
(henceforth referred to ag,) vs rapidity for all events spectator (such as bounceoff) effects, which are not prop-
at a given energy then yields the typical sidewards flowerly treated in these models.
S-shaped curves. Finally, before we extract flow values, Following the Plastic Ball analysis we define the flow,
we need to correcp, for the fact that we project onto F, as the slopeldp./dy’); —o near the zero crossing
an imperfectly known reaction plane. For this we use th€generally aroundy’ = 0.35). The slope is calculated
subevent method of Ref. [7]. These corrections increasfom a linear fit to the data in the region of = 0.3
the p, values by amounts ranging from 10% (for the moreto y’ = 0.6. Similar F values are obtained using a
central Ni+ Au events) to 20% (for the more peripheral cubic fit. The imperfect asymmetry of th# curve with
Ni + Cu events). respect to thep, = 0 axis is due to both the lower
In Fig. 1 we show, in solid squares, the experimen-acceptance in the lower rapidities, as well as reflecting
tally determinedS-shaped plots of, vs y’ for the four transverse momentum conservation in the asymmetric
Ni + Au systems and for multiplicity bin MUL4. Here, collision. The larger number of (mainly target) particles
for the moment, we include only protons, for which we (both spectator and participant) at low rapidity is balanced
have unambiguous particle identification. Also shown inat higher rapidity by fewer particles having larger average
Fig. 1 (open circles and triangles) are the results from twqg, values. From the geometrical acceptance studies we
different Boltzmann-Uehling-Uhlenbeck (BUU) transport found that acceptance corrections on the flow values are
model calculations with an equivalent impact parameteon the order of 5% for the lower energy Ni Au 400A
selection. For the 400 and 600 beam energy systems (tgnd 60& MeV systems. Acceptance corrections above
panels) we display the results from a BUU model [10] by600A MeV are negligible since the detector has full
Baueret al.,while for the 1000 and 1970 systems (bottomacceptance for the region where the fitting is performed.
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In Fig. 2 the extracted values of the slopg, (for is an important test of any model. For example, in one
protons in MUL4), aty’(p, = 0) are plotted vs projectile hydrodynamic model [13] the decline of flow at energies
kinetic energy per nucleon and compared to the moddbetween 2 and 10 GeV was shown to be much more rapid
F values. The top two panels show the asymmetridor the case of a quark-gluon plasma as compared to a
Ni + Au results (solid squares), and the bottom panehadron gas scenario.
shows the flow values for the nearly symmetric NiCu We have studied other flow observables: the maximum
systems. These models do not include composite partickealue of p, and the sum_ p,, summed over all values
formation so the comparison is with the experimentaffor y’ > y/(p, = 0). All of these observables give a
proton F values. With the inclusion of bound protons flow energy dependence consistent with that ®r
(from d, ¢, etc.) the trend of thé values, as a function We have also analyzed the data using the reaction
of energy, is similar. plane independent flow signal quantity [14] proposed

For both the asymmetric and symmetric systems the exay the FOPI group. The FOPI signal shows an energy
perimentalF values decline for the higher beam energiesdependence (rise and fall) similar to thatfofn Fig. 2. In
This decline in the A to 2A GeV region is also observed addition, we have examined the flow angle [8] dependence
in all the model calculations. on multiplicity for the four energies. The flow angles

Given the uncertainties, though, it is difficult to draw increase, followed by a significant decrease in the range
strong conclusions regarding which versions characterizef 0.4A to 2A GeV.
the data better. The BUU predictions, which do not It can be argued that flow should be determined from
include the effects of momentum dependent interactionghe laboratory rapidityy, rather than from reduced rapid-
(MDI's), show F decreasing at higher energies with theity, y’ = y/ybeam. Then flow become#, = dp./dy =
hard EOS version fitting the N Au data better at lower F/y, wherey, is the projectile beam rapidity in the lab
energies and the soft matching the high energy point betteftame. PlottingF, vs energy we find that the rise of flow

The RBUU does include MDI'’s, which are known to is reduced while the decline becomes more significant.
be important [12] in flow measurements. The RBUU- The saturation of flow is explicable or at least quali-
Soft + MDI values show better agreement with the Ni  tatively reasonable. As energy increases, the nucleon-
Cu data, while in the Ni+ Au, a hard EOS is marginally nucleon cross sections become more forward peaked.
closer to the data. The mean nucleon transverse momentum at first rises

The energy dependence in Fig. 2 is consistent with theapidly with energy and then is almost constant above
EOS Au+ Au proton flow data of Partlaet al.[6] and p, = 2 GeV/c. In addition, particle production is in-
the Plastic Ball data [8] which show the flow beginning creasing rapidly, absorbing energy otherwise available for
to saturate above 880MeV. The model predictions for transverse momentum production. We have verified with
Au + Au also show saturation and a gradual decline athe BUU model that direct pion production can signifi-
higher energies. Predicting the energy dependence of flosantly decrease the 2 GeV flow signal.

It is of great interest to compare the flow values for a
wide range of data. To allow for different projectile-target

- W 05 MUL] 1 W E0S MULZ (A1,A,) mass combinations, we divide the flow value
oo NitAR s gud gt NFAW o poulor by (A2 + Al%) and call Fs = F/(A!® + Al the
w0l . ' scaled flow.” Recent calculations [15] for symmetric
*A@ii, ¥ “ ﬁ % systems show that the transverse pressure and flow scales
Rt §i‘?" * i # # with A3, In a hydrodynamic picture, with collision
E 200 ﬂ e ‘ velocities well above that of sound, one can argue that the
FOiddnsti i pressure buildup should scale with collision (compression)
e NisCu ) e length or time. This suggested the!/* + Al/3) scaling
wb o ‘ ¢ _REUU Soft approximation used here. Figure 3 shows a ploFefvs
# i“ } energy per nucleon of the projectile. We include here data
200 | # from the EOS experiment (solid points), along with values
derived from other experiments [8,16—18] for a variety of
100 - o pro, 50 000 3500 energies and mass combinations. As closely as possible
Beam Energy per Nucleon (MeV) the data selected correspond to Plastic Ball multiplicity

FIG. 2. Proton flow as a function of beam energy per nucleorPins MUL3 and MUL4 or to an equivalent range of
in multiplicity bin MUL4. The top two panels are for NF Au  impact parameters. For the EOS and Plastic Ball data all
EOS data. The solid symbols are the flow values from thethe isotopes oz = 1 and 2 are included, except for the
data points in Fig. 1 while the open symbols are for soft andygoa MeV Au + Au point [18] where the data is fof —

hard equation of state BUU (left panel) and RBUU (right AT )
panel) Ni+ Au calculations. The bottom panel consists of . @and multiplicity bin MUL3. The Streamer Chamber

flow values determined from N Cu EOS data and a RBUU data [16,17] normally include all protons, whether free
comparison. or bound in clusters. Generally the flow values using all
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