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Energy division between colliding nuclei in damped collisions is studied in the statistical nucleon ex-
change model. The reactions *6Fe + 165Ho and 6Fe + 238U at incident energy of 465 MeV are considered
for this purpose. It is found that the excitation energy is approximately equally shared between the nuclei
for the peripheral collisions and the systems slowly approach equilibrium for more central collisions. This
is in conformity with the recent experimental observations. The calculated variances of the charge distri-
butions are found to depend appreciably on the temperature and are in very good agreement with the ex-

perimental data.

The stochastic nucleon exchange model' has been found
to be very successful in explaining the various important
characteristics of strongly damped collisions like inclusive
and exclusive charge and mass distributions,? total energy
and angular momentum loss,? angular momentum misalign-
ment,*3 etc. The calculations have usually been done in the
zero-tempetature approximation, and in cases where tem-
perature dependence of the reaction process is taken into ac-
count, it is assumed that both the reacting fragments have
equilibrated in energy and therefore have the same tempera-
ture. Earlier experimental data on the energy distribution of
the evaporated neutrons from the reacted fragments are
suggestive of such a thermal equilibrium established
between the colliding nuclei.® A simplistic dynamical calcu-
lation in the nucleon exchange model by Randrup® however
indicated that for very asymmetric systems, thermal equili-
brium is not reached for small and moderate energy losses.

The recent experimental measurements’ of charge distri-
butions in the reaction with ¥Ni at 15.3 MeV/nucleon in-
cident energy bombarded on 9’Au suggest an equal division
of excitation energy between the two nuclei rather than in
proportion to their masses (equal temperature). A similar
conclusion is reached, at least for low energy losses, from
the analysis’ of the neutron multiplicity data for the reaction
S6Fe + 165Ho at 465 MeV (Ref. 8) incident energy. From
the measurement of the mass asymmetry of the fission frag-
ments of the heavier nucleus in the reaction **Fe+ 238U at
476 MeV, Vandenbosch er al.? also observe that for low to
intermediate energy losses (30-70 MeV), the excitation en-
ergies are shared more nearly equally. Model calculations
done very recently by Feldmeier and Spangenberger!? are in
agreement with such a conclusion. The energy division
between the colliding partners thus seems to be an open
question. This motivates us towards a fully dynamical cal-

3

culation in the framework of the model of stochastic
transfer of single nulceons for the study of energy partition-
ing between the two interacting nuclei.

If the driving force for neutron and proton transfer is
neglected, the nuclei would exchange an equal number of
nucleons between them resulting initially in an equal
amount of excitation in both. For asymmetric systems, the
lighter one would, therefore, have a higher temperature. A
temperature gradient would thus be established towards the
heavier partner causing a larger energy transport, on the
average, from the lighter to the heavier nucleus until equili-
brium is established between them. The proper accounting
of temperature is therefore crucial for the calculation of en-
ergy partitioning. The occupation functions are also tem-
perature dependent and thus temperature regulates the flow
of nucleons between the closely interacting nuclei. In this
Rapid Communication we report on whether equilibrium is
established between these strongly interacting partners in
the stochastic nucleon exchange model and, in passing, also
study the role of temperature on the mass or charge flow.
The effect of temperature dependent Pauli-restricted ex-
change, the dyanmics of the nuclei, the effect of driving
force, and penetration of Coulomb and nuclear barriers are
taken into account.

Each nucleon transfer through the neck or window esta-
blished between the dynamically evolving nuclei generates a
hole excitation in the donor nucleus and a particle excitation
in the recipient nucleus. The hole excitation energy is given
by

AEy=Ep—5mv} ' 6))
and the particle excitation energy is given by

AE,=5m (Vy+ Vi)~ (Er—w) . @
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Here, v, is the intrinsic Fermi velocity of the transferred
nucleon in the donor nucleus given by the finite tempera-
ture Fermi-Dirac distribution, v, the relative velocity of the
nuclei, m the nucleon mass, Er the Fermi energy of the
donor nucleus, and o is the macroscopic driving force taken
from the liquid drop model in this calculation. The sum of
the hole and particle excitation energies is the total excita-
tion in the dinuclear complex due to a single nucleon
transfer which is equal to the energy loss from the relative
motion. The total particle excitation energy in nucleus B
due to transfer of nucleons from nucleus 4 in a certain
specified reaction time is given by

Ep= [ dt NupAE, . 3)
The one way particle current N3 is
_ 3
NAB— dof def(EA,Ta)[l_f(GB;TB)]

4mv}

X -/V(Vf+vrel)y . (4)

In a similar way, an expression for the hole excitation en-
ergy can be obtained. In Eq. (4) the integrals are over the
neck area & and the intrinsic velocities of the nucleons in
the donor nucleus. This integral is evaluated in the Monte
Carlo method as in Ref. 11. The quantity v is the Fermi
velocity, €4 and e€g are the energies of the transferred nu-
cleon in systems 4 and B, f(e,T) is the occupancy for a
single particle state at energy € and at temperature T, # (v)
is the particle flux,  is the barrier (nuclear®!! + Coulomb)
penetration factor, and AE, is given by Eq. (2). The win-
dow area is calculated with the prescription given in Ref. 11.
The barrier is approximated to be parabolic and the penetra-
tion factor is calculated using the Hill-Wheeler formula.
For the evolution of the dynamical trajectory, we have fol-
lowed the prescription of Ref. 12 with soft Coulomb and
proximity force and proximity friction. The temperature of
each fragment is calculated as

_ 10EA*,B ]]/2 (5)

where M is the mass number of either nucleus. Here Ejp
is the excitation energy of either nucleus 4 or B barring
their collective rotational energies which we calculate from
the angular momenta poured in 4 or B from particle ex-
change.

The particle current Ny from nucleus B to nucleus 4 can
be obtained analogous to Eq. (4). One can then obtain the
drift and diffusion in both charge and mass once the
relevant currents are evaluated. If the differences in Fermi
energies and temperatures of the two nuclei are small com-
pared with the mean Fermi energy and the relative velocity
is small compared with the Fermi velocity vy, the currents
can be linearized in these quantities and expressions for
drift and diffusion can be obtained as given by Feldmeier
et al.'® In our calculation, however, we have used the full
expression through the Monte Carlo simulation technique.

The nuclear barrier is a function of the ratio between the
surface separation and the surface diffuseness. As recently
shown by Campi and Stringari,!? the diffuseness increases
very little at moderate temperatures and thus the decrease
in the nuclear barrier is not significant. Since this effect
does not change much the quantities of interest, this tem-
perature dependence on the barrier has been ignored in our
calculation.
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FIG. 1. The centroids of the charge distributions of the systems
(a) S6Fe+1%Ho and (b) 6Fe+238U plotted against energy loss.
The solid lines correspond to calculated results and the dots
represent the experimental data points.

We have studied two systems in this paper, namely,
6Fe + 1Ho and ¢Fe + 233U, both at an incident energy of
465 MeV. In Fig. 1, the centroids of the charge distribu-
tions are plotted against energy loss for these systems. For
these asymmetric systems, it is expected that due to the
large Coulomb pressure experienced by the proton single-
particle orbitals of the lighter nucleus, protons would be
driven towards the heavier nucleus and that effect is
correctly reproduced. We however find that the calculated
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FIG. 2. The charge variances against the energy losses for the
systems studied. The open triangles refer to the experimental data.
The full lines correspond to finite temperture calculations and the
dotted lines correspond to zero-temperature calculations.
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FIG. 3. Time evolution of the temperatures of 6Fe and 236U nu-
clei at a fixed impact parameter (b =6 fm).

values, particularly for the Fe+ 'Ho system (above 50
MeV energy loss) are larger than the experimental values by
approximately 0.5 units. It is probably a reflection of the
inadequacy of the macroscopic liquid drop driving force.

In Fig. 2, we plot the charge variances for the above-
mentioned systems against energy loss. We find that the
variances obtained from the zero-temperature approxima-
tion are underestimated; proper accounting of the tempera-
tures of the nuclei increases the variances and reproduce the
experimental data very well. The variances obtained from
the Monte Carlo calculations. correspond to uncorrelated
proton-neutron transfer, isospin-correlation? affects the pro-
ton or neutron variances very little. The first and second
moments of the charge and the neutron distributions have
been calculated for many other systems and are found to be
in good agreement with the data indicating the validity of
the model. This would be reported elsewhere. To see the
effect of the temperature gradient on the mass (or charge)
asymmetry and the mass or charge variances, we repeated
the calculations by forcing the temperatures of both the
fragments to be the same. It is found that the thermal feed-
back!* has no significant effect on the drift in the cases we
have studied. The effect of the temperature gradient on the
variances is also found to be very small (at most around
five percent).

In Fig. 3 we show how the temperatures of the nuclei
evolve as a function of the interaction time for a typical im-
pact parameter (b=6.0 fm) for the Fe+ U system; this cor-
responds to an energy loss of 80 MeV. We find that the
temperatures of both the nuclei rise very quickly in the ini-
tial phase. It is partly because, in the initial phase, the ener-
gy loss per particle transfer is larger, partly because the neck
area increases rather quickly allowing for large flux of nu-
cleons in a short time. The temperature of the lighter frag-
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FIG. 4. The ratios of the thermal excitation energies of the
target-like and projectile-like fragments for the systems studied vs
energy loss. In (a) the experimental points are taken from Vanden-
bosch et al. (Ref. 9).

ment rises faster, reflecting the fact that energy is not divid-
ed in the ratio of the masses. After a time ~ 3.5x 1022
sec, the temperature of the lighter nucleus drops because it
delivers more energy to the cooler heavy nucleus than it
gets through particle diffusion. The energies of the nuclei
remain almost constant after t~ 7.0x 10~2 sec. Here, in
the exit channel the nucleon exchange is inappreciable and
therefore the temperatures saturate. The final temperature
of the nuclei differ by ~ 0.4 MeV which shows that energy
is not completely equilibrated even for this trajectory with
appreciable energy loss.

In Fig. 4, the ratios of the excitation energies for the two
systems against the total energy loss are displayed.. For low
energy loss, the lighter fragment is somewhat more excited
than the heavier one. The macroscopic driving force drives
more protons from the lighter to the heavier nucleus due to
the Coulomb pressure; however, it caused preferential
transfer of neutrons from the heavier to the lighter nucleus.
The larger relative weight of the latter is reflected in the
larger excitation energy of the lighter fragment for small en-
ergy losses. With increasing energy loss, the relative excita-
tion of the heavier nucleus increases. Though the longer
interaction time drives the system towards thermal equilibri-
um, the limit corresponding to complete equilibration is not
reached for the systems studied. The more asymmetric sys-
tem Fe+ U is farther away from equilibrium as one would
expect. In this particular case, the experimental data ob-
tained by Vandenbosch et al.® for energy division are also
shown in the figure. The calculated results are found to be
in fair agreement with the data. For the system Fe+ Ho,
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the neutron multiplicity data indicate a gradual transition’
from equal partitioning of energy to equal temperature with
increasing energy loss. Such a gradual evolution from non-
equilibrium to equilibrium is also obtained in our calcula-
tions.

To summarize, we find from the stochastic nucleon ex-
change model that for very asymmetric systems, the reac-
tion fragments are in thermal nonequilibrium for noncentral
collisions and gradually evolve towards equilibrium for more

central (deeply inelastic) collisions. This is supported by the
experimental data. This observation, coupled with the nice
reproduction of the experimental charge centroids and vari-
ances, brings out the dominant nature of the stochastic nu-
cleon exchange process in the heavy ion collisions.
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