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The flow of light nuclei (Z =1,2) and intermediate-mass nuclear fragments (3 < Z < 10) is measured
in collisions of 200-MeV/nucleon Au+ Au over a large solid angle. An increase in the fragment-position
and momentum-space alignment relative to the reaction plane is observed: The fragments exhibit

stronger flow effects than light particles.

PACS numbers: 25.70.Np

A collective sidewards flow of light particles (Z =1,2)
has recently been observed in relativistic nucleus-nucleus
collisions. "2 Initially predicted by theoretical fluid dy-
namics,>™ collective flow also arises in various other
models®=® incorporating compressional degrees of free-
dom in the form of a pressure-density relation, i.e., an
equation of state. In these models the amount of trans-
verse flow is directly related to the stiffness of the nu-
clear equation of state and transport properties of the
nuclear medium.!® As two incident nuclei collide, the
pressure and density increase in the interaction region.
At nonzero impact parameters there is an inherent asym-
metry in the pressure, which results in a transverse flow
of matter in the directions of lowest pressure. Several
calculations,!!'"!® capable of producing nuclear frag-
ments (Z >2), predict that a stronger collective-flow
effect should be observed for nuclear fragments than
light particles emitted in the reaction. Previous experi-
ments identifying heavier fragments have only studied
single-fragment inclusive distributions or correlations'*
other than fragment flow. In this Letter we present re-
sults from a large-solid-angle study'® of the production
of light particles (Z=1,2) and intermediate-mass frag-
ments (3=<2Z =<9), and provide the first conclusive evi-
dence that the fragments exhibit stronger flow effects
than light particles.

The Gesellschaft fiir Schwerionenforschung Darm-
stadt mbH/Lawrence Berkeley Laboratory Plastic
Ball/Wall detector system'® was used to study light and
intermediate-mass fragments over a large solid angle in
200-MeV/nucleon Au-+Au reactions at the Bevalac.
The Plastic Ball consists of 815 CaF, (AE)-plastic-
scintillator (E) telescope modules covering the angular
region from 10° < 6),, < 160° with H and He isotope
identification.

Computer-controlled high-voltage modules were im-
plemented on the 160 Ball modules at 6j,, < 30°, to en-
able on-line gain matching. With a careful reduction in
gain for these forward Ball modules, their dynamic range

was extended, enabling the simultaneous measurement of
all produced nuclei from H to Ne. Unit separation of
nuclear charges for 1 <Z < 10 was obtained with iso-
tope separation for Z=1 and 2.'> A calibration for the
fragment charge identification was made by detection of
low-energy '2C beams and '>C fragmentation products
at the Bevalac with time-of-flight techniques. In order to
be identified, fragments were required to traverse the 4-
mm-thick CaF; AE scintillator producing a low-energy
cutoff in the laboratory of E,,=35-40 MeV/nucleon.
Since the velocity of the c.m. system corresponds to
E1ab=50 MeV/nucleon energy, the low-energy cutoff is
unimportant in the forward direction of the c.m. system.
The measurements of intermediate-mass fragments were
only performed at 6j,, =< 30° which corresponds mainly
to the forward hemisphere in the c.m. The Plastic Wall
covers angles O, < 10° with sixty pairs of scintillation
counters, providing particle identification for 1 <Z <6
and velocities = 0.3 (45 MeV/nucleon) via time of
flight and energy loss. The acceptance for light charged
particles extends over 4r allowing each event to be
characterized by charged-particle multiplicity. In addi-
tion, there was a zero-degree gas proportional chamber'’
covering 0° * 2° in the laboratory. This detector with
its five wire planes enabled extremely high position reso-
lution for large projectiles remnants. Beam-defining
counters employing standard pileup rejection techniques
were used to ensure against chance-coincidence events. '®

Multiplicity distributions of fragments with 3<Z
< 10, observed in the forward hemisphere of the c.m.
frame, are displayed in Fig. 1. Events are sorted accord-
ing to participant-proton multiplicity as defined by Doss
et al.,'* including protons bound in H and He isotopes.
The multiplicity bins used are 0<M <23, 23< M
=46, 46 <M <69, 69<M <92, and M > 92. These
multiplicity bins are labeled MUL1, MUL2, MUL3,
MUL4, and MULS, respectively, and range from peri-
pheral collisions with few observed charges to central
collisions with very high multiplicities. As seen in Fig. 1,
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FIG. 1. Fragment (Z=3) multiplicity distributions for

200-MeV/nucleon Au+ Au for five participant proton multipli-
city bins increasing from MULI1 to MULS. These multiplici-
ties correspond to fragments emitted in the forward hemi-
sphere of the c.m. system.

most peripheral collisions (MUL1) result in a low multi-
plicity of intermediate-mass fragments. These fragments
are observed to have energies close to that of the projec-
tile, and a large projectile remnant is usually observed in
the zero-degree detector. Smaller remnants are observed
as the charge multiplicity increases, corresponding to de-
crease impact parameter.

In central collisions (MUL4 and MULS5) practically
all of the projectile charge is observed in light- and
intermediate-mass fragments at midrapidity, with no
large projectile remnant remaining. As seen in Fig. 1
there are on the average three to four fragments per
event at 6., < 90° for central collisions. Extrapolation
to 4r leads to eight or more intermediate-mass frag-
ments in central collisions, with a significant number of
events producing as many as twenty fragments. These
numbers are slight underestimates because of the low-p
cutoff for fragments. However, the total charge mea-
sured for 6., =< 90° in these two multiplicity bins sums
to 80% to 90% of the projectile charge signifying that
most of the fragments are observed.

In order to study the flow of fragments, the transverse-
momentum analysis technique'® was employed to deter-
mine the reaction plane of each event. In this method
the vector difference of the transverse-momentum com-
ponents of particles going forward and those going back-
wards in the c.m. is used together with the beam axis to
define the reaction plane. This difference corresponds to
the collective transverse-momentum transfer in the c.m.
The transverse momentum p; of each particle is then
projected onto the reaction plane, where the particle of
interest has been excluded from determination of the
plane (i.e., autocorrelations are removed), yielding the
in-plane transverse momentum p,. For each particle, the
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FIG. 2. The mean value of the transverse momentum pro-
jected onto the reaction plane (defined in text) divided by the
transverse-momentum vector modulus as a function of c.m. ra-
pidity for 200-MeV/nucleon Au+Au. Displayed are the val-
ues for Z=1,2,3and Z=6.

fraction of the particle’s transverse momentum that lies
in the reaction plane is calculated. Displayed in Fig. 2 is
the mean value of the transverse-momentum alignment
{px/p 1) in the MUL3 multiplicity bin for particles as a
function of their rapidity for Z =1, 2, 3, and 6. Positive
and negative values of {p,/p.) correspond to emission
projected into the reaction plane, but on opposite sides.
The forward-backward asymmetry is an artifact of ex-
perimental biases at low particle energies (near target
rapidity) and spectator cuts in the projectile rapidity re-
gion made using the prescription of Ref. 18. Since
participant-spectator discrimination is not unique, the
slopes of the curves at midrapidity in Fig. 2 best charac-
terize the flow.?° Figure 2 clearly shows that an increas-
ingly larger part of the fragment’s transverse momentum
lies in the reaction plane as the fragment mass increases.
The Z =3,6 fragments are more aligned in the plane
than the Z =1,2 particles which are interpreted to flow
collectively.">%=%! Furthermore, the absolute value of
the transverse momentum per nucleon projected into the
reaction plane is observed to increase weakly with frag-
ment mass. 2!

Having studied the alignment of fragments in momen-
tum space, the spatial correlation of the fragments with
the reaction plane will now be examined. Presented in
Fig. 3 are directivity plots showing the azimuthal corre-
lation of emitted light particles and fragments with the
reaction plane. The angle plotted is the azimuthal emis-
sion angle of earth particle or fragment with respect to
the reaction plane defined by the Z =1,2 light particles
with autocorrelations removed. The left-hand column la-
beled MUL2 contains relatively peripheral collisions,
and the right-hand column, MULA4, relatively central
ones. Collisions at extremely large or small impact pa-
rameters result in poorly defined reaction planes and are
not shown here. The two curves in each box correspond
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FIG. 3. Directivity plots (azimuthal angular correlations)
for Z=1, 2,3, and 6 relative to the azimuthal direction of
maximum collective momentum transfer in the flow plane
(¢ =0) determined by the Z =1,2 particles (with autocorrela-
tions removed). The left-hand column corresponds to peri-
pheral collisions (MUL2) and the right-hand column to rela-
tively central ones. The data are plotted for 200-MeV/nucleon
Au+Au for two rapidity intervals (circles) 0.32 <y =<0.42
and (crosses) 0.52 <y <0.62.

to rapidities of the emitted particles and fragments: near
midrapidity 0.32 <y <0.42 (circles) and near-projectile
rapidity 0.52 <y <0.62 (crosses), where the projectile
rapidity is 0.64. A strong azimuthal correlation is ob-
served between all Z = 2 nuclei and the azimuthal direc-
tion of maximum collective momentum transfer in the
flow plane, ¢ =0. The correlation is rather flat for Z =1
and becomes increasingly stronger for heavier fragments.
Projectile rapidity fragments are more correlated than
midrapidity ones. The effect on projectile rapidity frag-
ments is larger in central collisions than peripheral ones,
whereas the midrapidity fragment correlations have very
little dependence upon the centrality of the collision. In
the limit of complete thermalization, azimuthally sym-
metric emission of midrapidity particles is expected.
However, the presence of a correlation between frag-
ments and the reaction plane suggests this picture is too
simple; dynamic compression-decompression effects are
present for the midrapidity fragments and high-multi-

2722

plicity (central) events.

The observed correlations are predicted to arise from
collective flow of matter in the collision. This should be
more important for central collisions than peripheral
ones, and a stronger correlation is indeed seen on the
right-hand side of Fig. 3. The mass dependence of the
correlation is also consistent with predictions of
flow."'=!3 Fragment formation could result from the de-
velopment of dynamic instabilities during expansion, 2 or
from a system in thermal and/or chemical equilibri-
um’2»?*  with additional dynamic effects, or from
partial- or nonequilibrium processes. Studies of frag-
ment flow may distinguish between these mechanisms.
One might expect that the correlations from collective
motion will be somewhat reduced by the random thermal
motion generated in such energetic collisions. However,
this is not always the case. For a system of nucleons and
fragments in thermal equilibrium at a fixed freezeout
temperature, the thermal energy is equally partitioned.
Thus, the thermal energy per nucleon in a fragment of
mass A has a 1/4 dependence. The flow energy, which is
originally compressional energy built up in the early
stages of the collision, should have a linear A4 depen-
dence, i.e., the compressional energy per nucleon is in-
dependent of 4. The final fragment energy will be the
sum of the thermal and flow energies. Thus, the flow en-
ergy is an increasingly larger fraction of the fragment
energy and the thermal energy less important as the
fragment mass A increases. The observations in Figs. 2
and 3 unambiguously demonstrate that the fragments
exhibit stronger flow effects, both in momentum and po-
sition space, than do the lighter particles. Note, howev-
er, that it may not be possible to distinguish production
of fragments in equilibrium models from coalescence of
nucleons with use of the flow data alone, since the A
dependence in both approaches is the same.?’

Results from the first large-solid-angle measurement
of fragment formation in peripheral and central heavy-
ion collisions have been presented. The events are char-
acterized through the 47 measurement of the light
charged particles, allowing the identification of mul-
tifragmentation events and analysis of the flow of the
emitted nucleons and nuclear fragments. On the mean,
eight to nine intermediate-mass fragments (Z = 3) are
produced in central Au-+Au collisions at 200
MeV/nucleon, with up to twenty possible. The trans-
verse momentum per nucleon characterizing the flow and
the alignment of the fragments both in position and
momentum space relative to the reaction plane is ob-
served to increase with the mass of the fragment. The
observation of a stronger flow of fragments than that
previously observed for light particles supports theoreti-
cal predictions of the existence of an enhanced collective
flow of heavier nuclear fragments. This enhanced flow of
fragments is particularly exciting as it may provide a
more sensitive probe for future studies of the nuclear-
matter equation of state.
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