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Abstract

Excitation energies are calculated for heavy residues produced in central 4°Ar 4 124Sp
collisions for a range of incident energies and impact parameters using the BUU transport
equation. These excitation energies are evaluated at freezeout times determined from the
time dependence of the thermal excitation energy and the nucleon emission rate. Both the
thermal excitation energies and temperatures,’” obtained assuming Fermi gas level densities,
are sensitive to the nuclear equation of state and the impact parameter. Surprisingly little

sensitivity is observed to the in-medium nucleon-nucleon cross section.



Intermediate energy nucleus-nucleus collisions provide excellent opportunities for pro-
ducing hot nuclear systems [1-25] at excitation energies and temperatures near the values
- beyondwhich metastable nuclei cannot exist.[16-21] Many experimental investigations sug-
gest a limiting temperature in the range of T=4-6 MeV.[4-11] Such observations could
reflect either the thermal instabilities of metastable hot nuclei[16-21] or some dynamical

limits to the energy which can be deposited into these residues via the reactions being

studied.[23-24]

To investigate the possible dynamical limits to the excitation energies of hot residual
nuclei, and the sensitivity of residue excitation energies to the nuclear equation of state
and the in-medium nucleon-nucleon cross section, calculations were performed with an im-
proved Boltzmann-Uehling-Uhlenbeck (BUU) model for “*Ar+!%4Sn reactions at a variety

of incident energies. In these calculations, the BUU equation [26,27]

7, : 4 donn
73)-;1— +v- V.-V, U -V, = W]dskzdﬂg—ﬂvm
X[fafs(1 = fi)(1 = f2) = fifo(1 = f3)(1 = f4)] (1)

was solved via the Lattice Hamiltonian method of Lenk and Pandharipande [28,29]. In
Eq. (1), fis theVWigner transform of the one body density matrix, d—‘;gﬂ- and vy, are the
mm-medium nucleon-nucleon cross section and relative velocity for the colliding nucleons,
and U is the total mean-field potential. For the present calculations, U consisted of the
Coulomb potential and a nuclear potential which contained both isoscalar and symmetry
terms. Calculations were performed for two different isoscalar mean fields, one with a
stiff EOS with a compressibility of K=380 MeV and the other with a soft EOQS with a
compressibility of K=200 MeV. For simplicity, %ﬂ- was chosen to be isotropic and energy

independent. Both the mean field and the Pauli- blocking factors in the collision integral

were averaged over ensembles consisting of 80 parallel simulations.



Calculations were performed on a grid with lattice spacings of 1 fm for elapsed times
of 200 fm/c after initial contact between the projectile and target nuclei. To determine
the'thérmal excitation energy of the residue at the end-of the pre-equilibrium cascade, the. -
total energy, Eo, was decomposed into collective, E.;, and internal, E;,;, components,

[23]

Etat = Ecoll + Ei'n.t- (2)

The total energy E,, is obtained by summing the kinetic and potential energies of the test

particles.[28] The collective energy is estimated by

By = %m _/ iz((g)dsr, (3)
where
o) = g | FER O, (4)
is the nucleon density,
7 = o | 216,500, Q

is the local collective current field, and m is the nucleon mass. The internal energy E;.;: was

decomposed into a thermal excitation energy Ej;,, and an internal energy Ein (T =0, A ):
Eint = :he + Eint(T = 03 Ares)7 (6)
Here E;, (T = 0, A,.,) includes the potential energy and the kinetic energy of Fermi motion

for a cold nuclear system of A.., nucleons at the same density.[23,29]

The time evolution of the various contributions to the total energy are shown in Fig.
1 for “*“Ar41248p collisions at E/A = 65 MeV and b=0 with the stiff {(upper panel) and soft

(lower panel) equations of state. In the calculation with the stiff EOS, the nuclear potential



energy (bottom curve in each panel) has a minimum at t ~ 30 fin/c, where projectile and

target nucleons are strongly overlapping, followed by rapid increase to a maximum at t =

~70 fmjc as-the system expands to lower density. The potential subsequently decreases to .-

a minimum at about t = 120 fm/c as the residue relaxes to a spherical configuration. In
contrast, the later expansion and contraction stages of the reaction proceed much more
slowly and the potential energy reaches a minimum at about t = 160 fm/c, for calcula-
tions with the soft EQS. This difference reflects the fact that forces which restore density
modulations are weaker for the soft EOS and, therefore, adjustments of the density distri-
butions, governed by the speed of sound, are slower. The differences between successive
lines in each panel of the figure provide successively: 1) the Coulomb potential energy, 2)
the Fermi energy of a zero temperature nuclear system at the same density, 3) the energy
of free nucleons, 4} the collective energy, E.y , of nucleons residing in regions of density
p(7) 2 0.1p,, and 5) the thermal energy, E¥,.. Two maxima are observed in the thermal
energy. The global maximum at t ~ 30 fm/c is an artifact of the initial momentum distri-
butions, in which the longitudinal velocities of the projectile and target nuclei cancel each
other, causing a minimum in the computation of the collective energy. The second maxi-
mum at t & 120 fm/c for the stiff EOS, and t & 160 fm/c for the soft EOS, occurs after the
initial pre-equilibrium stages of the collision; this maximum provides one estimate of the
maximum or initial thermal excitation energy of the reaction residue. The corresponding
time provides an estimate of the freezeout time t sre which marks the cessation of pre-
equilibrium emission. After this second maximum the thermal excitation energy decreases

slowly with time reflecting the well studied evaporative cooling mechanisms operant in hot

equilibrated nuclei.

More direct information about the freezeout time is provided by the nucleon emission

rates, shown in the upper panels of Fig. 2 for the calculations shown in Fig. 1. Freezeout



times determined from the second maximum in the thermal energy are indicated by the
vertical dash-dotted lines. For both the stiff (left panels) and the soft (right panels)
-equations of state, one observes large emissions rates at t & 50 -:80-fm/c.  These large
emission rates reflect the fast pre-equilibrium emission that occurs when these systems are
at their minimum densities. The nucleon emission rates attain local minima at the freezeout
times determined from the maxima in the thermal energies, providing additional support
for those determinations of the freezeout times. After ¢ fres the emission rates increase
somewhat, but remain small reflecting the slower emission rates typical of evaporative

processes.

The bottom panels of Fig. 2 show the quadrupole moment of the momentum distri-

bution Qzz [30-32]

Qza(t) = gmgss [ ol = 52 - B 5) m

which has been proposed as a measure of the degree of equilibration of the colliding system.
Clearly, at the freezeout times determined from the thermal energy, Qzz is significantly
reduced from its initial value and is close to zero, as expected for an equilibrated sys-
tem. Determinations of precise freezeout times from Qzz are difficult, however, since Qzz
continues to oscillate about zero for a long time, reflecting the existence of macroscopic

quadrupole vibrations.

Fig. 3 shows the predicted thermal excitation energy/nucleon as a function of the
impact parameter for “Ar+'*Sn collisions at E/A=35 MeV (top window) and E/A=65
MeV (bottom window), respectively. A comparison of the thermal excitation energies cal-
culated for the two equations of state and onn = ig—gndﬂ =41 mb are shown in the left
hand panels. The thermal excitation energies calculated for the stiff EOS (open circles) are

significantly larger than those calculated for the soft EQS (solid circles). This dependence



can be attributed to the later freezeout time for calculations with the soft EOQOS, since it
allows a longer time during which energy can be carried away by pre- equilibrium nucleon
- emission.. The thermal excitation energies also depend. more strongly upon impact. param-.
eter at the higher incident energy, where the target nucleus is less effective in capturing
nucleons from the projectile, than at E/A=35 MeV. The right hand side of the figure shows
the sensitivity of the residue thermal excitation energies to the in-medium nucleon-nucleon
cross section for calculations assuming a soft equation of state. Calculations with ONN =
20 mb (open circles) are slightly larger than the corresponding calculations with exyy = 41
mb (solid circles). This difference stems mainly from a higher nucleon emission rate and
therefore cooling rate for the calculations with the larger nucleon-nucleon cross section.
For the calculations at E/A=65 MeV, this difference is comparable, however, to the uncer-
tainty in the calculated thermal excitation energy §E*/A = 0.3 MeV due to uncertainties

in defining the freezeout time.

The top panel of Fig. 4 shows the energy dependence of the thermal excitation en-
ergy/nucleon at b=0 fm for the two equations of state and oyy = 41 mb. The bottom
panel shows corresponding estimates of the residue temperatures, calculated by integrating
the Fermi-gas expression e*(T,er(p)) over the density distributions and equating the inte-
grated value to the thermal energy from the numerical simulations. ( er(p) is the Fermi
energy for a nuclear system at density p.) Assuming equal Fermi energies for protons and

neutrons and the low temperature limit, this procedure yields:

m 3w

e = aT" = (g5 (G [ Erp ()T ®

where the integration is performed over the volume of the reaction residue, defined by
the requirement p(7} > 0.1p,. (Except at the highest incident energies, E/A > 65 MeV,

eq. (8) provides a level density parameter close to A/10.) In both panels of the figure,



the dashed lines represent calculations using the stiff EOS and the solid lines represent

calculations using the soft EOS. Both equations of state predict a gradual increase in the

- residue.thermal excitation energies and temperatures as the incident energy is raised from

E/A = 30 MeV to 85 MeV. The rate of increase, however, becomes very small at the

highest incident energies and the calculated temperatures are nearly constant at E/A >

65 MeV.

A saturation has been reported in the excitation energies deduced from measurements
of the multiplicities of neutrons and o particles.[2,3] Since pre-equilibrium emission carries
away more nucleons in our calculations than assumed in the analysis of neutron and «
particle multiplicities, we do not know whether our calculations are truly comparable to
the data, and therefore, we refrain from making this comparison. Limiting temperatures
have also been deduced from the energy spectra of light particles {4-10] and from the
relative populations of excited states of emitted complex fragments.[11-15] In the bottom
panel, we include the temperatures extracted from energy spectra of light charged particles
by refs. [7] (open diamond), [9] (open cross), [4] (solid triangles), [6] (open square), [10]
(open triangle); neutron energy spectra by ref. [5] (star), and the emission temperatures
extracted from excited states by refs. [11] (solid- circles and crosses), [12] (open circle),
[13] (solid diamond), and ref. [14] (solid square), because such temperatures have proven
relatively insensitive to the total mass of the colliding system. Except for the few data
points represented by an open diamond and an open cross, the calculated temperatures
are similar to the measured values. This comparison must, nevertheless, be regarded as
speculative, because measured temperatures are expected to be strongly impact parameter
dependent and the influence of impact parameter averaging on these measurements is

poorly understood.

In summary, thermal excitation energies of residues have been calculated as functions



of the impact parameter for central “°Ar+12Sn collisions over a range of incident energies.

These thermal excitation energies are evaluated at freezeout times determined from the

© - time dependences of .the thermal excitation energy and the emission rate of nucleons.

Both these thermal excitation energies and temperatures, obtained assuming Fermi gas
level densities, are sensitive to the nuclear equation of state and the impact parameter.

Surprisingly little sensitivity is observed to the in-medium nucleon-nucleon cross section.
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Figure Captions

Fig. 1: Decomposition of the excitation energy per nucleon as a function of time for
“central Ar+1%Sn collisions at E/A=65 MeV, for the stiff (top window) and the soft EOS
(bottom). The differences between subsequent lines are respectively: Coulomb energy,
Fermi energy, kinetic energy of emitted particles, collective energy of bound nucleons, and

thermal energy. The freezeout time is indicated with a dash-dotted line.

Fig. 2: The emission rate of nucleons (top panels), the quadrupole moment, Qzz,
(bottom panels), as a function of time for both the stiff EOS (left panels) and the soft
EOS (right panels). The vertical dash-dotted lines indicate the freezeout times discussed
in the text. The dashed lines in the bottom panels include caleulations for all nucleons,

while the solid lines include only nucleons bound in residues.

Fig. 3: Sensitivities of the temperature to the EQS (left panels) and ony (right pan-
els) for °Ar+1%Sn collisions at E/A=35 MeV (top panels) and 65 MeV (bottom panels).

Details are discussed in the text.

Fig. 4: Dependence of thermal excitation energies (top panel) and temperatures
(bottom) on the incident energy for “*Ar+124Sn collisions at b=0. The dashed lines are
results for the stiff EOS and the solid lines are results for the soft EOS. The other symbols

in the bottom panel are experimental data discussed in the text.
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