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The Energy Dependence of Flow in Ni Induced Collisions from400A to 1970A MeV
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We study the energy dependence of collective (hydrodynamic-like) nuclear matter flow in (400–
1970)A MeV Ni 1 Au and (1000–1970)A MeV Ni 1 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
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The study of nuclear matter over a wide range of tem
peratures and densities and the determination of the eq
tion of state (EOS) of nuclear matter continues to be
considerable interest [1]. Lacking the possibility of com
prehensive studies of nuclear matter in bulk (as in neutr
stars), one resorts to the study of transient, finite syste
provided by nucleus-nucleus collisions (over a wide ran
of energy). It is now clear that the extraction of EOS in
formation from nuclear collisions requires a comprehe
sive set of measurements of collision observables, wh
can be compared to realistic microscopic calculations
volving the nuclear matter variables.

At GeV per nucleon energies, where the collision velo
ity exceeds that of nuclear sound, the collisions produ
densities several times higher than ground state densi
and exhibit compression-induced flow of nuclear matt
[1]. However, it was not until the analysis of events from
the 4p Plastic BallyWall [2] and Streamer Chamber [3]
detector systems at the Bevalac that the matter flow ch
acteristics could be studied and quantified for a range
systems and energies. More recently, at the Bevalac
LBNL, the EOS Collaboration carried out a comprehe
sive set of measurements over a wide range of energ
and projectile-target combinations [4]. Similar studies a
underway at GSI in Darmstadt and, with lighter projec
tiles, by the DIOGENE Collaboration at Saclay [5]. EO
Collaboration data has been used to study flow for t
Au 1 Au system at lab energies ranging from 250A to
1150A MeV [6]. Particle flow for protons, deuterons, an
alpha particles has been determined, using the transve
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momentum method [7]. The flow is found to increase wi
particle massA, and with energy up to projectile energie
of 1150A MeV where it tends to level out (saturate) at va
ues close to the Plastic Ball data [8].

Here we present analyses of recent EOS Ni1 Au data
with energies between 400A and 1970A MeV and EOS
Ni 1 Cu data at energies of 1000A, 1500A, and 1970A
MeV. This study with the Ni beam allows the use o
higher energy per nucleon projectiles, and so extends
energy of our flow measurements beyond the 1150A MeV
limit of the EOS Au1 Au data [6]. We also present a
comparison of the flow values with predictions of tw
models, and introduce a scaled flow which allows th
comparison of flow data from a variety of projectile-targe
mass systems. In total, the data provide the strong
evidence yet that, with increasing energy, flow reaches
maximum near 1000A MeV, and then declines.

The EOS Collaboration detector systems have been
scribed in Refs. [4] and [6]. The data presented here we
obtained using the EOS Time Projection Chamber (TP
[9], situated in the magnetic field of the HISS Magnet. Th
TPC provides fairly unambiguous particle identification
as well as a measurement of momentum, for particles
charge up toZ  6. Particle ID is ambiguous for rigidi-
ties above2.4 GeVyc. Thus, some misidentification will
occur and its effect is represented in the uncertainties. T
target is just upstream from the TPC, and this results in
large and nearly seamless acceptance. Simulations h
been performed to study the geometrical acceptance of
detector and to provide acceptance corrections.
© 1997 The American Physical Society 2535
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In the present experiment, the thickness of the Au targ
was 730 mgycm2 corresponding to about 1% interaction
probability. The trigger was provided by a scintillato
just downstream from the target. The MUSIC (multipl
sampling ionization chamber) detector, downstream fro
the TPC, provided an on-line check on the threshold cha
of the heaviest fragment allowed by the trigger. Fo
this analysis, data for a wide range of impact paramet
were taken. We used charged particle multiplicity as
measure of the collision centrality, and have adopted t
Plastic Ball [8] convention by dividing the events into
five multiplicity bins with bin MUL1 corresponding to the
most peripheral and bin MUL5 having the most centr
events. For the Ni1 Au 400A, 600A, 1000A, and 1970A
MeV the numbers of events analyzed were 44 000, 28 0
28 000, and 26 000, respectively. The Ni1 Cu 1000A,
1500A, and 1970A MeV analyses were done on recentl
analyzed data sets of, respectively, 29 000, 18 000, a
47 000 events. For each event, the reaction plane w
determined using the transverse momenta of the partic
as proposed by Danielewicz and Odyniec [7]. The pla
is determined by the vector$Q 

P
i wi $pt

i and the incident
beam direction. Here$pt

i is the transverse momentum
of particle i, and wi is a weighting factor defined to
maximize the contribution of high rapidity particles to
the $Q vector determination. Normally, for symmetric
collisions of equalA, wi is taken to increase linearly with
rapidity up towi  61 at jy0

cmj  d and to be constant at
61 for jy0

cmj $ d. Using the subevent method of Ref. [7
we found the optimal reaction plane determination to b
made withd . 0.7. We also found that varyingd by
0.1 results in only a 1% change in the flow values. T
characterize the flow, it has been customary to project ea
particle’s $pt onto the reaction plane. We define thex
direction to be in the reaction plane and they direction
to be perpendicular to the plane. Plotting thekpxyAl
(henceforth referred to as̃px) vs rapidity for all events
at a given energy then yields the typical sidewards flo
S-shaped curves. Finally, before we extract flow value
we need to correct̃px for the fact that we project onto
an imperfectly known reaction plane. For this we use t
subevent method of Ref. [7]. These corrections increa
the p̃x values by amounts ranging from 10% (for the mor
central Ni1 Au events) to 20% (for the more periphera
Ni 1 Cu events).

In Fig. 1 we show, in solid squares, the experime
tally determinedS-shaped plots of̃px vs y0 for the four
Ni 1 Au systems and for multiplicity bin MUL4. Here,
for the moment, we include only protons, for which w
have unambiguous particle identification. Also shown
Fig. 1 (open circles and triangles) are the results from tw
different Boltzmann-Uehling-Uhlenbeck (BUU) transpor
model calculations with an equivalent impact paramet
selection. For the 400 and 600 beam energy systems (
panels) we display the results from a BUU model [10] b
Baueret al.,while for the 1000 and 1970 systems (bottom
2536
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FIG. 1. S curves for the four Ni1 Au energies, using protons
only in multiplicity bin MUL4. The solid squares are EOS dat
and the open circles and triangles are BUU model calculatio
with, respectively, a soft and a hard EOS. The two top pan
use the Bauer BUU code, while the bottom panels used
RBUU Giessen code. Calculations were done on all fo
systems with both models, but for clarity purposes we do
show all the comparisons.̃Px is the average of thex component
of the momentum (see text).y0 is the rapidity in the lab frame
scaled by the rapidity of the beam.

panels) we here compare to a RBUU model [11] fro
Giessen. For each of the models, and all four energies
performed calculations with a soft (K  200) and a hard
(K  380) (versions NL1 and NL2 of Ref. [11]) equatio
of state. Both models are relativistically covariant, but f
description purposes we will refer to the Bauer code
BUU and to the Giessen code as R(elativistical)BUU. F
clarity purposes we do not display the lower energy RBU
and the higher energy BUU comparisons. For all the co
parisons, we conclude that the models are able to reprod
the gross features of theS curves quite well. The differ-
ences in the beam rapidity region could be due to projec
spectator (such as bounceoff) effects, which are not pr
erly treated in these models.

Following the Plastic Ball analysis we define the flow
F, as the slopesdp̃xydy0dp̃x 0 near the zero crossing
(generally aroundy0  0.35). The slope is calculated
from a linear fit to the data in the region ofy0  0.3
to y0  0.6. Similar F values are obtained using
cubic fit. The imperfect asymmetry of theS curve with
respect to thep̃x  0 axis is due to both the lowe
acceptance in the lower rapidities, as well as reflect
transverse momentum conservation in the asymme
collision. The larger number of (mainly target) particle
(both spectator and participant) at low rapidity is balanc
at higher rapidity by fewer particles having larger avera
pt values. From the geometrical acceptance studies
found that acceptance corrections on the flow values
on the order of 5% for the lower energy Ni1 Au 400A
and 600A MeV systems. Acceptance corrections abo
600A MeV are negligible since the detector has fu
acceptance for the region where the fitting is performed
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In Fig. 2 the extracted values of the slope,F (for
protons in MUL4), aty0spx  0d are plotted vs projectile
kinetic energy per nucleon and compared to the mod
F values. The top two panels show the asymmetr
Ni 1 Au results (solid squares), and the bottom pan
shows the flow values for the nearly symmetric Ni1 Cu
systems. These models do not include composite parti
formation so the comparison is with the experiment
proton F values. With the inclusion of bound protons
(from d, t, etc.) the trend of theF values, as a function
of energy, is similar.

For both the asymmetric and symmetric systems the e
perimentalF values decline for the higher beam energie
This decline in the 1A to 2A GeV region is also observed
in all the model calculations.

Given the uncertainties, though, it is difficult to draw
strong conclusions regarding which versions character
the data better. The BUU predictions, which do no
include the effects of momentum dependent interactio
(MDI’s), show F decreasing at higher energies with th
hard EOS version fitting the Ni1 Au data better at lower
energies and the soft matching the high energy point bett

The RBUU does include MDI’s, which are known to
be important [12] in flow measurements. The RBUU
Soft 1 MDI values show better agreement with the Ni1

Cu data, while in the Ni1 Au, a hard EOS is marginally
closer to the data.

The energy dependence in Fig. 2 is consistent with t
EOS Au1 Au proton flow data of Partlanet al. [6] and
the Plastic Ball data [8] which show the flow beginning
to saturate above 800A MeV. The model predictions for
Au 1 Au also show saturation and a gradual decline
higher energies. Predicting the energy dependence of fl

FIG. 2. Proton flow as a function of beam energy per nucleo
in multiplicity bin MUL4. The top two panels are for Ni1 Au
EOS data. The solid symbols are the flow values from th
data points in Fig. 1 while the open symbols are for soft an
hard equation of state BUU (left panel) and RBUU (righ
panel) Ni1 Au calculations. The bottom panel consists o
flow values determined from Ni1 Cu EOS data and a RBUU
comparison.
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is an important test of any model. For example, in on
hydrodynamic model [13] the decline of flow at energies
between 2 and 10 GeV was shown to be much more rap
for the case of a quark-gluon plasma as compared to
hadron gas scenario.

We have studied other flow observables: the maximum
value of p̃x and the sum

P
p̃x, summed over all values

for y0 . y0sp̃x  0d. All of these observables give a
flow energy dependence consistent with that forF.
We have also analyzed the data using the reactio
plane independent flow signal quantity [14] propose
by the FOPI group. The FOPI signal shows an energ
dependence (rise and fall) similar to that ofF in Fig. 2. In
addition, we have examined the flow angle [8] dependenc
on multiplicity for the four energies. The flow angles
increase, followed by a significant decrease in the rang
of 0.4A to 2A GeV.

It can be argued that flow should be determined from
the laboratory rapidity,y, rather than from reduced rapid-
ity, y0  yyybeam. Then flow becomesFy  dp̃xydy 
Fyyp whereyp is the projectile beam rapidity in the lab
frame. PlottingFy vs energy we find that the rise of flow
is reduced while the decline becomes more significant.

The saturation of flow is explicable or at least quali-
tatively reasonable. As energy increases, the nucleo
nucleon cross sections become more forward peake
The mean nucleon transverse momentum at first ris
rapidly with energy and then is almost constant abov
pz . 2 GeVyc. In addition, particle production is in-
creasing rapidly, absorbing energy otherwise available fo
transverse momentum production. We have verified wit
the BUU model that direct pion production can signifi-
cantly 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-targe
sA1, A2d mass combinations, we divide the flow value
by sA1y3

1
1 A1y3

2
d and call FS  FysA1y3

1
1 A1y3

2
d the

scaled flow. Recent calculations [15] for symmetric
systems show that the transverse pressure and flow sca
with A1y3. In a hydrodynamic picture, with collision
velocities well above that of sound, one can argue that th
pressure buildup should scale with collision (compression
length or time. This suggested thesA1y3

1
1 A1y3

2
d scaling

approximation used here. Figure 3 shows a plot ofFS vs
energy per nucleon of the projectile. We include here da
from the EOS experiment (solid points), along with value
derived from other experiments [8,16–18] for a variety o
energies and mass combinations. As closely as possib
the data selected correspond to Plastic Ball multiplicit
bins MUL3 and MUL4 or to an equivalent range of
impact parameters. For the EOS and Plastic Ball data a
the isotopes ofZ  1 and 2 are included, except for the
200A MeV Au 1 Au point [18] where the data is forZ 
1 and multiplicity bin MUL3. The Streamer Chamber
data [16,17] normally include all protons, whether free
or bound in clusters. Generally the flow values using a
2537



VOLUME 78, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 31 MARCH 1997

n
ns

A

,

e,

te

,

f

f

,

e

FIG. 3. Scaled flow values vs beam energy per nucleon f
different projectile-target systems for Plastic Ball multiplicity
bins 3 1 4. In the EOS and Plastic Ball data all isotopes
of Z  1, 2 are included. For the Streamer Chamber all fre
and bound protons are included. To improve the distinctio
between data points at the same beam energy, some of
beam energy values have been staggered around by as muc
20 MeV.

isotopes ofZ  1 and 2 are10% 20% larger than those
for protons. In Fig. 3 the scaled flow values,FS, follow,
within the uncertainties, a common trend with an initia
steep rise and then an indication of a gradual decline. T
Plastic Ball data are quoted with fairly small statistica
uncertainties,.4% 7%, about twice the size of the data
points in Fig. 3. For the Ar1 Pb [16] and Ar1 KCl
[17] Streamer Chamber data, we estimated the flow a
statistical uncertainties from thẽpx vs y data plots,
for the appropriate multiplicity ranges. Our estimate
uncertainties for these flow values are in the rang
of 15%–23%. The 1800A MeV Ar 1 KCl Streamer
Chamber data, as analyzed from Ref. [7], produce ve
large flow and scaled flow values (Fs . 92 MeVyc)
which are off the plot scale and not included in Fig. 3.

In summary, we have determined the nucleon flo
for Ni 1 Au and Ni 1 Cu collisions in an energy range
of 400A to 1970A MeV. For these systems flow,F,
as measured by the change with normalized rapidity
the average transverse momentum, rises with ener
saturates, and then appears to decline. In general b
models (BUU and RBUU) predict a similar energy
dependence, with a decline ofF at higher energies.
Comparison of our flow results with flow data from
other mass systems is made by introducing a scaled flo
FS  FysA1y3

1 1 A
1y3
2 d which exhibits a nearly universal

flow energy dependence.
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