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Stopping Power and Collective Flow of Nuclear Matter
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Charged-particle exclusive data for Ar+Pb collisions at 0.772 GeV/u are analyzed in terms
of collective variables for the event shapes in momentum space. Semicentral collisions lead
to sidewards flow whereas nearly head-on collisions have spherical shapes in the c.m. frame,
resulting from complete stopping of projectile motion. The hydrodynamical model predic-
tions agree qualitatively with the data whereas the standard cascade model disagrees, lacking
in stopping power and collective flow.

PACS numbers: 25.70.Np

Only in nucleus-nucleus collisions can extended
regions of nuclear matter with high energy densities
be produced under laboratory conditions. The ex-
tent to which nuclear matter can be compressed
depends primarily upon the bulk properties of nu-
clear matter. These determine the degree of ther-
malization, and the energy density reached in the
fireball. ' An important property which will be ad-
dressed in this Letter is the ability of nuclear matter
to degrade the initial longitudinal momentum in a
nuclear collision, namely the nuclear stopping
power. During the interpenetration phase, two
mechanisms can reduce the initial longitudinal
motion. Microscopic baryon-baryon interactions
generate random thermal motion and pionic or res-
onance mass. Collective degrees of freedom cause
energy to be expended in compression of nuclear
matter resulting in a collective flow of energy along
the direction of the pressure field gradient. The
two principal dynamic models based on each of
these mechanisms provide a complementary set of
predictions. The microscopic approach of the in-
tranuclear cascade ~ predicts a forward-backward
oriented prolate distribution of nucleon momenta in
the fireball center of mass. The hydrodynamic
model, on the other hand, presupposes complete
nuclear stopping and predicts a prolate sidewards

deflection of the incident momentum flux for finite
impact parameters and an oblate pattern perpendic-
ular to the beam axis in the zero impact parameter
limit. 5 6

Several attempts have been made to identify hy-
drodynamic sidewards flow from inclusive~ or
high-multiplicity-selected inclusive data with only
marginal success. Recently, a sidewards deflection
of matter was reported for charged-particle ex-
clusive data in the symmetric Nb+Nb system at
400 MeV/u. To search for collective effects and
their influence on the flow of nuclear matter in cen-
tral collisions of nonsymmetric target-projectile sys-
tems, a charged-particle exclusive experiment was
carried out for the reaction Ar+Pb at 0.772
GeV/u. In this Letter results of the event-by-event
analysis of a sample of 1000 central-collision events
in terms of multiparticle observables are presented.
We employ the angle of maximum momentum
flow6 and the ratio R of the mean transverse
momentum ( ~ p ~ ) to the mean longitudinal
momentum (~p& ). The flow angle is sensitive to
sidewards flow patterns'0 ~hereas the 8 ratio mea-
sures the degree of stopping and approach to an iso-
tropic distribution. " As a result of studying these
observables it will be shown that near head-on col-
lisions lead to stopping and isotropy whereas side-
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wards deflection of flow occurs at intermediate irn-

pact parameters.
The experiment was carried out at the Bevalac

Streamer Chamber facility. The techniques used in
the experiment and data analysis along with a sub-
sarnple of the present data are published else-
where. " The streamer chamber was triggered by
requiring that no significant fraction of the projec-
tile nucleus survived the collision, These near-
central collisions of Ar+Pb correspond to a trigger
cross section of 1.0 b which in a geometrical picture
corresponds to a cutoff in the impact parameter at
b ~ 5.5 fm. A more refined cut in impact parame-
ter was obtained event by event from the multiplici-

ty of participant protons, M~. The participants were
defined as those baryons with momentum per nu-
cleon greater than 270 MeV/c in both the target and
projectile c.m. systems. Throughout the subse-
quent analysis only the energy and momentum car-
ried by the proton in deuterons and tritons were in-

cluded, thus disregarding not only the unobserved
neutrons but also those bound in clusters. The data
were compared to the proton distributions of the
cascade model of Cugnon et at. after subjecting the
cascade-generated events to a Monte Carlo filtering
procedure simulating the experimental biases,

The multiplicity distributions for the participant
protons in the data and in the cascade event sam-
ples were found to agree well. Furthermore multi-
plicity subsamples were defined for M~ & (M~) and

M~ ( (M~), respectively, with (M~) =36. By use
of the relationship between b and M~ provided by
the cascade model, the samples correspond to near
head-on impact parameters b ( 3 fm, and to inter-
mediate impact parameters 3 ~ b ~ 5.5 fm, respec-
tively. The analysis in terms of multiparticle vari-
ables was restricted to the forward hemisphere of
the participant center-of-mass frame in order to cir-
cumvent uncertainties resulting from target absorp-
tion. The center-of-mass velocity for each event
was computed from the momenta of all protons
with p, ) 270 MeV/c.

Information on the degree of thermalization and
nuclear stopping can be obtained on an event-by-
event basis from the multiparticle observable"
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the beam (R & 1), or partial transparency (R( 1). Figure 1 shows event frequencies as con-
tours in the R vs M~ plane where the impact param-
eter decreases as Af~ increases. Approaching from
forward oriented shapes (R ( 1) the dashed curve,
which indicates the ridge of the distribution, inter-
sects the isotropy line (R =1) at M~=40 where
complete stopping occurs. In fact, R =1 is only a
necessary condition for isotropy. It will be shown
below that the momentum flux of events with

M~ =40 is indeed spherical. In a clean-cut fireball
geometry the mean impact parameter corresponding
to M~=40 is —2.5 fm. Since r(Ar) =4 fm and
r(Pb) =7 fm the projectile dives completely into
the target at this impact parameter. Complete div-
ing thus leads to complete stopping for Ar+Pb at
this incident energy. At M~ ) 40, R exceeds unity
indicating a slight excess of transverse over longitu-
dinal momentum components in these events.

The dotted line in Fig. 1 represents the ridge of
the corresponding contour plot for cascade events.
It does not reach isotropy even for maximum multi-

plicity; thus the cascade mechanism lacks a signifi-
cant fraction of the stopping power of the nuclear
medium. With M~ = 40 the cascade yields

(R„„,d, ) =0.83, indicating an excess of longitudi-
nal over transverse energy of approximately 30% in
the center of mass. The difference between the ob-
served R =1 and the predicted (R«,«d, ) may be
attributed to the generation of compressional (po-
tential) energy, contributing to the stopping power.
The compressional energy, not included in the
standard cascade model, has recently been estimat-
ed' to amount to approximately one-third of the

R = —X„lp„l/X„ I pl, I,
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which for an isotropic distribution is unity. The p„
are the transverse and longitudinal momentum
components of the protons emerging in the forward
direction in the participant c.m. frame. Deviations
from unity indicate either a preponderance of
momentum flow in the direction perpendicular to
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FIG. 1. Contour lines of event frequency in the vari-
ables anisotropy coefficient 8 vs participant proton multi-
plicity, for the reaction Ar+Pb at 0.772 GeV/u. Dashed
(dotted) lines give the ridge of the distributions for the
data (the cascade model prediction).
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total energy available in the center of mass.
In order to study in more detail the momentum

flux pattern the normalized flux tensor4

T;, = &X„p,ip„lp, l 'ltx„lp. ll (2)

N
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is used where p„; and p„~ are the Cartesian com-
ponents of the c.m. momentum of particle v and p,
the total c.m. momentum. The event shape in
rnomenturn space is defined by the normalized
eigenvalues and eigenvectors of T~. Only protons
in the forward hemisphere of the c.m. are included
(as in the R ratios discussed above). From among
the five independent parameters describing T; the
"flow angle" 0 between the direction of the main
tensor axis and the beam will be emphasized. Fig-
ure 2(a) gives the flow angle distribution dN/d cosH

as a function of 0 for the multiplicity samples corre-
sponding to impact parameters b & 3 fm and
3 ~ b ~ 5.5 fm, respectively. The high-multiplicity
(small impact parameter) events exhibit a fairly flat
angular distribution, indicative of a nearly isotropic
momentum flow with a slight suppression at for-
ward angles. Events with 3 ~ b ~ 5.5 fm exhibit a
definite sidewards deflection of flow angles away
from the beam axis. This deflection is predicted by

hydrodynamic models. ' ' The isotropic distribu-
tion of flow angles for small impact parameters is
compatible with spherical-shaped distributions. A
look at the shape parameters of the ellipsoids pro-
ducing these flow angles verifies near-spherical
shaped events. Thus at our level of statistics we do
not find significantly oblate shapes in the Ar+Pb
reaction. Indeed, recent hydrodynamical calcula-
tions for this reaction' also show only slight devia-
tions from spherical flow, at b 0. The cascade
results presented in Fig. 2(b) exhibit considerable
preference for the forward direction in both sam-
ples. This again reflects the lack of stopping power
in this model.

The finite deflection angles observed for inter-
mediate impact paramters in Fig. 2(a) make it pos-
sible to define a reaction plane by the incident beam
direction and the direction of the major axis of the
flux ellipsoid for each event. The reaction planes of
all events can be aligned' and the invariant cross
section d3o./dp„dp, dy analyzed as a function of rapi-
dity y and transverse momentum components p„
and p„ in plane and out of plane, respectively. This
distribution projected onto the reaction plane is
displayed in Fig. 3 for the intermediate impact
parameter sample. A strong deflection away from
the beam axis is observed further supporting the
sidewards preference of event flow angles observed
in Fig. 2(a). Furthermore, when the events of Fig.
3 are projected perpendicular to the reaction plane,
no sidewards deflection appears and the results are
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FIG. 2. (a) Distributions of the angle of maximum
momentum flow in the c.m. frame for Ar+Pb events
with participant proton multiplicities smaller and larger
than (M~). (b) Same for the corresponding samples of
cascade model generated events.

FIG, 3. Projection onto the reaction plane of the in-
variant proton cross section, shown by contour lines, for
intermediate impact parameter Ar+Pb events which
have been rotated into a common reaction plane orienta-
tion. The cutout at target rapidity reflects the target ab-
sorption losses.
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symmetric with respect to the beam direction, lend-
ing further credence to the in-plane off-axis deflec-
tion. An analogous plot of the high multiplicity
sample is consistent with spherical event shapes.

The sidewards deflection has recently been ob-
served for the high multiplicity near-central col-
lisions of Nb+Nb. Such a deflection is observed
in the present study of the asymmetric Ar+Pb
system for intermediate impact parameters
3.0«b «5.5 fm. A qualitative understanding of
the difference in the impact parameter ranges can
be found by considering the geometries of the two
systems. In asymmetric systems such as Ar+Pb,
collisions at small impact parameters result in the
smaller projectile nucleus being completely
engulfed by the heavy target nucleus. This is the
case for the high multiplicity sample b ( 3 fm for
Ar+Pb where complete stopping is observed, the
distributions finally become spherical, and no dis-
tinct sidwards flow can develop. On the other hand,
the intermediate impact parameter range for
Ar+Pb corresponds to the Ar nucleus just reaching
complete overlap with the Pb nucleus. This is
analogous to small impact parameter collisions in a
symmetric system such as Nb+Nb, thus accounting
for the similarity of the observations.

In conclusion, collisions of 40Ar with Pb at 0.772
GeV/u lead to a sidewards deflection of the
momentum flux at intermediate impact parameters
in the vicinity of b —0.5b,„. This observation
agrees qualitatively with the latest predictions of the
hydrodynamical model' ' providing evidence for
the existence of a collective decompression in the
flow of nuclear matter. For near-zero impact

parameters spherical momentum flow patterns are
observed corresponding to complete stopping. The
cascade model which neglects compressional de-
grees of freedom lacks this stopping power, suggest-
ing the presence of a collective mechanism.
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