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Momentum dependence of the nuclear mean field from peripheral heavy-ion collisions
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The energy at which the collective transverse flow in the reaction plane disappears, the balance energy
Ebal , is found to increase linearly as a function of impact parameter for40Ar145Sc reactions. Comparison of
our measured values ofEbal(b) with predictions from quantum molecular dynamics~QMD! model calculations
agrees better with an approach incorporating momentum dependence in the nuclear mean field.
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The study of collective flow in heavy-ion collisions can
provide information about the nuclear equation of sta
~EOS!, and the parameters involved in the disassemb
mechanisms of excited nuclear matter@1–4#. The mass de-
pendence of the disappearance of directed transverse flow
an example in the intermediate energy regime, from which
was deduced that there is a density dependent reduction
the in-medium nucleon-nucleon cross sections@5,6#. Collec-
tive transverse flow in the reaction plane disappears at
incident energy, termed the balance energyEbal @7#, where
the attractive scattering dominant at energies around
MeV/nucleon balances the repulsive interactions dominant
energies around 400 MeV/nucleon@8–10#. The disappear-
ance of directed transverse flow has been well establish
through many experiments@11–19#. We have recently com-
pleted a systematic study of the impact parameter dep
dence of the disappearance of directed transverse flo
which showed that the balance energy increases appro
mately linearly as a function of impact parameter in agre
ment with predictions of quantum molecular dynamic
~QMD! model calculations@20,21#. We have now extended
our measurements to higher beam energies for the sa
projectile-target combination. These data allowed us to e
tract the balance energies for even larger impact paramet
enabling us to probe the region where the QMD model
sensitive to momentum dependence in the nuclear me
field. Comparison of the balance energies extracted from t
measured flow values with predictions from QMD mode
calculations demonstrates better agreement with a formu
tion incorporating momentum dependence in the mean fie

The experiments were carried out with the Michigan Sta
University 4p Array @22# at the National Superconducting
Cyclotron Laboratory~NSCL! using beams from the K1200
cyclotron. A target of 1.0 mg/cm2 Sc was bombarded with
40Ar projectiles ranging in energy between 35 and 155 MeV
nucleon in 10 MeV/nucleon steps. Prior to these measu
ments, the MSU 4p Array was upgraded with the High Rate
Array ~HRA!. The HRA is a close-packed pentagonal con
figuration of 45 phoswich detectors spanning laboratory p
lar angles 3°& u & 18°. With the HRA,Z resolution up to
5456-2813/96/54~5!/2457~6!/$10.00
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the charge of the40Ar projectile and mass resolution for the
hydrogen isotopes is obtained. The array has good granu
ity, minimum dead area, and high data rate capability. Lo
energy thresholds for the HRA are approximately 13, 15, 3
and 37 MeV/nucleon, for fragments withZ 5 1, 3, 12, and
18, respectively.

The main ball of the MSU 4p Array consists of 170
phoswich detectors~arranged in 20 hexagonal and 10 pen
tagonal subarrays! covering 18°& u lab & 162°. The 30
Bragg curve counters~BCC’s! installed in front of the hex-
agonal and pentagonal subarrays were operated in ion ch
ber mode with a pressure of 125 Torr of C2F6 gas. The
hexagonal anodes of the five most forward BCC’s are se
mented, resulting in a total of 55 separateDE detectors~the
BCC’s served asDE detectors for charged particles tha
stopped in the fast plastic scintillator of the main ball!. Con-
sequently, the main ball was capable of detecting charg
fragments fromZ 5 1 to Z 5 16, with mass resolution for
the hydrogen isotopes in the phoswiches. Low energy thre
olds were approximately 18, 3.5, and 7 MeV/nucleon f
fragments withZ 5 1, 3, and 12, respectively. Data wer
taken with a minimum bias trigger that required at least o
hit in the HRA ~HRA-1 data!, and a more central trigger
where at least two hits in the main ball~Ball-2 data! were
required. The flow analysis described below was perform
with the Ball-2 data as done in Refs.@5,21#.

The impact parameterb of each event is assigned throug
cuts on centrality variables as calculated through a straig
forward geometric prescription@23#. The centrality variable
chosen here wasÊt , the reduced transverse kinetic energy
each event, as defined in Ref.@24#. Events with larger values
of Êt correspond to events with smaller impact paramete
Using methods similar to those detailed elsewhere@25#, Êt is
found to be an appropriate variable to use as a centrality fil
for this system over the range of beam energies studied,
it does not autocorrelate with the flow observables. If th
measured cross section was equivalent to the geometric c
section, then the maximum impact parameterbmax to trigger
an event would be the sum of the projectile and target ra
2457 © 1996 The American Physical Society
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2458 54R. PAK et al.
Rproj1Rtarg. However,bmax,(Rproj1Rtarg) due to hardware
trigger bias and detector acceptance. Comparison of eve
from the Ball-2 trigger to those from the less selectiv
HRA-1 trigger imply thatbmax 5 0.8860.04(Rproj1Rtarg).
Details of this correction method are provided elsewhe
@21#. The impact parameter bins in this flow analysis and t
corresponding reduced impact parametersb̂5(b/bmax) in the
simple geometric picture are summarized in Table I. Al
listed in this table are the effective values of the reduc
impact parameter corrected for bias due to the hardware t
ger condition.

FIG. 1. Mean transverse momentum in the reaction plane vs
reduced c.m. rapidity forZ 5 2 fragments from 155 MeV/nucleon
40Ar145Sc collisions. The reduced impact parameter bins as lis
in Table I are indicated in each panel. The straight lines are fits o
the midrapidity region as described in the text.

TABLE I. Reduced impact parameter bins. The values ofb̂
correspond to the upper limit of each bin.

Bin no. Cut on Êt Geometricb̂ Correctedb̂

BIN1 top 10% 0.32 0.28
BIN2 10 – 20 % 0.45 0.39
BIN3 20 – 30 % 0.55 0.48
BIN4 30 – 40 % 0.63 0.56
BIN5 40 – 50 % 0.71 0.62
BIN6 50 – 75 % 0.87 0.76
BIN7 Bottom 25 % 1.00 0.88
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The reaction plane of each event is calculated using
method of azimuthal correlations@26#, which is a reliable
method to determine the reaction plane in cases where tr
verse collective motion can become weak~e.g., beam ener-
gies near the balance energy!. First a particle of interest
~POI! is chosen from the event. Autocorrelation is su
pressed by omitting this POI in the calculation of the rea
tion plane@27#. The momenta of the remaining particles a
projected into a plane perpendicular to the beam axis~taken
as the origin in this plane!. A line passing through the origin
is then simultaneously fit to the transverse momentum co
dinates of these fragments such that the sum of the per
dicular distances to the line is a minimum. The azimuth
angle of this line becomes the azimuthal angle of the reac
plane. The positive half of the reaction plane is defined
the side on which the total transverse momentum in the
action plane is greatest. Finally, the POI’s transverse m
mentum in the reaction planepx is evaluated by projecting i
into this calculated reaction plane. This procedure is repea
for each particle in the event for all events with at least fo
identified particles.

Figure 1 shows the mean transverse momentum in
reaction planêpx& plotted versus the reduced center-of-ma
~c.m.! rapidity (y/yproj)c.m. for six different reduced impac
parameter bins. The data are for fragments withZ 5 2 from
155 MeV/nucleon40Ar1 45Sc collisions, and theb̂ bins ~as
listed in Table I! are indicated in each panel. The erro
shown in each panel are statistical. The data exhibit the c
acteristic ‘‘S shape’’ associated with collective transver
flow in the reaction plane, demonstrating the dynamical m
mentum transfer on opposite sides of the reaction plane.
offsets from the origin occur because no recoil correct
was applied in the reaction plane calculation, which does
affect the final values of the flow observables~balance ener-
gies! in this analysis@21#. The data shown in Fig. 1 are fi
with a straight line over the midrapidity regio
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FIG. 2. Measured transverse flow in the reaction plane forZ 5
2 fragments as a function of reduced impact parameter bins
40Ar145Sc reactions at six incident beam energies. The lines
included only to guide the eye.
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54 2459MOMENTUM DEPENDENCE OF THE NUCLEAR MEAN . . .
20.5<(y/yproj)c.m.< 0.25. The slope of this line is defined
as the directed transverse flow, which is a measure of
amount of collective momentum transfer in the reaction.

The extracted values of the directed transverse flow pl
ted as a function of reduced impact parameter are shown
Fig. 2 for the 155 MeV/nucleon40Ar1 45Sc data ~solid
circles!. Also displayed in this figure are the values of th
directed transverse flow for five other bombarding energi
The points at 115 MeV/nucleon represent average valu
from overlapping data sets. The errors shown are the sta
tical errors on the slopes of the linear fits~the systematic
error associated with the range of the fitting region is13
MeV/c and21 MeV/c). That collective transverse flow is
maximal at some intermediate impact parameter is reas
able because it must vanish at the extrema, i.e., for graz
and perfectly central collisions. This behavior is in qualit
tive agreement with previous results that range in beam
ergy from 55 MeV/nucleon@16# to 400 MeV/nucleon@2#.

Figure 3 shows the mean transverse momentum in
reaction plane plotted as a function of the reduced center
mass rapidity for six bombarding energies. The data are
fragments withZ 5 2 from semicentral40Ar1 45Sc colli-
sions~BIN3 as listed in Table I! at an incident beam energy
per nucleon as indicated in each panel. The errors shown
each panel are statistical. The data shown in Fig. 3 are

FIG. 3. Mean transverse momentum in the reaction plane vs
reduced c.m. rapidity forZ 5 2 fragments in semicentral40Ar1
45Sc reactions~BIN3 as given in Table I!. The incident beam en-
ergy per nucleon is indicated in each panel. The straight lines
fits over the midrapidity region as described in the text.
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with a straight line over the midrapidity region
20.5<(y/yproj)c.m.< 0.5 for beam energiesE, 125 MeV/
nucleon. The fitting range was reduced to
20.5<(y/yproj)c.m.< 0.25 for beam energiesE> 125 MeV/
nucleon, resulting in lower values ofx2 per degree of free-
dom for these fits. This effect is attributed to our detecto
acceptance, because less of the projectile component contr
utes to the flow at these higher beam energies as evidenc
by the flatness of the data around (y/yproj)c.m.' 1.0 in Figs.
3~e! and ~f! as compared to Figs. 3~a! and ~b!. The directed
transverse flow clearly decreases as the beam energy
creases, reappearing again at the higher bombarding en
gies. This effect has been previously observed@7,13,15#, and
was explained as a balance between the attractive mean fie
and the repulsive nucleon-nucleon scattering.

The extracted values of the directed transverse flow plo
ted versus the incident beam energy are shown in Fig. 4 fo
six reduced impact parameter bins~as listed in Table I!. The
points at 115 MeV/nucleon again represent average valu
from overlapping data sets. The errors shown are the stati
tical errors on the slopes of the linear fits. The curves ar
third-order polynomials included only to guide the eye. To
extract the balance energyEbal, the data for eachb̂ bin were
fit with a second-order polynomial allowing the fitting range
to vary untilx2 per degree of freedom was a minimum. The
second-order fits pass through minima for which the value o
the abscissa corresponds to the balance energy at each

the

are

FIG. 4. Excitation functions of the measured transverse flow in
the reaction plane forZ 5 2 fragments at six reduced impact pa-
rameter bins for40Ar145Sc reactions. The corresponding values of
b̂ are given in Table I. The curves are included only to guide the
eye.
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duced impact parameterEbal(b). Collective transverse flow
is assumed to be symmetric in the vicinity of the balan
energy, and our measurements are unable to distinguish
sign ~1 or 2) of the flow, so that a parabolic function is th
lowest order symmetric fit that can be used withouta priori
knowledge ofEbal. Listed in Table II are the measured va
ues of the balance energies for40Ar1 45Sc reactions ex-
tracted from these local parabolic fits for each reduced
pact parameter bin shown in Fig. 4. We again verified
reported elsewhere@7,21# that the analytic form of the fitting
function does not significantly affect the value of the e
tracted balance energy. Triangular fits with two lines of d
ferent slope produced values ofEbal(b) within error of those
reported in Table II, but a larger number of fit parameters
required.

FIG. 5. Excitation functions of the measured transverse flow
the reaction plane for three fragment types at a reduced im
parameter bin ofb̂50.39 for 40Ar145Sc reactions. The curves ar
included only to guide the eye.

TABLE II. Measured values of the balance energies f
40Ar145Sc reactions extracted for six reduced impact parame
bins. The errors listed are statistical.

Correctedb̂ Ebal ~MeV/nucleon!

0.28 8566
0.39 9663
0.48 10463
0.56 11264
0.62 11665
0.76 12863
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The horizontal shift in the minima of the curves in Fig.
clearly indicates thatEbal(b) increases as the impact param
eter increases, continuing the trend already shown in R
@21#. This result is in qualitative agreement with the work o
other groups@13#, and was even demonstrated through a
entirely different analysis that does not require reaction pla
determination using correlation functions@19#. Here we are
able to extract more definitivelyEbal(b) for larger impact
parameters because our measurements include more
points above the balance energy.

The present data set also reaffirms as previously repor
@5# that the balance energy does not depend on the part
type. This lack of dependence on the fragment’s mass
demonstrated in Fig. 5, which shows the excitation functio
of the directed transverse flow for three fragment types a
reduced impact parameter bin ofb̂50.39 for 40Ar1 45Sc re-
actions. The minima of the data for the three fragment typ
occur at the same value of the incident beam energy indic
ing a common balance energy. This agreement facilita
comparison of the measured values ofEbal(b) to predictions
of transport models calculations which involve only nucle
ons. The dependence of the directed transverse flow on
mass of the emitted particle type shown in Fig. 5 is al
consistent with the well-known increase in magnitude f
heavier fragments@2,5#.

Dynamical transport model calculations can incorpora
soft and stiff descriptions of the nuclear EOS as well
momentum dependence in the mean field@28–32#. Predic-
tions of quantum molecular dynamics~QMD! model @20#
calculations are displayed in Fig. 6 for a stiff equation o
state with momentum dependence~open circles! and without
momentum dependence~open squares! for 40Ca1 40Ca reac-
tions. These previously published points@20# were calculated
for a fixed impact parameter, and are not corrected for t
acceptance effects of our detector array. Also shown in t
figure are the measured values of the balance energies
40Ar1 45Sc reactions extracted for six reduced impact p
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FIG. 6. Measured balance energies for40Ar145Sc reactions at
six reduced impact parameter bins compared with the predictions
QMD model@20# calculations with and without momentum depen
dence in the mean field for40Ca140Ca reactions. The experimenta
values ofEbal(b) are plotted at the upper limit of eachb̂ bin. The
curves are included only to guide the eye.
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54 2461MOMENTUM DEPENDENCE OF THE NUCLEAR MEAN . . .
rameter bins~solid triangles!. These experimental values o
Ebal(b) are plotted at the upper limit of eachb̂ bin. The
errors shown on the measured values of the balance ene
are statistical~the systematic error is estimated to be15%
and20%!. The balance energy has been shown to exh
little sensitivity to the acceptance effects of our detector
ray @7#, allowing direct comparison between experimen
values and unfiltered theoretical results. We find th
Ebal(b) increases linearly as a function of the impact para
eter in agreement with Refs.@20, 21#. The data suggest bette
agreement with the QMD model calculations which inclu
momentum dependence in the nuclear mean field, in ag
ment with the results from studies of nucleus-nucleus co
sions at higher bombarding energies@3,32#. Here we are able
to place this additional constraint on the nuclear EOS
measuring the balance energies for peripheral heavy-ion
lisions.
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In summary, measurements up to an incident beam ene
of 155 MeV/nucleon for40Ar1 45Sc collisions allowed us to
probe the region where sensitivity to momentum dependen
of the nuclear mean field is predicted by the QMD mode
Our experimental results indicate that the balance energy
creases linearly as a function of impact parameter. Compa
son of these measured balance energies with predictio
from QMD model calculations demonstrates better agre
ment with an approach incorporating momentum dependen
in the nuclear mean field.
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