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Disappearance of flow as a probe of the nuclear equation of state
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The disappearance of directed, collective nuclear motion ("flow") away from the interaction re-
gion of heavy-ion collisions has been observed using the Lawrence Berkeley Laboratory Streamer
Chamber. We find that flow vanishes at a beam energy near 50 MeV/nucleon for the La+'s La
system and near 60 MeV/nucleon for the Nb+ Nb system. The disappearance of flow may be
understood as resulting from a balance between attractive and repulsive scattering strengths. Pull
calculations with the Boltzmann-Uehling-Uhlenbeck model show that the disappearance of flow is
sensitive to the assumed nuclear equation of state (EOS) and to the in-medium scattering cross
section (o&z). Also, in the Nb+ Nb system, the purely attractive contribution to the reduced
flow does not appear to be strongly sensitive to the EOS assumptions.

PACS number(s): 25.70.Pq

I. INTRODUCTION

One of the most alluring goals of contemporary heavy-
ion physics is the complete determination of the nuclear
matter equation of state (EOS). The EOS can be ex-
pressed as the relationship between the energy needed
to compress nuclear matter and the nuclear density. At
low densities this relationship is essentially fixed by the
properties of ground state nuclear matter. The situa-
tion is more ambiguous for higher densities where the
EOS has been characterized by a variety of nuclear com-
pressibility (K) values. Theoretical work on Fermi-liquid
theory [1] and an analysis of nuclear collective flow that
employs Boltzmann-Uehling-Uhlenbeck (BUU) calcula-
tions [2] that include a momentum-dependent interaction
[3] suggest that K is near 100 or 215 MeV, respectively.
Measurements of the position of the giant monopole res-
onance in Sn and Sm isotopes [4] imply that K is nearer
to 300 MeV. An analysis [5] of neutron star mass mea-
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surements concludes that K &225 MeV is reasonable.
Results from a study [6] of pion production from high-
energy heavy-ion collisions imply that K may be closer
to 375 MeV. It is clear that uncertainties in the theoreti-
cal models and in the interpretation of experimental data
can lead to a broad range in the deduced value for the
compressibility [5].

An alternative experimental approach is to use the
vanishing of directed collective motion in intermediate
energy heavy-ion collisions, or the disappearance of flow

[7, 8], to determine the compressibility. Directed collec-
tive motion occurs whenever the measured average in-

plane transverse momentum is in opposite directions for
nuclear fragments emitted in the forward and backward
center-of-mass hemispheres. Variations in such motion
as a function of beam energy reflect the competition be-
tween attractive and repulsive scattering [9]. The evo-
lution from a predominantly attractive to repulsive re-
action mechanism is illustrated at two bombarding ener-
gies: at E/A = 35 MeV where the attractive mean field

was shown [10] to pull fragments to negative scattering
angles, and at E/A = 100 MeV where increased com-
pressional potential energy and individual N-N scatter-
ings should repel fragments towards positive scattering
angles [11]. Flow disappears when the strengths of the
two competing reaction mechanisms are balanced.

The disappearance of flow is a robust observabie in
measurements of collective motion from heavy-ion colli-
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sions. This is because the disappearance is unaffected by
the dispersion of the estimated reaction plane about the
true reaction plane. Such dispersion alters the rnagni-
tude of the observed average in-plane transverse momen-
tum from its true value in beam energy regions where
the flow is nonzero. The dispersion can be used to cal-
culate a correction factor that renormalizes the observed
in-plane transverse momentum [12]. When the attractive
and repulsive scatterings are balanced the magnitude of
the observed average in-plane transverse momentum goes
to zero, which makes such a renormalization unnecessary.

Information on the compressibility may be obtained
through a comparison of the beam energy at which flow
disappears to model predictions of that energy. Previ-
ous work [8, 13] on the flow excitation function for the
4oAr+siV reaction has shown that it is possible to deter-
mine the beam energy at which the attractive and repul-
sive scatterings are balanced (Eg ~). One can compare
the measured energy to a balance energy calculated us-
ing microscopic transport codes which employ the BUU
formalism. The EOS is incorporated in the formalism
through the treatment of the mean field. Other factors
such as the uncertain in-medium N-N scattering cross
section (o~~), Coulomb rescattering of the reaction frag-
ments, and nuclear surface effects make it difficult to ex-
tract a unique EOS from a single Eye~ measurement. One
solution to this problem may be to map the How excita-
tion functions and determine Eg,~ for other mass systems.
A number of Ei,~~ measurements may provide sufficient
simultaneous constraints on the BUU calculations to se-
lect a unique EOS.

In this work, we have determined some beam energies
at which flow is consistent with zero for the issLa+issLa
and ssNb+ssNb systems. In Section II we present the ex-
perimental details. Section III contains an analysis of the
present La+ La and Nb+ sNb data along with the
results of BUU calculations for these reactions. We also
summarize all the present experimental measurements of
the disappearance of flow. Section IV contains our con-
clusions.

II. EXPERIMENT

The experiments were performed at the Lawrence
Berkeley Laboratory Streamer Chamber Facility. Gen-
eral information on the operation of the streamer cham-
ber can be found elsewhere [14, 15]. Intermediate en-

ergy beams of E/A = 160, 112, and 100 MeV for issLa
and E/A = 145 and 97 MeV for ssNb were supplied by
the BEVALAC. These ion beams sufFered energy losses
due to passage through the following absorbers: a 0.13-
mm-thick Mylar beam-line exit and 0.08 mm streamer
chamber entrance window, an 80 cm air gap separating
the beam-line from the chamber, a pair of beam align-
ment plastic scintillators of thicknesses 0.22 and 0.15 mm,
and 30 cm of atmospheric pressure neon gas before the
target. Self-supporting 100 mg/cm~ issLa and s3Nb tar-
gets were held in place inside 0.27-mm-thick polyethylene
bags to inhibit sparking upon application of the 400 kV
Marx generator pulse. The total energy losses from these

sources left beam energies at the centers of the targets of
E/A = 130, 70, and 50 MeV for issLa and E/A = 120
and 60 MeV for ssNb, respectively. These energies are
accurate to within +4 MeV. The chamber was located
between the poles of a magnet of 1.32 T field strength to
provide for fragment rigidity measurements.

Central collision events were selected by a coincidence
of scintillator signals. A strong signal from each of the
two upstream beam alignment scintillators together with
the absence of a large signal in a third scintillator (veto),
located 30 cm downstream from the target, provided
the trigger. Typically, the downstream veto scintilla-
tor threshold was set to 20% of the beam maximum sig-
nal. Upon generation of such a trigger coincidence, the
Marx generator was discharged and the resulting stream-
ers along the fragment tracks were imaged via the Michi-
gan State University charge-coupled device (MSU-CCD)
camera system [16]. Three separate images of the event,
taken from difFerent camera locations, were stored in two-
dimensional arrays for subsequent analysis. Digitized
camera images were also displayed on-line to aid in the
electronic trigger adjustments.

Initial off-line analysis of the CCD images consisted of
digital image enhancement to eliminate any background
light [16]. This was followed by automated track recog-
nition, matching of tracks in the three camera images
and three-dimensional track reconstruction [17]. As de-
tailed in Ref. [17], the average light intensities along the
reconstructed tracks and the deduced magnetic rigidities
were used to achieve partial mass identification for pro-
tons through ~He nuclei. Tritons and sHe were separated
by an additional rigidity cut.

III. DATA

A. La+La

The data sets for the issLa+issLa reaction consisted
of 177 events at E/A = 50 MeV, 946 events at E/A = 70
MeV, and 367 events at E/A = 130 MeV. Multiplic-
ity distributions of the reconstructed fragment tracks are
shown in Fig. 1 for the three beam energies. Median
reconstructed track multiplicities of 18, 22, and 25 were
found for E/A = 50, 70, and 130 MeV, respectively. Due
to the event-multiplicity-dependent efficiency variation
of the automated analysis techniques [17], the actual me-
dian multiplicity for the two higher beam energies should
be renormalized upward by (10—15)%. The E/A = 50
MeV median value should not require renormalization
because it is below the multiplicity (i.e., 20) for which
the automated techniques were able to reconstruct all of
the found tracks.

An estimate of the impact parameter range selected by
the electronic trigger was obtained by comparing simu-
lations of the reaction to the reconstructed track multi-
plicity data. Superimposed upon the data in Fig. 1 are
the results of simulations of the La+ La reaction
obtained from the FREESCO [18] explosion-evaporation
code. These simulations were passed through a streamer
chamber acceptance filter before comparison to the data.
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in which p, is the transverse momentum in the calculated
reaction plane, p+ is the component of the momentum
vector of fragment i perpendicular to the beam direction,
and Q' is a vector that characterizes the reaction plane.
Conventionally, Q' is defined to be
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FIG. 1. Multiplicity distributions of reconstructed frag-

ment tracks for the ' La+ La reaction. The solid lines are
the measured distributions. Dotted lines are the results of
filtered FREESCO simulations as described in the text.

Here, ~~ is a weighting factor chosen to be +A~ for
all fragments emitted in the forward hemisphere of the
center-of-mass system and —A~ for those fragments in the
backward hemisphere. This weighting factor reflects the
larger values of in-plane transverse momentum per nu-

cleon observed for heavier fragments when compared to
lighter fragments [20]. Fragment i must be removed from
Eq. (2) to avoid self-correlation effects. As detailed in
the appendix of Danielewicz et al. [21], a correction was

applied to the fragments' momentum components to ac-
count for the reduced efficiency of finding tracks directed
towards and away from the cameras. The leading-order
correction for the streamer chamber acceptance consisted
of subtracting the average lab transverse momentum at a
given rapidity for each fragment type from the transverse
momenta that define p*, and Q'. This corrected for the
artificial reaction plane generated by the streamer cham-
ber acceptance [21]. The corrected momentum compo-

nents, designated p~, became

The filter consisted of a low-energy detector threshold of
10 MeV/nucleon, a maximum fragment charge limit of
Z &20 to accommodate stopping in the target or bag, and
a maximum in the number of fragments allowed to hit the
veto scintillator. Also, a reduced efficiency for detecting
those fragments emitted with laboratory angles directed
towards (P = 90 + 20') and away (P = 270' + 45') from
the CCD cameras was included. This was necessary as
such fragments produced very short images on the CCD
camera plane. In general, these short tracks are difficult
to find and reconstruct by automated techniques [17,19].
Pions and neutrons were also eliminated by the filter.

The simulations were performed for various fixed frac-
tions of the maximum impact parameter b „=RT+Bp,
where BT and R~ are the radii of the target and pro-
jectile, and BTI ——1.17A / . Dotted lines in Fig. 1
indicate two extremes in the impact parameter selec-
tion for each beam energy that describe the boundaries
of the empirical distribution. At E/A = 130 MeV the
lower (higher) calculated multiplicity peaks assumed b =
0.6b „(0.3b „). For E/A = 70 MeV and E/A = 50
MeV the lower (higher) calculated multiplicity peaks as-
sumed b = 0.6b (0.4b „).

Evidence of directed collective motion in the
La+ La system was obtained by calculating the

average in-plane transverse momenta. As defined by
Danielewicz and Odyniec [12] the in-plane transverse mo-
mentum is

p. (y) = p. (y)- & p. (y) &, (3)

where p+(y) was the vth component of the uncorrected
transverse momentum of a particular fragment type and( p+(y) & was the average over the entire issLa+issLa
data set of the vth transverse momentum component for
that fragment type. The first-order correction defined in
Eq. (3) represented a (10-15)%%uo average reduction in the
magnitude of ( p*/A & for each rapidity bin.

A multiplicity cut was applied to the data in Fig. 1
in order to predominantly select central collisions. The
chosen cuts were event multiplicities greater than 23, 20,
and 16 for E/A = 130, 70, and 50 MeV, respectively.
A three-dimensional fragment-track reconstruction effi-
ciency was then applied to those selected central events.
Only those events for which 70'%%uo of the fragment tracks in
the CCD images were successfully reconstructed in three
dimensions were included in subsequent analysis. These
cuts reduced the data set sizes to 211 central events at
E/A = 130 MeV, 670 events at E/A = 70 MeV, and 127
events at E/A = 50 MeV.

The in-plane transverse momentum spectra [7) for the
3 La+ La reaction using the corrected transverse rno-

mentum components are presented in Fig. 2. The curves
are asymmetric about midrapidity due primarily to the
low-energy threshold (near 10 MeV/nucleon) for the
streamer chamber. Inefficiency in the automated anal-
ysis software also contributed to the asymmetry. The
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FIG. 2. The in-plane transverse momentum spectra for

weighted average flow plateaus.
the La+ La reaction. Solid horizontal lines indicate the

ineKciency was caused by the presence of very short
tracks produced by heavily ionizing fragments. Such
short tracks were difficult to distinguish in the region
of high track density near the target. In-plane trans-
verse momentum contributions from midrapidity frag-
ments [(Y/YpROJ)„~ ~. = +0.02] were also excluded.
This was done because such fragments add little to the
reaction plane determination, but contribute to the dis-
persion of the estimated reaction plane about the true re-
action plane [12]. A single quantity to extract from each

distribution in Fig. 2 is the flow "plateau" (gF/A )
defined as the weighted mean of all ( p*/A ) values in
the forward center-of-mass hemisphere. The flow plateau
eliminates the extra uncertainty from a determination of
the slope of the average in-plane transverse momentum at
midrapidity, which is used in an alternative definition of
flow [25]. We find ( p*/A ) to be 1.8 +3.4, 4.2+ 2.5, and
7.5 6 4.5 MeV/c for E/A = 50, 70, and 130 MeV data
sets, respectively. The quoted errors contain contribu-
tions from statistical errors and systematic uncertainties
due to fragment misidentification. The latter were esti-
mated by changing the mass identification gates on the
track-intensity versus rigidity plots, and recalculating the
plateau values for each beam energy. This added a con-
tribution to the errors which was approximately half the
magnitude of the statistical uncertainty.

The quoted (p /A ) values have not been renormal-
ized for the dispersion of the estimated reaction plane
about the true reaction plane. In principle the disper-
sion can be estimated by randomly splitting each event
into a pair of subevents, then determining the reaction
plane using Eqs. (1) and (2) for each subevent. The dis-
tribution of the angular difference between the two reac-
tion planes can then be used to estimate a renormaliza-
tion factor [12]. A reaction plane is manifested by a flat
distribution at the larger angles with a peak near zero
degrees. In Fig. 3 we present a histogram of the an-
gle differences between the found reaction planes of the
subevents for each of the beam energies. A third-order
polynomial of minimum y2 was fitted to each of the three
sets of data points in Fig. 3. The half maximum of the

polynomial fit to the E/A = 130 MeV data set in Fig. 3
is (74 + 10)', which yields an estimated renormalization
factor [12] of 1/cos(37 ) or 1.25 for the extracted flow at
this beam energy. Fitting uncertainties imply that the
actual renormalization factor ranges 1.0-2.0. A weaker
peak is found in the E/A = 70 MeV data with the half
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FIG. 3. Angular differences between the reaction planes
determined from two randomly created subevents in each full
event for La+ La.
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maximum near 16, yielding 1.04 as the estimated renor-
malization factor. Here, the fitting uncertainties give a
range 1.0-1.3 for the estimated renormalization factor. It
is unclear that such a peak exists in the E/A = 50 MeV
data. The weak and vanishing peaks in the latter two
data sets are expected for beam energy regions of small
or disappearing flow, where the reaction plane is not well
defined.

A comparison of the La+ La data was made to
calculations from nuclear transport theory. The BUU
equation was solved using a density-dependent one-body
potential from Bertsch, Kruse, and Das Gupta [22] aug-
mented by a momentum-dependent potential from Welke
et at. [23]. As shown by Gale et aL [3] this potential,
which implies an EOS of K = 215 MeV, successfully
calculated both the midrapidity slope and plateau val-
ues of the observed [21] transverse momentum data for
E/A = 800 MeV ~ssLa+ s La collisions. In Fig. 4, the
BUU predictions are compared to the present, renormal-
ized plateau transverse momentum data. The error bars
on the empirical data in Fig. 4 represent only statistical
uncertainties. The calculations were performed at a fixed
impact parameter of 6 = 2 fm, corresponding to an aver-

age impact parameter for the innermost (5-6)% of the ge-
ometric cross section. A weighting factor of 0 = +1 was
selected for fragments emitted in the forward (+1) and
backward (—1) center-of-mass direction. This choice is

appropriate for these calculations as the BUU is a model
for the evolution of the one-body phase space distribu-
tion and does not contain contributions from composite
fragments. The calculations have also not been modified

by the streamer chamber acceptance filter as the filter de-

pends upon knowledge of the fragments' charge. A lack
of fragment charge filtering should not be a problem as
transverse momentum is generated early in the heavy-
ion collision, before the formation of many composite

B. Nb+Nb

The data sets for the sNb+ Nb reaction contained
379 events at E/A = 60 MeV and 262 events at E/A =
120 MeV selected via the scintillator coincidence trigger.
In Fig. 5 the MNb+ssNb reconstructed track multiplic-
ities are presented. Median multiplicities of 16 and 20
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fragments assuming that no rescattering of the fragments
takes place. However, the streamer chamber low-energy
threshold may reduce the slope of the calculated line.
We find that the calculated flow disappears and changes
sign in the beam energy region of Eb,~ &50 MeV/nucleon
for this system. The difference in slope between the BUU
predictions and the empirical data may also be attributed
to uncertainties in the estimated renormalization factor.
In contrast, Eb ~ would not be affected by the uncertain-
ties in the renormalization of the transverse momentum.
This insensitivity is due to the fact that at Eb, i the av-
erage directed collective motion has vanished. It would
be useful if models that do contain complex fragment
production mechanisms, such as the quantum-molecular-
dynamics (QMD) [24] model, were used to predict the
behavior of the disappearance of flow. Questions of the
dependence of Ebsi on the streamer chamber detector
acceptance could then be addressed.
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were found for the lower and higher beam energies, re-

spectively. These multiplicities should not require up-
ward renormalization as they are in the range for which
all of the found tracks were reconstructed by the auto-
mated analysis techniques.

In the same manner discussed in Sec. IIIA, we have
estimated the impact parameter range sampled for the
ssNb+ssNb data sets. Superimposed upon the data in

Fig. 5 are the results of the FREESCO simulations fol-

lowing passage through the streamer chamber accep-
tance filter. The deduced impact parameter range is
comparable to that obtained for the ~s9La+~ssLa data
sets. For E/A = 120 MeV and E/A = 60 MeV
the lower (higher) calculated multiplicity peaks assumed
b = 0.6b,„(0.4b,„).

A multiplicity cut was applied to the data in Fig.
5 in order to select the central collisions. The chosen
cuts were event multiplicities greater than 15 and 12 for
E/A = 120 and 60 MeV, respectively. Following the
three-dimensional reconstruction eKciency cut, the data
set sizes were reduced to 205 events at E/A = 120 MeV
and 254 events at E/A = 60 MeV.

The in-plane transverse momenta spectra, corrected
for the streamer chamber acceptance as described by
Eq. (3), are shown in Fig. 6. Solid horizontal lines

in Fig. 6 denote the flow plateaus extracted from the
forward hemisphere ( p*/A ) values. The values of
( p*/A ) deduced from the data are 4.6 6 6.3 MeV/c at
E/A = 60 MeV and 12.0+6.3 MeV/c at E/A = 120 MeV.
The quoted errors contain statistical and systematic un-

certainties as described above. No correction has been
applied for the dispersion of the found reaction plane
about the true reaction plane. The observed decrease
of ( p*/A ) as the beam energy drops is in qualitative
agreement with the exploratory calculations of Molitoris
et aL [9]. These authors employed the BUU formalism
without a momentum-dependent interaction and used a
stiff EOS (K = 375 MeV). They predicted that the slope
of the in-plane transverse momentum spectra for midra-

pidity particles from the Nb+ Nb reaction should re-
verse its sign, indicating a change in sign of the scattering
angle near E/A = 50 MeV beam energy. Equivalently,
the predicted flow plateau value would approach zero as

observed in the present data.
The flow excitation function has been mapped previ-

ously at higher beam energies for the ssNb+ssNb re-
action [25]. A comparison of the present intermediate-
energy-flow results to the existing-flow excitation func-
tion was made by extracting the slope of the data in
Fig. 6 at midrapidity. This was accomplished by follow-

ing the prescription for the analysis of transverse mo-
mentum spectra outlined by the plastic ball group [26].
The dotted lines in this figure represent minimum y~ fits
using a third-order polynomial. Flow was taken as the
coefficient of the first-order term. Uncertainty in the fit-
ting procedure was estimated by varying the data points
within their error bars and refitting the third-order poly-
nomial. A correction for the found reaction plane disper-
sion about the true reaction plane was estimated by the
technique described above. In Fig. 7 we show plots of the
angular difference between the found reaction planes in
the subevents. A third-order polynomial of minimum y
was fitted to the two data sets presented in Fig. 7. An en-
hancement at bg = 0' for the E/A = 120 MeV data set
demonstrates the existence of the reaction plane. The
half-maximum of the polynomial fit to the E/A = 120
MeV data set in Fig. 7 is at approximately 66', which
yields a renormalization factor [12] of 1/cos(33') or 1.2
for the extracted flow at this beam energy. Fitting uncer-
tainties suggest that 1.1-1.4 is the estimated renormaliza-
tion factor range. For the E/A = 60 MeV data in Fig. 7,
the values are approximately 74 for the half-maximum,
a renormalization factor of 1.3, with a renormalization
range 1.1-2.1.

The resulting flow values for the intermediate energy
Nb+ Nb reaction, renormalized for the reaction plane

dispersion, are shown in Fig. 8 along with the existing
higher energy portion of the flow excitation function. The
error bars on the streamer chamber flow points contain
statistical uncertainties, but are dominated by fitting un-
certainties from the Fig. 6 data. Obviously, more data
points are needed in the beam energy region between
30 and 100 MeV/nucleon before Eb,&

can be accurately
measured for the 9sNb+9sNb system.

We have performed some exploratory BUU calcula-
tions for the ssNb+ss Nb system for fixed O'JvJv to examine

40; Nb+Nb E/4~80 MeV I/k~iRO MeV

A

0

Ct

C4
V

(a}

I

0 ——
I ~5. II

II

-80;
I

—40-
—2 -1 0 1 2

(b}

( ~

I

I
II

~

P&elSI

( ). ~ ii

0

FIG. 6. The in-plane transverse mo-
mentum spectra for the Nb+ Nb re-
action. Solid horizontal lines indicate the
weighted average flow plateaus. Dotted
lines represent the midrapidity portions
of minimum y fits using a third-order
polynomial in the forward and backward
center-of-mass rapidity data. The slope
of the dotted lines at (Y/YpaQJ), = 0
is an alternative definition of flow.



1422 D. KROFCHECK et al. 46

Nb+Nb

(3
f3

60 hieV/nucleon

I I

40
'

L'1
t.'I

g)

40;
I ~

80
1/0 bleV/nucleon

parametrizations may be found elsewhere [2]. The cal-
culations were performed for various beam energies and
for the deduced impact parameter ranges taken from the
present data. We calculate the quantity d (p*/p+ ) /dy
which is known as the reduced flow. Here, p+ is the
total perpendicular momentum of a fragment and p is
the in-plane component of that momentum. The present
exploratory calculations did not include the effects of a
momentum-dependent potential. It is already known [11]
that the magnitude of the in-plane transverse momen-
tum is sensitive to o~~. Likewise, Ogilvie et aL [8] have
shown that for the 4oAr+ 1V system Eb, i is dependent
upon o.~~ as well as the equation of state. We find that
for a heavier system and o.~~ ——eF, where o.~ is the free
nucleon-nucleon scattering cross-section, a mild sensitiv-
ity of Eb, i to the assumed EOS is maintained. Least-
squares fits of straight lines through the calculated data
points were used to extract the predicted Eb~i values. As
illustrated in Fig. 9, the calculated Eb,i changes from
76 6 4 to 81 6 4 MeV/nucleon when the assumed EOS
is changed from soft to hard. Sensitivity of Eb,~ for the
Nb+Nb system to the scattering cross section was also
investigated. The calculated reduced-fiow curves using
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FIG. 9. BUU predictions for cr&z = 1.0oz employing a
hard (long dashed line) and soft (dotted line) EOS. Assuming
a hard (soft) EOS for the Nb+ Nb reaction, a linear fit
of the calculated data points in the region of vanishing flow
yields a balance energy near E/A = 81 (76) MeV. In Ref. [8]
similar calculations for a hard (soft) EOS in the Ar+ 'V
system resulted in a balance energy of E/A = 88(80) MeV.
The solid lines are the results of least-squares fits of straight
lines to the data points. All other lines are drawn to guide
the eye.
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the Nb+ Nb system, illustrated in Fig. 11, is not sen-
sitive to our EOS choice. A comparison to the attractive
scattering from the oAr+ V system [8] (dotted line in
Fig. 11) shows virtually no difference from the Nb+Nb
cases.

In Table I we summarize the results on measurements
of the disappearance of flow. As suggested by the re-
sults of the present BUU calculations, hints of a mass
dependence exist in the empirical data. Heavier systems
appear to exhibit the disappearance of flow at lower beam
energies. The larger number of nucleons in such systems
may facilitate the buildup of repulsive pressure from com-
pressed nuclear matter in the interaction zone. Lower
beam energies would then be adequate to reach a matter
density which generates sufficient repulsive scattering to
balance the attractive mean-field strength. The results
[29] for the is7Au+is Au system were based upon an ex-
trapolation of the flow data to a potential region of zero
flow. It is possible that for such high Z systems, the ex-
tra Coulomb repulsion may preclude a measurement of
the actual disappearance of flow. It is clear that both
the disappearance and reappearance [13] of flow must be
observed for each mass system before Eb~~ can be accu-
rately defined.

FIG. 10. BUU predictions for several values of o~~ as-
suming a hard EOS. The solid lines are the results of least-
squares fits of straight lines to the data points. All other lines
are drawn to guide the eye.
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o.~N = 1.0o.p, 0.8o@, and 0.5o.F employing a hard EOS
are shown in Fig. 10. Least-squares fits of straight lines
through the data points yielded Eb,i = 81 6 4, 87 6 4,
and 1196 4 MeV/nucleon for the three scattering cross-
section values. The quoted errors are from fitting uncer-
tainties. Within the constraints of our BUU calculations
(no complex fragment formation, no Coulomb scattering
or surface efFects) our present balance energy for Nb+Nb
tends to favor a hard EOS with in-medium scattering
cross sections close to the free scattering values.

In Ref. [7] it was also shown that, in the full BUU calcu-
lations, the compression built up from the collision term
was responsible for the transition &om an attractive- to
repulsive-dominated reaction mechanism. Here we turn
oK the collision term by setting o~~ to zero, and examine
the purely attractive component of the reaction mecha-
nism. Results of the present calculations suggest that the
reduced Bow predicted for purely attractive scattering in

TABLE I. Empirical mass systematics for the balance en-
ergy.
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System
Ar+U
Ar+Al
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La+La
Au+Au

Eb ~ (MeV/nucleon)
85+10
70-80
—60
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& 60

Reference
[13]
[28]
present
[7]
[29]

FIG. 11. BUU predictions for the reduced flow due to
the purely attractive mean-6eld interaction (a~~ = 0). The
solid (dashed) lines are the results for the Nb+ Nb reaction
assuming s hard (soft) EOS. The dotted line indicates the
results of a test of the mass dependence in the attractive flow,
assuming a hard EOS for the Ar+ V reaction. All lines are
drawn through the data points to guide the eye.
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IV. CONCLUSIONS

In this work, we have mapped portions of the in-plane
transverse momentum (known colloquially as flow) exci-
tation functions for the La+ La and Nb+ Nb re-
actions at intermediate bombarding energies. It was ob-
served that the flow vanished in the 9La+ La system
for a beam energy near 50 MeV/nucleon. Flow was con-
sistent with zero near a beam energy of 60 MeV/nucleon
in the lighter ssNb+s Nb system. The concept of a bal-
ance energy [8], defined as that beam energy at which
attractive and repulsive scattering strengths are equiv-
alent, was used to interpret the disappearance of flow.

Together with the results from studies [7, 8, 28, 29] of the
Ar+ V, Ar+ Al and Au+ Au systems, hints

of a mass dependence in the disappearance of flow are
indicated. Full calculations of the balance energy for

Nb+ Nb using the BUU model imply that the bal-
ance energy is mildly sensitive to the assumed equation
of state. It was also deduced that, for a fixed scatter-

ing cross section, repulsive scattering at these energies
is more sensitive to the assumed EOS than is mean-Beld
attractive scattering.

It would be useful to further study this possible mass
dependence of Eb ~ because detailed systematics may
help to specify the equation-of-state. Other variables,
such as the rapidity distributions of intermediate mass
fragments [27] may lead to information on the in-medium
scattering cross section which is known to acct the
balance energy. Theoretical work on the inclusion of
Coulomb repulsion or additional attractive scattering
sources is also warranted. Calculations involving differ-
ent model assumptions, such as those in the quantum-
molecular-dynamics [24] approach to heavy-ion collisions,
may also aid our understanding of the disappearance of
flow.

The work was supported by National Science Founda-
tion under Grant No. PHY-89-13815.
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