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Disappearance of rotation in heavy-ion collisions
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The azimuthal distributions of nucleons are studied for central Ar+ V collisions from E/A = 35
to 125 MeV based on a Boltzmann equation. We demonstrate that the contribution to azimuthal
asymmetry from residue rotation decreases with incident energy and eventually vanishes at energies
E/A ) 75 MeV. In contrast, the contribution from the directed transverse motion remains important
throughout the energy range investigated. We show that the disappearance of rotation is mainly
associated with the onset of multifragmentation for which the thermal instabilities appear to play a
minor role.
PACS number(s): 25.70.Pq, 21.65.+f

The azimuthal distributions of emitted particles in
nucleus-nucleus collisions can carry important informa-
tion concerning the reaction dynamics and the nuclear
equation of state (EOS) [1,2]. At incident energies below
E/A 50 MeV, the azimuthal distributions have been
investigated by using large-angle particle-particle corre-
lations and the observed in-plane enhancements can be
well explained by models incorporating the decay of a
hot rotating source [3,4]. The azimuthal anisotropy de-
creases with incident energy [5—8] and the mechanism for
such decrease is not yet understood. Recently, Garcias et
al. [9] showed that the mass and angular momentum of a
hot rotating nucleus decrease at much higher rates when
the initial excitation energy and angular momentum are
higher. Based on the Landau-Valsov model, they were
able to explore the parameter space of energy and angular
momentum and they observed all the decay channels in-
cluding evaporation, fission, and multifragmentation. In
their calculations, however, the entrance channel leading
to the formation of the hot nuclei is not followed.

On the other hand, p-ray circular polarization mea-
surements [10] indicated that particles were preferably
emitted to negative angles because of the attracting mean
field. Moreover, the in-plane transverse momentum dis-
tributions of emitted particles were predicted [ll—13],
and later observed [14—17], to change sign at a certain

intermediate energy, referred to as the energy of balance
[14—17]. This transverse motion due to an attractive nu-

clear mean field at low energies or a repulsive mean field

at high energies was referred to as the directed transverse
motion [18].

To investigate effects of the collective rotation and the
directed transverse motion and whether one can obtain
new information concerning the reaction dynamics, we

have performed improved Boltzmann-Uehling-Uhlenbeck
(BUU) calculations for 4oAr+ V collisions. In our im-

proved calculations [19—22], we have included Coulomb
interactions and have used a lattice Hamiltonian method

[23] to conserve the total energy. In this Brief Report,
we demonstrate that both the rotational motion and the
directed transverse motion play important roles at low
energies in causing the in-plane enhanced emission. The
contribution from rotational efFects decreases with energy
and eventually vanishes at energies E/A & 75 MeV. In
contrast, the contribution from directed transverse mo-
tion remains important at all energies. We show that
the disappearance of rotation is associated mainly with
the onset of multifragmentation for which the thermal
excitation energy appears to play a small role.

We simulate the Boltzmann-Uehling-Uhlenbeck equa-
tion [24]

1 4
(2~)3+ v V„fi —V„U V„fi = d k2d ksdA ""vi2

X [f3f4(1 fl)(1 f2) fl f2(1 f3)(1 f4)]Ii (kl + k2 k3 k4)l

with the lattice Hamiltonian method of Lenk and Pand-
haripande [23]. In Eq. (1), &&" and vi2 are the in-

medium cross section and relative velocity for the col-

liding nucleons, and U is the total mean-field potential
consisting of the Coulomb potential and a nuclear po-
tential with isoscalar and symmetry terms [19—22]. In
our calculations, we use two parameter sets [24] for the
EOS which correspond to values of nuclear compressibil-

ity at K = 200 MeV (soft EOS) and K = 375 MeV (stiff

I

EOS), respectively. For simplicity, oiviv = f &&"dA is
chosen to be isotropic and energy independent [24]. The
mean-field and the Pauli-blocking factors in the collision
integral are averaged over an ensemble of 80 parallel sim-
ulations.

To distinguish the different effects between the col-
lective rotation and the directed transverse motion and
their respective contributions in causing the azimuthal
asymmetry, we follow Ref. [8] and define two sirnpli-
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fied azimuthal parameters F,„and F». The first pa-
rameter is the fraction of particles emitted "in plane"
defined as those within 45' of the reaction plane (sat-
isfying

~ P ~

& 45 or
~ P —180'

~

& 45'), and the second
is the fraction of particles satisfying ~P~ & 90' or those
referred to as the "projectile side" in Ref. [8]. Obvi-
ously, for azimuthally isotropie emission, both parame-
ters would have a value of 0.5. However, when dynamics
is involved, different mechanisms could cause difFerent
behavior in these two parameters.

In I ig. 1, we show both F;~ (solid symbols) and F„,
(open symbols) as a function of incident energy calcu-
lated at impact parameters 6 = 2 fm (top panel) and
ti = 4 fm (bottom), respectively. The calculations are
performed at t = 120 fm/c, which is comparable to the
freezeout times of residues [19, 20]. Nucleons are con-
sidered as emitted when their local densities are lower
than 10%%uo of the normal density. To accumulate sufficient
statistics, we have included all emitted nucleons satisfy-
ing Y & Y, ; here c.m. denotes the nucleus-nucleus
center of mass. The asterisks indicate F,„extracted ex-
perimentally for charged particles with Z = 2, taken from
Ref. [8]. See also Ref. [25].
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FIG. 1. Azimuthal fractions of ,„F(soli dsymbols) and
F» (open symbols) are shown as a function of incident energy
calculated at b = 2 fm (top panel) and b = 4 fm (bottom),
respectively. The asterisks indicate experimental values of
F,„ taken from Ref. [8]. The circles and the squares depict
calculations with the stifF EOS and the soft EOS, respectively,
and with o.~~ =41 mb. The triangles depict calculations
with the stifF EOS and o~N =25 mb. Statistical uncertainties,
which are similar for all calculated points, are illustrated, for
the clarity of the figure, only for some selected points. The
lines are used to guide the eye. Details concerning E,„and
E„, are discussed in the text.

At low incident energies, the predicted values of both
F,„and F„„calculated for all input parameters, are
larger than 0.5, suggesting the importance of both the
collective rotation and the directed transverse motion (in
this case, negative deflection due to attractive mean field)
at such energies. The calculated F;„has a larger value
at b = 4 fm than that at 6 = 2 fm, reflecting larger
entrance angular momenta at larger impact parameters.
At higher energies, the predicted F,„,at both impact pa-
rameters, decreases with incident energy, and becomes
nearly isotropic at high energies E/A ) 75 MeV for the
calculations with o.~~ ——41 mb, similar to the trends es-
tablished by the experimental data. For the calculations
with oiviv =20 mb, however, F,„has a value larger than
0.5 at larger impact parameters b = 4 fm, indicating in-
complete damping of the initial reaction plane even at
higher energies, if the cross section of nucleon-nucleon
collision is reduced.

In contrast to rotational eKects, which appear vanished
at energies E/A & 75 MeV, the directed transverse mo-
tion, as revealed by F„„remains important at all ener-
gies. Because of negative deflections at low energies and
positive deflections at higher energies, the predicted F»
would only have a value of F„,= 0.5, consistent with az-
imuthally isotropic emission, at a certain fixed energy,
denoted as Ei». At both impact parameters, the calcu-
lated values of F,„and F„, are not sensitive to EOS. The
value of F,„is not sensitive to tTiviv at ti = 2 fm, but quite
sensitive to o aviv at larger impact parameter 6 = 4 fm. In
contrast, the value of F„, is very sensitive to o&& at both
impact parameters. This insensitivity to the impact pa-
rameter renders F» more useful than F,„in determining
oiviv by comparison to experimental data. It is inter-
esting to note here that the value of E;„(E~»/A = 87
MeV, for oiviv=41 mb), where F» becomes isotropic, is
higher than that of the energy of balance (Eb~i/A = 80
MeV) determined by the slope of transverse momentum
distributions [21]. This difference arises because of the
mass asymmetry between the projectile and the target.
As the mass asymmetry between projectile and target in-
creases, the difference between Ei» and Eb~i is expected
to increase, and could therefore provide an additional ob-
servable for the extraction of o.~~ from collisions between
asymmetric systems.

Compared to the experimental data, the calculations
seem to exclude values of oiviv below 25 mb, consistent
with the predictions from the disappearance of flow [21].
The comparison must, nevertheless, be regarded as spec-
ulative, because (1) the influence of impact parameter
selection on the experimental data is still not well un-
derstood; (2) uncertainties in determining the reaction
plane from experimental data tend to decrease the val-
ues of F,„, while exclusion of low energy particles due
to detector thresholds tends to increase the value of F,„;
(3) clusters, not incorporated by BUU model, could show
larger in-plane enhancements than nucleons [3—8]; and
(4) emission due to rotating source in the final stages,
not included in the present model, could provide addi-
tional enhancements [3,4], particularly at low incident
energies.

What, then, causes the disappearance of rotation when
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the incident energy is raised above E/A = 75 MeV?
Within the prescription of a hot rotating source [3,4],
such a decrease would indicate a decrease in angular mo-
mentum or an increase in temperature (thermal energy)
or both. The higher the temperature, the more isotropic
the emission pattern, and, therefore, the smaller the val-
ues of F,„.To assess if this is indeed the case, we have de-
composed the excitation energy approximately into three
components, energy associated with compression or ex-
pansion, E,*,collective energy E,* &&,

and thermal energy
Et&„respectively, using techniques similar to those out-
lined in Refs. [26, 27]. In this decomposition, E,„~ repre-
sents the energy change when the density distribution of
the system is changed away from that of a ground state
nucleus (e.g. , the creation of surfaces due to multifrag-
mentation). As shown in Fig. 2, for both the soft EOS
(top panel) and the stifF EOS (bottom), the total excita-
tion energy (squares) of residues calculated at freezeout
[19, 20] increases with incident energy. In contrast, at
incident energies E/A & 65 MeV, the thermal excitation
energy E;h, (circles) decreases with energy. At the same
time, the energy associated with expansion, E,„(dif-
ference between squares and triangles), increases rapidly.
The decrease in the thermal excitation energy and the
increase in the expansion energy reflect the onset of mul-
tifragmentation observed in this system within our code
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[22]. Thus it is the onset of multifragmentation, for which
the thermal excitation energy decreases rather than in-
creases, that plays the major role for the disappearance of
flow at high energies. The rapid increase in E, p occurs
at slightly higher incident energy for calculations with
the stiff EOS, because stifFer EOS has larger surface ten-
sion strength, so that its tendency for nucleus to break
up is less (corresponding to a higher energy threshold for
multifragmentation).

To examine how eff'ects of residue rotations depend on
the incident energy, we display in Fig. 3 the angular
momenta [19] of bound residues [p(r) & 10%ps] as a
function of time for 4oAr+s~V collisions at E/A = 35
MeV (circles), 75 MeV (squares), and 125 MeV (trian-
gles), respectively. The numerical accuracies for angular
momentum conservation are demonstrated by the open
symbols which depict the total entrance channel angular
momenta in the center of mass. For calculations at all
three energies, the angular momenta left in the residues
exhibit two distinct stages, a rather steep decrease at a
early stage (t & 120 fm/c) and a slow decrease afterwards.
This result is not a surprise since one expects the earlier
nonequilibrium stage should have a higher emission rate
than that in the later evaporation stage. The interesting
point here is that the rate of decrease in the angular mo-
mentum is much larger at higher energies (for the cases
we calculated, the drops in angular momenta at higher
energies E/A = 75 and 125 MeV are so large that the
angular momenta left in residues are even smaller than
that at E/A = 35 MeV after a certain elapse of time,
t —60—70 fm/c), a result also predicted by the Landau-
Valsov calculations [9] where hot rotating sources are
initially provided without following the entrance chan-
nel that leads to their formation. Because the residue
has not made a full cycle of rotation on the time scale
which we follow, the contributions to azimuthal asym-
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FIG. 2. Decomposition of total excitation energy
(squares) into thermal energy (circles), collective energy (dif-
ference between triangles and circles), and energy associated
with expansion (difference between squares and triangles) cal-
culated for both the soft EOS (top panel) and the stiff EOS
(bottom). The error bars include both statistical uncertain-
ties as well as uncertainties associated with ground state sta-
bility. The details are discussed elsewhere in Refs. [20,22j.
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FIG. 3. Angular momenta of residues (solid symbols) as
a function of time calculated at E/A = 35 MeV (circles), 75
MeV (squares), and 125 MeV (triangles). The open symbols
show the corresponding total angular momenta in the nucleus-
nucleus center of mass. The lines are used to guide the eye.
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metry from later residue rotations would be smaller at
higher energies, simply because they have smaller angu-
lar mornenta. At low energy E/A = 35 MeV, emission
from residue rotation [3,4] could provide additional in-
plane enhancement to F,„, because the residue still has
a non-negligible angular momentum J —35h, at the time
when F,„is evaluated.

In conclusion, with an improved BUU model, we
have investigated the dynamical origins of the azimuthal
asymmetry in central eAr+s~V collisions. We show that
the contributions to azimuthal asymmetry from collective
rotating residues decrease with incident energy and even-
tually vanish at energies E/A )75 MeV. In contrast, the
directed transverse motion due to the nuclear mean field
remains important at all energies. We demonstrate that
the disappearance of rotations at higher incident ener-
gies is associated mainly with the onset of multifragmen-

tation for which the thermal excitation energy appears
to decrease with incident energy. We propose that mea-
surements of E;, , at which the azimuthal distributions
are consistent with isotropic emission, as revealed by F»,
could provide an additional tool to pin down accurately
the in-medium nucleon-nucleon cross section from colli-
sions between asymmetric systems.
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