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Abstract

Collective radid flow of light fragments from 4®Ar+43Sc reactions a beam energies
between 35 and 115 MeV/nucleon has been investigated usng the Michigan State
Universty 47 Array. The mean transverse kinetic energy {E;) of the different fragment
types increases with event centraity, and increases ag a function of the incident beam
energy. Comparison of our measured values Of {E;) shows agreement with predictions
of Boltzmann-Uehling-Uhlenbeck (BUU) mode and WIX muitifragmentation model
cadculations. The redid flow extracted from (E;) accounts for approximately haf of
the emitted particle’s energy for the heavier fragments (Z > 4) a the highest beam

energy studied.

PACS Number: 25.70.Pq



Collective motion of nucleons in heavy-ion collisions offers a glimpse at the true many-
body effects not present in simple superpositions of individual two-body interactions. Deriva-
tion of an equation of state (EOS) for nuclear matter has been the main motivation for
studying the collective effects resulting from these collisions. Collective radial expansion of
particle emission from central nuclear collisions, termed radial flow, was originally postulated
to explain the observed differences in the slopes of the inclusive pion and proton energy spec-
tra [1]. Radial flow was primarily attributed to the conversion of thermal and compressional
energy into work through a pressure gradient in the hydrodynamic limit [1, 2]. Consequently,
tge fragments acquire a net outward radial velocity in addition to their random thermal com-
p%)nent, which is evident from the increased curvature in the single-particle energy spectrum.
After directed collective transverse flow was demonstrated to be a signature of hydrodynam-
ical compression (3], a study of transverse energy production [4] was undertaken, aimed at
accounting for the discrepancy between the measured and calculated thermal mean trans-
verse energies. In that investigation, approximately 40% of the total kinetic energy in the
center-of-mass (c.m.) frame was reported to be converted into compressional energy in the
moment of highest density [4]. Subsequent work [5, 6, 7, 8, 9, 10, 11] for heavy systems at
relatively high beam energies (> 100 MeV /nucleon) has also revealed that radial flow is a
major contribution to the energy dissipation in the disassembly process of excited nuclear
matter.

Indications are that radial flow persists down into the intermediate beam energy regime
(12, 13, 14, 15, 16, 17, 18, 19], and is also important for spectator emission from the excited
projectile-like fragment (8, 19]. This radial flow phenomenon may even lead to the transient
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formation of hollow structures such as bubbles or toroids [20] at these projectile energies.
We present results from a systematic study for the incident beam energy and impact param-
eter dependence of collective radial flow for a relatively light system in this energy regime.
Comparison to predictions of Boltzmann-Uehling-Uhlenbeck (BUU) model and WIX multi-
fragmentation model calculations showing agreement with our measured values of radial flow
observables are presented. We shall show that the relative contribution of collective radjal
flow extracted from the mean transverse kinetic energy accounts for approximately half of
the emitted particle’s energy for the heavier fragments (Z > 4) at the highest beam energy
sl%udied here.
¥
§ The present measurements were carried out with the Michigan State University 47 Array
[21] at the National Superconducting Cyclotron Laboratory (NSCL) using beams from the
K1200 cyclotron. A target of 1.0 mg/cm? Sc was bombarded with 4°Ar projectiles ranging in
energy between 35 and 115 MeV/nucleon in 10 MeV /nucleon steps. Beam intensities were
approximately 100 electrical pA. Prior to this experiment, the MSU 47 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° % 0,5 < 18°. With the HRA
we obtained Z resolution up to the charge of the “°Ar projectile, and mass resolution for
the hydrogen isotopes. The array has good granularity, minimum dead a;rea, 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 (airanged in 20

hexagonal and 10 pentagonal subarrays) covering 18° < 61, < 162°. The 30 Bragg curve
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counters (BCCs) installed in front of the hexagonal and pentagonal subarrays were operated
in ion chamber mode with a pressure of 125 Torr of CyF 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 mair ball). Consequently, 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
a} least one hit in the HRA (HRA-1 data), and a more central trigger where at least two
h%ts in the main ball (Ball-2 data) were required. The radial flow analysis described below
was performed with the Ball-2 data.

The importance of selecting central events to search for a radial flow signal has been
emphasized [6, 9, 11, 13, 16] because stopping‘ power, compression, and equilibration are
expected to be greatest for collisions at small impact parameters. We assign the impact
parameter b of each event through cuts on centrality variables [22] measured with the im-
proved acceptance of the upgraded MSU 4 Array. The centrality variable chosen for the
present analysis was the midrapidity charge of each event Z,,,, as defined in Ref. {23]. Using
methods similar to those detailed in Ref. [24], Z,,., is found to be an appropriate variable to
use as a centrality filter for this system over the range of beam energies studied, and does
not autocorrelate with the radial flow observables. Events with larger Z,,, correspond to
events with smaller impact parameters.

As an example of the method used for impact parameter selection, events with midra-
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pidity charge in the top 10% of the impact-parameter-inclusive Z,,, spectrum for the Ball-2
data were assigned to the most central bin. This corresponds to a reduced impact parameter
of b = (8/bmez) < 0.32 as calculated through a simple.geometric prescription [22], where
bmas Tepresents the largest impact parameter leading to a triggered event. Comparison of
events from the Ball-2 trigger to those from the less selective HRA-1 trigger imply that
bmaz = 0.884:0.04(Rpro; + Riarg), Where Rpyroj + Riarg is the sum of the projectile and tar-
get radii. This results in a corrected b < 0.28 for the top 10% most central Ball-2 events.
Details of this correction method and the remaining reduced impact parameter bins used in

t?e analysis below are given elsewhere [25].

"

W

5 In addition to selecting central collisions to search for a radial flow signal, reaction prod-
ucts should be measured at 90° in the center-of-mass (c.m.) frame to suppress the contam-
ination by spectator emission and directed flow effects [1, 5, 7, 11]. We show in Fig. 1 the
effect of placing various centrality and angular gating conditions on the data. The mean
transverse kinetic energy (E:) is plotted versus the mass number A for fragments up to
carbon from *°Ar+*Sc reactions at a beam energy of 115 MeV /nucleon. The errors shown
are statistical. A systematic increase in the values of (E;) for central events without any
angular cut (solid squares) is observed for all fragments over the inclusive (open squares)
data set. The values of {E,) for these two data types have been multiplied by a factor of
three halves for comparison to the data at 90° in the c.m. frame (8. = 90°) in accord
with Ref. [5]. The values of (E;) again show an increase for all fragments over the inclusive
values, when only fragments at 90° & 15° in the c.m. frame with no restriction on impact

parameter (open circles) are considered. The azimuthal rings of detectors at laboratory polar
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angles corresponding to this range of angles in the c.m. frame were used to construct this
gating condition. Finally, the central event set at 90° & 15° in the c.m. frame (solid circles)
systematically shows the largest values for (E;), demonstrating the tmportance of satisfying
both conditions in searching for a radial flow signal. The trends are essentially preserved for
the protons, deuterons, and tritons although the differences between data types are not as
pronounced due to contributions from pre-equilibrium emission, and because radial flow has
been shown to be smaller for lighter particle species [1, 5, 13, 16]. These selection criteria
were applied to the data in the analysis described below.

. In Fig. 2 we display the dependence of {E;) on the incident beam energy for the different
féﬁgment types at two reduced impact parameter bins. The data are for ®Ar4+%S¢ reactions
at 0cm, = 90° X 15°, and the errors shown are statistical. The reduced impact parameter
bins were determined as in Ref. [25] (the values of b/b,,, correspond to the upper limit of
each bin). For the more central events displayed in the lower panel, the values of (E:} show
a monotonic increase as the beam energy increases for all particle types, which becomes
particularly dramatic for the larger mass fragments. This is in striking contrast to the more
peripheral event set shown in the upper panel, for which the values of {E:) exhibit a gradual
increase as a function of beam energy regardless of mass. The difference in the values of
(E;) at each beam energy in the upper panel between fragment types is attributed to the
difference in the low-energy thresholds in the BCCs for the different particle types, and
should not be interpreted as a deviation from thermal equilibrium. This difference (an effect
also present in the lower panel) can be made to vanish if an artificial common threshold

equal to the low-energy threshold in the BCCs for carbon is made in software on the other



particle types. The apparent leveling of (E:) for heavier fragments in central collisions at
beam energies below 55 MeV /nucleon is also an artifact of these low-energy thresholds.

At the higher beam energies, where low-energy thresholds have a less significant effect, the
dramatic increase in the values of { E;) for the heavier fragments produced in central collisions
is linked to larger values of the radial flow energy. This is in contrast to expectations of a
purely thermal source for which the different particle types are emitted with the same mean
kinetic energy. For comparison we show in the lower panel the predictions of a purely thermal
model calculation, the fireball model [26], at each of the projectile energies (asterisks). These
cglcula.tions were not corrected for detector acceptance effects. The large values of (E,) for
tgﬁe heavy fragments (Z > 4) in central collisions at the higher beam energy underscore the
importance of radial flow in the nuclear disassembly process for these events.

To examine more thoroughly the impact parameter dependence of (E:}, we present in
Fig. 3 the mean transverse kinetic energy for the different particle types plotted versus the
reduced impact parameter at four incident beam energies. Again the data are for “0Ar+%5Sc¢
reactions at 0.5, = 90° 4 15° and the errors shown are statistical. The values of b = b/ bmas
correspond to the upper limit of each reduced impact parameter bin. Up to a projectile
energy of 55 MeV /nucleon the data exhibit a constant value of {E;) for each particle type,
while above 55 MeV /nucleon a monotonic rise in the values of {E;) occurs as the impact
parameter becomes smaller. The rising value of {E;) with increasing centrality becomes
progressively stronger at higher bombarding energies (the heavier fragments are missing in
the largest b bin, because of the forward focusing effects in fixed target experiments). This
result is in qualitative agreement with previous data [4], and BUU model calculations [5]
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for light particle emission (p, d, t, and He) from collisions for heavier entrance channels at
higher beam energies. The authors of those works attributed this phenomenon to collective
expansion of a blast of light fragments in central collisions.

To estimate the magnitude of the mean transverse kinetic energy imparted to the frag-
ments in the nuclear disassembly process, we used a BUU model calculation [27]. In this
model the nucleons are assumed to interact with a collectively generated mean field, and with
each other through two-body collisions which respect the Pauli exclusion principle. Shown
in Fig. 4 for central “*Ar+*Sc reactions at four bombarding energies are results for (E:)
o_§ the nucleons as a function of time. The calculations were performed at a fixed impact
pixrameter of b = 0 for a EOS with compressibility x = 240 MeV, and were not corrected
for effects due to detector acceptance. The upper (lower) panel shows the mean transverse
kinetic energy per nucleon when only particles that move in a medium whose density is less
(greater) than one eighth of the normal nuclear density po = 0.168 fm~2 were included in
the calculation. For particles in medium wifh p/po < 3, we found collisions are no longer
sufficiently frequent to allow conversion of thermal and compressional energy into collective
radial flow, so that freeze-out has occurred for these nucleons. The dashed line in the lower
panel represents the value of two thirds the Fermi energy of the initial configuration of the
system before the collision occurs.

The results displayed in Fig. 4 clearly show that in either case the maximum value of
(E:) increases as the projectile energy increases. The present calculations are consistent
with a scenario (16] in which the maximum density is reached when the colliding nuclei stop

completely within each other and the maximum flow energy is attained shortly afterwards.
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A higher projectile energy results in more compressional energy stored during the collision,
which is subsequently released as radial flow energy. The rate of this energy transfer is
very rapid with the entire process occurring in less than 60 fm/c. This tends to rule out
evaporative decay processes as the source of intermediate mass fragment production [13, 16]
at these projectile energies. The maximum values of {E;) in the lower panel are the same
whether only particles in medium with p/py > 1 are considered or all particles are included
in the calculation, similar to what was reported in Ref. [16]. Although the maximum density
attained by the colliding nuclei was sensitive to the nuclear EOS (a larger compression is
qghieved for a soft EOS than a stiff EOS), the EOS had only a minor influence on the mean
téa,nsverse kinetic energy. The Coulomb interaction was also found to have only a small
effect on the maximum value of {E,) for ** Ar+#Sc, slightly decreasing the height of the first
peak due to the greater repulsion.

To compare the data to the values of (E;) predicted by the BUU model calculations, we
replot the lower panel of Fig. 2 rescaling the vertical axis to energy per nucleon as shown in
Fig. 5. This is done because our BUU calculations involve only nucleons, i.e. , ho fragments
with A > 1 are produced in the calculations. The data for deuterons and tritons are also
displayed. The solid triangles in Fig. 5 are the maximum values of (E;) at the respective
bombarding energies extracted from the top panel of Fig. 4 for the case where only particles

1 are included in the calculation. There is surprising agreement,

in medium with p/pe <
between these points and the data for the protons (open stars). To extract the maximum
values of (E;) for the case where only particles in medium with p/po > 1 are considered, two

thirds of the value of the Fermi energy for the initial configuration (dashed line) is subtracted
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from the value of the height of the first peak for each projectile energy shown in the lower
panel of Fig. 4. These values, plotted as solid circles in Fig. 5, show good agreement with
the data for fragments with Z > 2. Although our BUU calculations involve only nucleons,
we are still able to delineate the approximate limits on the value of (E:} as a function of
incident beam energy reasonably well. This lends further support to the interpretation of
the disassembly mechanism garnered from the model, as outlined above.

Using our measured values of {E;), we calculated the radial expansion velocity Bioy
for the heavier fragments at the highest beam energy where the flow gignal is the most

pronounced. The mean transverse kinetic energy may be written as:
3

2
(Ey) = E(Ethermal) + {Eradial) = T + {Eradgial), (1)

because cross terms between the collective and the random thermal components vanish on
the average [8]. The sum of the initial expansive flow and the Coulomb induced energy can
be non-relativistically approximated by [7, 10]:

311
5|2

Zi(Zs — Z;)e?
iy, + ZEZ 2 @)

(Eradiul) = Eﬂaw + EC’ou!mnb =

where subscript S refers to the source and f to the fragment type. In this expression, we
have assumed Zs = 39 and Rs = 8 fm, representing the maximum Coulomb repulsion from
the equilibrated compound source. The radial expansion velocities determined in the present
calculation are insensitive to the difference in source size with those reported from fragment
coalescence [28]. A temperature parameter of T = 28 MeV for an incident beam energy of 115
MeV /nucleon was extracted from a single-source Maxwell-Boltzmann (MB) fit to the proton
energy spectrum for central collisions at 8., = 90° & 15°. Protons were used to determine
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this temperature because the radial flow component least affects the energy spectrum for
the light particle species [1, 5, 13, 16]. Under these assumptions we find a radial expansion
velocity for the Li, Be, B, and C fragments of 81, &~ 0.15+0.03 (the accuracy achieved is
about +20%).

Repeating this procedure with the values of {E;) predicted by our BUU model calculation
for the case where only particles in medium with p/py > 1 are considered, we calculate
Biiow ®2 0.18140.02 for these heavier fragments. These values for T and Bfiw are also in
reasonable agreement with the values we extracted from single source fits which included
c?llective expansion to the kinetic energy spectra, as done for higher beam energies in Refs.
[é, 10, 11]. We found our data to be rather insensitive to this parameterization scheme such
that a fairly wide range of T' and By, resulted in reasonable fits, and we could not solely rely
on this method to extract these quantities. This could be due to a non-uniform radial velocity
profile for the actual decaying source in our system. In Table 1 we list for Be fragments from -
#0Ar+%Sc reactions at each projectile energy: the measured mean transverse kinetic energy;
the temperature from MB fits to the proton spectra; the calculated radial expansion velocity;
and the relative fraction of the radial flow energy given by Efw/(E;). A value of 15 MeV
was used for the Coulomb repulsion of the Z = 4 fragments in the determination of these
radial flow quantities. Similar trends in the values of these parameters were found for the
other fragment types with Z > 2. The percentages reported in the last column of this table
are additional evidence that radial flow is a major contribution to the energy dissipation in

the disassembly process of excited nuclear matter.

For a value of 50% in the relative fraction of the radial flow energy, we have simulated
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collective radial expansion of light fragment emission in heavy-ion collisions using the statis-
tical multifragmentation model called WIX [29]. The WIX code generated events in which a
single source de-excites via explosion and evaporation with this specified collective expansion
energy at freeze-out. The calculations included the Coulomb interaction between fragments,
and the default parameters were used to characterize the level density, explosion threshold
energy, and spacial configuration of the decaying source. The simulated events were analyzed
with the same radial flow routine as for the actual data. In Fig. 6 we show a comparison
between data and simulation for the excitation functions of the mean transverse kinetic en-
ergy for various light fragment types. The open symbols are data from central **Ar+45Sc
r%actions at polar angles 8., = 90°+15° (as in the lower panel of Fig. 2). The solid symbols
are the predictions of the WIX multifragmentation model assuming half the available energy
of the disassembly process is associated with radial flow. All effects of the experimental
acceptance were included in these filtered simulations. The errors shown are statistical, and
the dashed lines are included only to guide the eye. Similar trends are present in the filtered
simulation of the other particle types not shown for clarity. The agreement between data
and simulation in Fig. 6 demonstrates that the measured radial flow is not an artifact of
our detector acceptance or analysis method, and substantiates our claim that approximately
half of the emitted particle’s energy originates from collective radial expansion.

In summary, we have investigated collective radial flow of light fragments from % Ar+45Sc
reactions at beam energies in the range £ = (35 - 115) MeV/nucleon using the MSU 4r
Array. The mean transverse kinetic energy of the different fragment types increases with

event centrality, and increases as a function of the incident beam energy. Comparison of
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our measured values of (E,) shows agreement with predictions of BUU and WIX model
calculations. The radial flow extracted from (E:) accounts for approximately half of the
emitted particle’s energy for the heavier fragments (Z > 4) at the highest beam energy
studied.

We thank Prof. Wolfgang Bauer for invaluable guidance and Prof, Pawel Danielewicz for
helpful discussions. This work was supported by the National Science Foundation under
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Figure Captions

Table 1: The incident beam energy, the measured mean transverse kinetic energy, the
temperature, the radial expansion velocity, and the relative fraction of the radial flow energy

for Be fragments from central *°Ar+45Sc collisions at polar angles 6., = 90° + 15°.

Figure 1: Mean transverse kinetic energy from *°Ar+%Sc reactions at 115 MeV /nucleon
versus fragment mass number for various centrality and angular gating conditions as defined

ni the inset and the text. The lines are included to guide the eye.

&
¥

Figure 2: Mean transverse kinetic energy of fragments from “°Ar+45Sc reactions at po-

lar angles 0., = 90° + 15° versus incident beam energy for two impact parameters bins.

Predictions from the fireball model [26] are shown in lower panel (asterisks).

Figure 3: Mean transverse kinetic energy of fragments from “°Ar+45Sc reactions at polar

angles 8., = 90° £15° versus the reduced impact parameter at four incident beam energies.

Figure 4: Mean transverse kinetic energy per nucleon for “°Ar+%8c reactions at four
bombarding energies as a function of time from BUU theory [27]. The calculations are at
a fixed impact parameter of b = 0 for a medium EOS. The upper (lower) panel shows (E;)
when only particles that move in a medium whose density is less (greater) than one eighth

of the normal nuclear density are included in the calculation.
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Figure 5: Mean transverse kinetic energy per nucleon of fragments from central *Ar+445Sc
reactions at polar angles 0., = 90° & 15° versus incident beam energy compared with

predictions of BUU model calculations. The lines are included to guide the eye.

Figure 6: Mean transverse kinetic energy of fragments from central °Ar445Sc reactions
at polar angles f.m = 90° + 15° versus incident beam energy compared with predictions
of WIX model [29] calculations assuming half the available energy is associated with radial

flow. The lines are included to guide the eye.
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Eieom (Et) T Briow Estow/{E:)

(AMeV) (MeV) (MeV) (v/c) (%)

115 109 28 0.16 61
105 104 26 0.16 61
95 91 25 0.14 56
85 84 23 0.14 55
75 73 21 0.12 51
65 65 20 0.11 46
55 54 17 0.09 41
45 48 14 0.09 42
35 46 12 0.09 41
Table 1:
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