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Correlations between the energy, charge and the deflection angle of the
projectile-like fragments were studied for the *¢Xe + 209Bi reaction at
E/A = 28 and 62 MeV. These correlations are seen to exhibit features
characteristic of dissipative orbiting, commonly found at bombarding ener-
gies of a few MeV /nucleon above the interaction barrier, but also reported
in the Fermi-energy domain. It was found, that in the studied bombarding
energy range, the reaction cross section is still dominated by the dissipative
binary reactions of well defined projectile- and target-like fragments.
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1. Introduction

In recent years, a considerable effort has been made to explore heavy-ion
reaction dynamics. At low bombarding energies, the collisions are governed
by the interplay of the repulsive Coulomb and attractive nuclear mean-field
interactions, with one-body dissipation largely responsible for the dissipation
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of the initial kinetic energy into the thermal energy [1]. At high energies
(few hundreds MeV /nucleon), on the other hand, the collision dynamics is
largely governed by nucleon—nucleon interactions, with the repulsive part of
the nuclear mean field and two-body dissipation playing dominant roles [2].
The reaction mechanism is, hence, expected to undergo significant changes
at intermediate bombarding energies of few tens of MeV /nucleon [3].

Comparing reaction pictures for low and high bombarding energies, one
can find that the heavy-ion reactions at intermediate bombarding energies
(20-100 MeV /nucleon) have features characteristic for low bombarding en-
ergies as well as those for high bombarding energies. This fact makes Fermi
bombarding energies an interesting research region. It makes it also difficult
to interpret.

The interplay between one- and two-body dissipation in intermediate
energy collisions is well demonstrated by the balance energy concept [4]. Tt
corresponds to bombarding energy where the attractive scattering is bal-
anced by repulsive scattering. At low bombarding energies, the attractive
mean-field interaction results in negative scattering angles related to the or-
biting of the transient dinuclear complex. At high bombarding energies, one
can neglect mean-field effects. The dominating two-body nucleon—nucleon
interaction results in positive scattering angles.

The study of correlations between the energy and the deflection angle
of projectile-like fragments (PLF) has played a crucial role in gaining the
understanding of the heavy-ion reaction dynamics both, at low bombard-
ing energies of a few MeV /nucleon above the interaction barrier [5] and at
lower boundary of the intermediate collisions energy region [6]. It has been
shown [6] that for this latter energy domain (28 MeV /nucleon), the reaction
cross section is still dominated by dissipative binary reactions involving well
defined projectile- and target-like fragments, similar to what is observed at
low bombarding energies [5].

The present study reveals that such dissipative orbiting of dinuclear sys-
tems composed of well-defined projectile- and target-like fragments is a com-
mon reaction scenario for bombarding energies as high as 62 MeV /nucleon.

2. Experimental setup

The experiments were performed at the National Superconducting Cy-
clotron Laboratory of the Michigan State University. Beams of 3®Xe ions
with energies 28, 40 and 62 MeV /nucleon were focused on a self-supporting
3.5 mg/cm? thick 2°'Bi targets.

The experimental setups included, in every case, two 47 detector sys-
tems: (i) the Washington University charged-particle detector array —
Dwarf Ball/Wall [7], (i) the University of Rochester neutron calorimeter
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RedBall for 28 MeV /nucleon study, and the SuperBall neutron multiplicity
meter [8] for 40 and 62 MeV /nucleon studies. The data measured by Dwarf
Ball/Wall and SuperBall detectors are presented elsewhere [9].

Here, we want to focus on experimental data obtained for energies 28
and 62 MeV /nucleon, measured by silicon-detector telescopes placed at very
forward angles, including the angular region around the grazing angle. The
PLF telescopes were position sensitive, allowing for an accurate measure-
ment of the PLF emission angle, anticipating the reaction grazing angle —
Oget— 4.48° and 2.91°, for 28 and 62 MeV /nucleon reactions, respectively.

The experimental set-up emulator including detection thresholds and
detectors geometry was applied in order to allow proper comparison between
the experimental and model data.

The preliminary data measured by the PLF telescopes were already pre-
sented in conference contribution [10].

3. Theoretical modeling

In heavy-ion reactions, the fundamental theoretical modeling itself is
typically a two-step process, with the first step aiming at describing the
collision dynamics and the second one aiming at describing the decay of
the primary reaction products. Therefore, two theoretical codes were used
alternately to model the dynamical interaction stage of the collision, while
the equilibrium-statistical decay code GEMINI [11] was used to model the
subsequent statistical decay of the primary products emerging from the in-
teraction stage.

The interaction stage was modeled using either: (i) the Quantum Molec-
ular Dynamics (QMD) code CHIMERA [12], or (7i) the deterministic classical
model based on the Rayleigh-Lagrange equations of motion [13].

The one-body dissipation used in the Rayleigh-Lagrange classical ap-
proach means a chaotic excitation of a gas of independent particles due to
their interaction, with a time-dependent mean field potential. The two-
body dissipation corresponds to the particle-particle collisions inside the
“container”.

In the QMD calculations, the time-evolution of the system reflects the
propagation of wave packets associated with nucleons [12], and is assumed
to be governed by the Ritz variational principle [14], what is equivalent to
solving the classical Hamiltonian equations of motion for centroids of wave
packets.

The QMD model includes also a simulation of nucleon—nucleon colli-
sions, related to the nucleon—nucleon cross section, oy, which is energy
and isospin dependent [15]. Any two nucleons are considered candidates for
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a collision, whenever their spatial separation, r;;, is smaller than the distance
determined by the nucleon—nucleon cross section

Tij < \/O’NN/TF. (1)

It is then assumed that a collision actually takes place then and only
then when the final nucleonic states of the probed candidate collision are
not occupied by nucleons of the same kind (Pauli blocking).

The advantage of molecular dynamics approach is the possibility of cal-
culating dynamics of all individual nucleons what introduces properly the
particle—particle correlations. It gives also a possibility of simulating the
pre-equilibrium emission, and more importantly, the dynamical fragment
emission in the early stage of a collision.

The version of the CHIMERA code used here [12] included isospin-depen-
dent nuclear interactions, and calculations were performed for the time inter-
val from 0 up to 300 fm/c assuming a soft equation of state (K =~ 200 MeV)
with symmetry energy strength coefficient corresponding to an ASY-STIFF
equation of state (C' = 31.4 MeV) [16].

In this contribution, the Rayleigh-Lagrange Classical Model (RLCM) cal-
culations were performed where only the one-body dissipation was used [17].

The idea of the classical model is the following — we are solving numer-
ically a set of the generalized Lagrange equations

dor or oL
dtdg; 04  Oq;’

(2)

where L(q;,q;) = T(¢,q;) — V(q;) is the Lagrangian of the system and
F(qi,q;) is the Rayleigh dissipation function, where one-body dissipation
was assumed. Hence, in the first stage of reaction, there are two colliding
Fermi gases, for which the “window” formula is effective, while in the later
stage, when colliding nuclei slow down, most effective becomes the “wall”
formula.

For ¢;, we have taken three essential for our problem coordinates, namely
a separation coordinate p, a neck coordinate A and a mass asymmetry coor-
dinate A. These three coordinates define completely our volume conserving
axially symmetric shapes which consist of two generally unequal spheres
joined smoothly by a quadratic surface of revolution [18]. For the kinetic
energy T, a quadratic form in p, A is used. In the dynamical calculations, we
have found that the motion in A direction is strongly overdamped to such
an extent that we can safely neglect the kinetic energy motion associated
with A. For the mass tensor, a Werner-Wheeler approximation [19] to the
hydrodynamical mass is used. The potential energy V is calculated as a sum
of the nuclear part and the Coulomb part. For the nuclear part, we adopt
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a double folding procedure developed by Krappe, Nix, Sierk [20] and in the
Coulomb part, we take into account corrections for the diffuseness of the
charge distribution.

The differences in the applied theoretical modeling are well illustrated in
Fig. 1, where the calculated excitation energy per nucleon of primary PLF
is presented as a function of (model) normalized impact parameter. As one
can see, the difference in the predicted excitation energy of the primary PLF,
grows with increasing bombarding energy.
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Fig. 1. Excitation energy per nucleon of primary PLF as a function impact param-
eter, normalized to corresponding grazing angle value. Solid line — QMD model.
Broken line — RLCM model.

The increase of the PLF excitation energy in the Rayleigh—Lagrange
Classical Model, as compared to QMD calculations, is mainly due to the fact
that in the RLCM calculations the dynamical and pre-equilibrium emission
in the early collision phase is neglected. Consequently, more excitation is
available for PLF and TLF fragments. However, one should also take into
account the differences in the colliding system shape evolution, predicted by
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the QMD and RLCM models. This means that the available energy can be
distributed in different fashion, including the collective degrees of freedom
as angular momentum of the system and the spins of fragments.

4. Dissipative orbiting

The logarithmic contour plots of PLF energy as a function of PLF de-
flection angle, obtained for QMD calculations, are displayed in Fig. 2, for
bombarding energies of E/A = 28 and 62 MeV. The final deexcitation was
simulated with equilibrium-statistical decay code GEMINI. Figure 2 presents
also several characteristic system trajectories representing elastic (1), graz-
ing (2), moderately damped (3), and negative-angle, orbiting-like (4) colli-
sions. The segments of the deflection-function plots corresponding to these
four classes of trajectories are labeled 1 through 4.
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Fig.2. (Color online) Logarithmic contour plots of measured PLF energy, normal-
ized to beam energy (Eprr/Ebeam); as a function of detected PLF angle (Oprr), as
obtained from QMD simulation with deexcitation phase simulated by equilibrium-
statistical decay code GEMINI. The broken lines show results for elastic and quasi-
elastic reactions.

As seen in Fig. 2, sections of the yield ridges associated with elastic scat-
tering connect regions labeled 1 and 2. For mid-peripheral collisions, the
two colliding heavy ions form a transient dinuclear system and orbit about
each other for a fraction of a revolution, while dissipating some of their rela-
tive kinetic energy. This process is reflected in segments 2-3 and 3-4 of the



Dissipative Orbiting in 136 Xe+2% Bi Reactions at 28 and 62 AMeV 1031
yield ridges. For the segment connecting areas 2 and 3, the PLF deflection
angle is seen to decrease with increasing energy dissipation, reflecting the
fact that both, the energy dissipation and the deflection angle are functions
of the impact parameter and that with decreasing impact parameter, the
former increases, while the latter decreases. For the segment connecting
regions 3 and 4, on the other hand, the deflection angle is seen to increase
with increasing energy dissipation and, hence, decreasing impact parameter.
One should note that the experiment is unable to distinguish negative-angle
deflection from that due to positive angles. Therefore, the plots are showing
only positive angles. It is worth noting that there is no conceptual difference
between dissipative orbiting leading to either positive or negative deflection
angles. The angle of zero degrees plays no special role, except that it gives
a reflection of a part of the plot which, using negative angles convention,
would appear at negative angles — see Fig. 2.

Similar behavior can be observed using the correlation between the PLF
charge and its emission angle — see Fig. 3. The general agreement in reaction
picture in view of Figs. 2 and 3 is due to strong correlation between the
measured PLF charge and its energy — the kinetic energy loss of PLF is
mainly due to loss of its mass (charge) during the deexcitation phase.
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Fig.3. (Color online) Logarithmic contour plots of the PLF charge (ZpLr) as
a function detected PLF angle (Oprr) in LAB system representation, for bom-
barding energy 28 and 62 MeV /nucleon, as obtained from QMD simulation with
deexcitation phase simulated by equilibrium-statistical decay code GEMINI.
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The crest lines of theoretical distributions “filtered” through experimen-
tal set-up emulator are presented in Figs. 4 and 5, together with experimen-
tally measured correlations for the Xe+Bi reaction at bombarding energies
28 and 62 MeV /nucleon. As one can see, the crest lines of model calculations
indicate consistency with trends observed in experimental data, reproducing
general “topography” of the yield ridges.
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Fig.4. (Color online) Comparison of logarithmic contour plots of measured PLF
energy, normalized to beam energy (Eprr/Epeam), as a function of detected PLF
angle (Oprr), with the results of model calculations (LAB system). Solid line —
QMD model. Broken line — RLCM calculations. Deexcitation phase simulated by
equilibrium-statistical decay code GEMINI. Experimental set-up emulator was used
for theoretical data.

The best agreement with experimental data was obtained for QMD sim-
ulation. As can be seen in Figs. 4 and 5, the RLCM calculations underesti-
mate the PLF energy and charge loss, for high dissipation region associated
with mid-central or central collisions (lower branch in left and right panels).
This underestimation can be explained as an effect of absence of two-body
dissipation, playing important role in this collision region.

More complicated situation can be found in the upper branches seen in
Figs. 4 and 5. In principle, one-body dissipation model should properly
reproduce experimental data in this region, since for peripheral collisions
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Fig.5. (Color online) Comparison of logarithmic contour plots of measured PLF

charge (Zprr) as a function of detected PLF angle (@prr), with model calcula-
tions (LAB system). Solid line — QMD model. Broken line — RLCM calculations.
Deexcitation phase simulated by equilibrium-statistical decay code GEMINI. Exper-
imental set-up emulator was used for theoretical data.

two-body dissipation should have a week influence. Here, a possible expla-
nation of the observed discrepancy can be connected with RLCM model
assumptions.

The main assumption made in deducing one-body dissipation formula is
that the velocity of the “container wall” is small as compared to the average
velocity of nucleons. This is not the case, especially at 62 MeV /nucleon,
where the velocity of “walls” is comparable to the Fermi velocity. Consis-
tently, one can find a rather good agreement between results of the calcu-
lations for the upper branch of the experimental data for 28 MeV /nucleon,
where this assumption is more fulfilled than for 62 MeV /nucleon (see Fig. 4).
Therefore, the applicability of the RLCM model in the case of 62 MeV /nuc-
leon is rather questionable.

One should also take into account, that QMD and RLCM models sim-
ulate the primary reaction scenario, while the final energy and charge loss
of PLF is mainly due to subsequent deexcitation phase simulated by the
GEMINI code (see also Fig. 1).
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Generally, as it appears from Figs. 4 and 5 that the collision scenario,
as the one of dissipative orbiting with a subsequent statistical decay of the
primary PLF and TLF, is essentially the same at E/A = 62 MeV as it was
earlier found at lower bombarding energies. Like it is the case for lower
bombarding energies, at E/A = 62 MeV, most of the reaction cross section
is still associated with binary collisions, where the term “binary” refers to the
primary collision phenomenology and not to the number of reaction products
actually observed. In view of the above, the transition to a high-energy
scenario dominated by two-body interactions and two-body dissipation must
be occurring at higher bombarding energies than E/A = 62 MeV.

The comparison between the QMD and RLCM models shows how sen-
sitive is the deflection function for different model calculations. It allows
to test general model assumptions used for reaction mechanisms modeling.
Especially in the region of high degrees of energy dissipation (midcentral
or central collisions), nucleon—nucleon collisions are expected to play an im-
portant role. In the region of more violent nuclear collisions, the general
model assumptions have to be carefully validated since a binary dissipative
first reaction stage might not be well separated in time from the subsequent
statistical decay of primary PLFs and TLFs.

5. Summary and conclusions

The observed correlations between the energy, charge and the deflection
angle of projectile-like fragment reveal that for intermediate energies as high
as E/A = 62 MeV, the general reaction scenario is similar to that observed
and understood for low energies in terms of dissipative binary collisions.
Thus, at E/A = 62 MeV, the reaction cross section appears still domi-
nated by dissipative binary reactions involving the survival of well-defined
projectile- and target-like fragments. Consequently, the transition in reac-
tion dynamics expected to occur at intermediate bombarding energies must
be occurring at bombarding energies even higher than these used in the
present study.

The projectile-like fragment deflection angle correlations have shown
high sensitivity to the details of the reaction modeling. This sensitivity can
be used for model verifying, especially that such type of correlations are easy
to measure with very good statistics, using relatively simple experimental
set-up.

This work was supported by the Cardinal Stefan Wyszyriski University,
Grant No. UmoPBBNS-10/14.
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