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Abstract

The energy at which collective transverse flow in the reaction plane disappears, the
balance energy Ejqi, is found to increase linearly as a function of impact parameter for
40A14455¢ reactions. Coﬁlparison of our measured values of Ejq(b) with predictions
from Quantum Molecular Dynamics (QMD) model calculations agrees better with an

approach incorporating momentum dependence in the nuclear mean field.

PACS Numbers: 25.70.Pq, 25.75.Ld




The study of collective flow in heavy-ion collisions can provide information about the nu-
clear equation of state (EOS), and the parameters involved in the disassembly mechanisms
of excited nuclear matter [1, 2, 3, 4]. The mass dependence of the disappearance of directed
transverse flow is an example in the intermediate energy regime, from which it was deduced
that there is a density dependent reduction of the in-medium nucleon-nucleon cross sections
[5, 6]. Collective transverse flow in the reaction plane disappears at an incident energy,
termed the balance energy FEj, (7], where the attractive scattering dominant at energies
around 10 MeV /nucleon balances the repulsive interactions dominant at energies around
400 MeV /nucleon [8, 9, 10]. The disappearance of directed transverse flow has been well
established through many experiments [11, 12, 13, 14, 15, 16, 17, 18, 19]. We have recently
completed a systematic study of the impact parameter dependence of the disappearance of
directed transverse flow, which showed that the balance energy increases approximately lin-
early as a function of impact parameter in agreement with predictions of Quantum Molecular
Dynamics (QMD) model calculations [20, 21]. We have now extended our measurements to
higher beam energies for the_ same projectile-target combination. These data allowed us to
extract the balance energie; for even larger impact parameters, enabling us to probe the
region where the QMD model is sensitive to momentum dependence in the nuclear mean
field. Comparison of the balance energies extracted from the measured flow values with pre-
dictions from QMD model calculations demonstrates better agreement with a formulation
incorporating momentum dependence in the mean field.

The experiments were carried out with the Michigan State University 4 Array [22] at

the National Superconducting Cyclotron Laboratory (NSCL) using beams from the K1200
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cyclotron. A target of 1.0 mg/cm? Sc was bombarded with *°Ar projectiles ranging in energy
between 35 and 155 MeV /nucleon in 10 MeV/nucleon steps. Prior to these measurements,
the MSU 4r Array was upgraded with the High Rate Array (HRA). The HRA is a close-
packed pentagonal configuration of 45 phoswich detectors spanning laboratory polar angles
3° < 6 £ 18°. With the HRA, Z resolution up to the charge of the *°Ar projectile and
mass resolution for the hydrogen isotopes is obtained. The array has good granularity,
minimum dead area, and high data rate capability. Low energy thresholds for the HRA are
approximately 13, 15, 32, and 37 MeV/nucleon, for fragments with Z = 1, 3, 12, and 18,
respectively.

The main ball of the MSU 47 Array consists of 170 phoswich detectors (arranged in 20
hexagonal and 10 pentagonal subarrays) covering 18° < 0, < 162°. The 30 Bragg curve
counters (BCCs) installed in front of the hexagonal and pentagonal subarrays were operated
in ion chamber mode ‘with a pressure of 125 Torr of C;Fg gas. The hexagonal anodes of the
five most forward BCCs are segmented, resulting in a total of 55 separate AE detectors (the
BCCs served as AE detectors for charged particles that stopped in the fast plastic scintillator
of the main ball). Consequer:tly, the main ball was capable of detecting charged fragments
from Z = 1 to Z = 16, with mass resolution for the hydrogen isotopes in the phoswiches.
Low energy thresholds were approximately 18, 3.5, and 7 MeV /nucleon for fragments with
Z =1, 3, and 12, respectively. Data were taken with a minimum bias trigger that required
at least one 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

performed with the Ball-2 data as done in Refs. [5, 21].
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The impact parameter b of each event is assigned through cuts on centrality variables
as calculated through a straightforward geometric prescription [23]. The centrality variable
chosen here was E}, the reduced transverse kinetic energy of each event, as defined in Ref.
[24]. Events with larger values of E; correspond to events with smaller impact parameters.
Using methods similar to those detailed elsewhere [25], E, is found to be an appropriate
variable to use as a centrality filter for this system over the range of beam energies studied,
and it does not autocorrelate with the flow observables. If the measured cross section was
equivalent to the geometric cross section, then the maximum impact parameter b,,,, to
trigger an event would be the sum of the projectile and target radii Rpo; + Riary. However,
bmaz < (BRproj + Riarg) due to hardware trigger bias and detector acceptance. Comparison
of events from the Ball-2 trigger to those from the less selective HRA-1 trigger imply that
bmar = 0.88+0.04(R,r0; + Riarg). Details of this correction method are provided elsewhere
[21]. The impact parameter bins in this flow analysis and the corresponding reduced impact
parameters b = (b/ bmaz) in the simple geometric picture are summarized in Table 1. Also
listed in this table are the effgctive values of the reduced impact parameter corrected for bias

-
due to the hardware trigger condition.

The reaction plane of each event is calculated using the method of azimuthal correlations
(26], which is a reliable method to determine the reaction plane in cases where transverse
collective motion can become weak (e.g. beam energies near the balance energy). First a
particle of interest (POI) is chosen from the event. Autocorrelation is suppressed by omitting
this POl in the calculation of the reaction plane [27]. The momenta of the remaining particles

are projected into a plane perpendicular to the beam axis (taken as the origin in this plane).
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A line passing through the origin is then simultaneously fit to the transverse momentum
coordinates of these fragments such that the sum of the perpendicular distances to the
line is a minimum. The azimuthal angle of this line becomes the azimuthal angle of the
reaction plane. The positive half of the reaction plane is defined by the side on which the
total transverse momentum in the reaction plane is greatest. Finally, the POI’s transverse
momentum in the reaction plane p, is evaluated by projecting it into this calculated reaction
plane. This procedure is repeated for each particle in the event for all events with at least
four identified particles.

Fig. 1 shows the mean transverse momentum in the reaction plane (p.) plotted versus
the reduced center-of-mass (c.m.) rapidity (¥/Yproj)e.m. for six different reduced impact
parameter bins. The data are for fragments with Z = 2 from 155 MeV /nucleon *°Ar+%5Sc
collisions, and the b bins (as listed in Table 1) are indicated in each panel. The errors shown
in each panel are statistical. The data exhibit the characteristic “S-shape” associated with
collective transverse flow in the reaction plane, demonstrating the dynamical momentum
transfer on opposite sides of the reaction plane. The offsets from the origin occur because
no recoil correction was appl;ed in the reaction plane calculation, which does not affect the
final values of the flow observables (balance energies) in this analysis [21]. The data shown
in Fig. 1 are fit with a straight line over the midrapidity region -0.5 < (y/yproj)erm. < 0.25.
The slope of this line is defined as the directed transverse flow, which is a measure of the
amount of collective momentum transfer in the reaction.

The extracted values of the directed transverse flow plotted as a function of reduced

impact parameter are shown in Fig. 2 for the 155 MeV/nucleon *°Ar+**Sc data (solid cir-
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cles). Also displayed in this figure are the values of the directed transverse flow for five
other bombarding energies. The points at 115 MeV/nucleon represent average values from
overlapping data sets. The errors shown are the statistical errors on the slopes of the linear
fits (the systematic error associated with the range of the fitting region is +3 MeV/c and -1
MeV/c). That collective transverse flow is maximal at some intermediate impact parameter
is reasonable because it must vanish at the extrema, i.e. for grazing and perfectly central
collisions. This behavior is in qualitative agreement with previous results that range in beam
energy from 55 MeV /nucleon [16] to 400 MeV /nucleon [2].

Fig. 3 shows the mean transverse momentum in the reaction plane plotted as a function of
the reduced center-of-mass rapidity for six bombarding energies. The data are for fragments
with Z = 2 from semi-central **Ar+*Sc collisions (BIN3 as listed in Table 1) at an incident
beam energy per nucleon as indicated in each panel. The errors shown in each panel are
statistical. The data shown in Fig. 3 are fit with a straight line over the midrapidity region
0.5 < (¥/Yproj)em. < 0.5 for beam energies E < 125 MeV /nucleon. The fitting range was
reduced to -0.5 < (y/yp,oj)c,,rl_ < 0.25 for beam energies £ > 125 MeV /nucleon, resulting in
lower values of y? per degree‘of freedom for these fits. This effect is attributed to our detector
acceptance, because less of the projectile component contributes to the flow at these higher
beam energies as evidenced by the flatness of the data around (y/¥proj)e.m. = 1.0 in Panels
(e) and (f) as compared to Panels (a) and (b). The directed transverse flow clearly decreases
as the beam energy increases, reappearing again at the higher bombarding energies. This
effect has been previously observed {7, 13, 15], and was explained as a balance between the

attractive mean field and the repulsive nucleon-nucleon scattering.
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The extracted values of the directed transverse flow plotted versus the incident beam
energy are shown in Fig. 4 for six reduced impact parameter bins (as listed in Table 1). The
points at 115 MeV /nucleon again represent average values from overlapping data sets. The
errors shown are the statistical errors on the slopes of the linear fits. The curves are third-
order polynomials included only to guide the eye. To extract the balance energy Ey,, the
data for each b bin were fit with a second-order polynomial allowing the fitting range to vary
until x? per degree of freedom was a minimum. The second-order fits pass through minima
for which the value of the abscissa corresponds to the balance energy at each reduced impact
parameter Fy,(b). Collective transverse flow is assumed to be symmetric in the vicinity of
the balance energy, and our measurements are unable to distinguish the sign (+ or -) of the
flow, so that a parabolic function is the lowest order symmetric fit that can be used without
a priori knowledge of Ejy,. Listed in Table 2 are the measured values of the balance energies
for **Ar+%°Sc reactions extracted from these local parabolic fits for each reduced impact
parameter bin sh.own in Fig. 4. We again verified as reported elsewhere [7, 21] that the
analytic form of the fitting function does not significantly affect the value of the extracted
balance energy. Triangular ﬁ'ts with two lines of different slope produced values of Eyq(b)
within error of those reported in Table 2, but a larger number of fit parameters are required.

The horizontal shift in the minima of the curves in Fig. 4 clearly indicates that Eyq(b)
increases as the impact parameter increases, continuing the trend already shown in Ref. [21].
This result is in qualitative agreement with the work of other groups {13], and was even
demonstrated through an entirely different analysis that does not require reaction plane

determination using correlation functions [19]. Here we are able to extract more definitively
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Epqi(b) for larger impact parameters because our measurements include more data points
above the balance energy.

The present data set also reaffirms as previously reported [5] that the balance energy
does not depend on the particle type. This lack of dependence on the fragment’s mass
is demonstrated in Fig. 5, which shows the excitation functions of the directed transverse
flow for three fragment types at a reduced impact parameter bin of & = 0.39 for “°Ar+45Sc
reactions. The minima of the data for the three fragment types occur at the same value of
the incident beam energy indicating a common balance energy. This agreement facilitates
comparison of the measured values of Ejy,(b) to predictions of transport models calculations
which involve only nucleons. The dependence of the directed transverse flow on the mass of
the emitted particle type shown in Fig. 5 is also consistent with the well known increase in
magnitude for heavier fragments [2, 5].

Dynamical transport model calculations can incorporate soft and stiff descriptions of
the nuclear EOS as well as momentum dependence in the mean field [28, 29, 30, 31, 32].
Predictions of Quantum Molecular Dynamics (QMD) model [20] calculations are displayed
in Fig. 6 for a stiff equation :)f state with momentum dependence (open circles) and without
momentum dependence (open squares) for **Ca+°Ca reactions. These previously published
points [20] were calculated for a fixed impact parameter, and are not corrected for the
acceptance effects of our detector array. Also shown in this figure are the measured values
of the balance energies for **Ar+*°Sc reactions extracted for six reduced impact parameter
bins (solid triangles). These experimental values of FEj,(b) are plotted at the upper limit of

each b bin. The errors shown on the measured values of the balance energies are statistical
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(the systematic error is estimated to be +5% and -0%). The balance energy has been shown
to exhibit little sensitivity to the acceptance effects of our detector array [7], allowing direct
comparison between experimental values and unfiltered theoretical results. We find that
E4q1(b) increases linearly as a function of the impact parameter in agreement with Refs. [20,
21]. The data suggest better agreement with the QMD model calculations which include
momentum dependence in the nuclear mean field, in agreement with the results from studies
of nucleus-nucleus collisions at higher bombarding energies [3, 32]. Here we are able to
place this additional constraint on the nuclear EOS by measuring the balance energies for
peripheral heavy-ion collisions.

In summary, measurements up to an incident beam energy of 155 MeV /nucleon for
40A 1 45G¢ collisions allowed us to probe the region where sensitivity to momentum depen-
dence of the nuclear mean field is predicted by the QMD model. Our experimental results
indicate that the balance energy increases linearly as a function of impact parameter. Com-
parison of theseAmea.sured balance energies with predictions from QMD model calculations
demonstrates better agreement with an approach incorporating momentum dependence in

-

the nuclear mean field.
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Figure Captions

Table 1: Reduced impact parameter bins. The values of b correspond to the upper limit

of each bin.

Table 2: Measured values of the balance energies for °Ar4+*°Sc reactions extracted for

six reduced impact parameter bins. The errors listed are statistical.

Figure 1: Mean transverse momentum in the reaction plane versus the reduced c.m.
rapidity for Z = 2 fragments from 155 MeV /nucleon “°Ar+%3Sc collisions. The reduced
impact parameter bins as listed in Table 1 are indicated in each panel. The straight lines

are fits over the midrapidity region as described in the text.

Figure 2: Measured transverse flow in the reaction plane for Z = 2 fragments as a function
of reduced impact parameter bins for “°Ar+%5Sc reactions at six incident beam energies. The

lines are included only to guide the eye.
-

Figure 3: Mean transverse momentum in the reaction plane versus the reduced c.m.
rapidity for Z = 2 fragments in semi-central “°Ar+%3Sc reactions (BIN3 as given in Table 1).
The incident beam energy per nucleon is indicated in each panel. The straight lines are fits

over the midrapidity region as described in the text.

Figure 4: Excitation functions of the measured transverse flow in the reaction plane
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for Z = 2 fragments at six reduced impact parameter bins for *°Ar+*3Sc reactions. The
corresponding values of b are given in Table 1. The curves are included only to guide the

eye.

Figure 5: Excitation functions of the measured transverse flow in the reaction plane for
three fragment types at a reduced impact parameter bin of b = 0.39 for “°Ar+*Sc reactions.

The curves are included only to guide the eye.

Figure 6: Measured balance energies for *°Ar+*°Sc reactions at six reduced impact pa-
rameter bins compared with the predictions of QMD model [20] calculations with and without
momentum dependence in the mean field for **Ca+*°Ca reactions. The experimental values
of Eyq(b) are plotted at the upper limit of each b bin. The curves are included only to guide

the eye.
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Bin No. Cut on Et Geometric b Corrected b
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

Table 1:

Corrected b  Eja (MeV /nucleon)

'.

0.28

0.39

0.48

0.56

0.62

0.76

8516

9613

104£3

112+4

1165

128+3

Table 2:
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