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Nucleon-nucleon symmetry potential term and giant dipole resonance y-ray emission
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A study of the dependence of the giant dipole resonance y-ray yield from different functional forms of
the symmetry term for the nucleon-nucleon interaction potential has been performed through the semiclassical
molecular dynamics approach CoMD-II. We studied central and midperipheral reactions in the charge/mass
asymmetric system “°Ca+*Ca at 45 MeV/nucleon. The calculations show that the balance between the
dynamical and the statistical emission is very sensitive to the “stiffness” of the symmetry term. This sensitivity
could be highlighted by measuring the degree of coherence and the anisotropy ratio related to the dynamically

emitted radiation.
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In recent years the study of the isospin dependence of the
nuclear equation of state (EOS) at Fermi energies has triggered
wide interest in the nuclear physics community. At a density far
from the saturation value, the poorly known symmetry term [1]
can strongly influence phenomena such as the evolution of
supernovae and neutron stars [2] and can affect the structure
of exotic nuclei [3,4]. An intense activity in this field has
produced quite interesting results from the theoretical and
experimental points of view. These results concern mostly
the study of the behavior of hadronic probes produced through
nucleus-nucleus collisions in which at least one of the two
partners is a neutron-rich nucleus. The unusual charge/mass
asymmetry ratio of a hot compound, obtained through the
collision of nuclei (projectile and/or target) with a high neutron
excess, can highlight the “stiffness” of the symmetry term. In
particular, the scaling properties of the fragment isotopic and
isotonic distributions, the differential neutron-proton flow and
the degree of isospin diffusion have been considered for this
purpose [5—15].

At the same time, starting from the first experiments
reported in Refs. [16,17], it was shown that systems with
a large difference in the charge/mass asymmetry between
projectile and target can produce preequilibrium giant dipole
resonance (GDR) emission. This was observed as an extra
yield compared to the analogous charge/mass symmetric
system. Other experiments have confirmed this observa-
tion in different systems and at incident energies between
8-25 MeV/nucleon in both central and midperipheral col-
lisions [18-25]. For the *°Ca+*3Ca system, as discussed
in Refs. [21,25], this preequilibrium yield can be directly
related to the “isospin” equilibration mechanism leading to
charge/mass equilibration.

The aim of this work is to investigate the sensitivity of
the GDR y-ray emission to the “stiffness” of the symmetry
energy term for the “°Ca 4 *¥Ca system at 45 MeV/nucleon.
In a rather general way in fact we can expect that the GDR
properties directly depend on the density functional form of
the symmetry potential in the Steinwedel-Jensen mode [26].
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This dependence clearly comes out by looking at the volume
and surface terms of the droplet model potential energy [27].
In particular we try to highlight this sensitivity by studying the
dynamics of the above-mentioned system and the GDR y -ray
emission mechanisms by means of the constrained molecular
dynamical model CoMD-II [28]. Therefore, before showing
our results, we briefly recall the main ingredients of the model
and the basic criteria used for the description of the y-ray
emission.

In CoMD-II, the Pauli principle requirement and the
conservation of the total angular momentum are satisfied by
using impulsive forces generated according to constraining
procedures. The dynamical calculations are done by using
a Skyrme I effective interaction with a compressibility K =
210 MeV for the isospin-independent part of the N-body
Hamiltonian H° [28]. The nucleon-nucleon hard-core repul-
sive interaction was simulated by free nucleon-nucleon elastic
processes having a 50-mb low-energy cutoff [28]. For the hard
case (H) and the soft one (S), the isospin-dependent part H*
describing the nucleon-nucleon interaction is expressed, in
analogy to Refs. [5,29], as follows:
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where p; ; represents the overlap integral of the nucleon
Gaussian phase-space distributions [5,28]; ep and py were
fixed at 28 MeV and 0.165 fm~3 (saturation density). The
density-dependent factors for the H and S cases have the
following form [28]:
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The scaling factor in the definition of the u variable is
referred to the ground-state (g.s.) configuration obtained for
the impinging nuclei. Finally we note that, because of the

Pauli principle constraint and to the energy minimization
procedure needed to find the g.s. configuration [28], the isospin
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density dependence of the Fermi motion is implicitly taken into
account in the dynamics.

Several thousand events have been generated for the
simulation of the collisions “°Ca + *3Ca and **Ca + **Ca (the
reference system) at 45 MeV/nucleon and for different impact
parameters. According to Refs. [21,25], from the simulation
it is possible to evaluate event by event the dipolar signals

dV'/dt, where Vi = Y, vl is the time derivative of the total

dipole in center of mass (c.m.) of the total system and v,i
are the proton velocities. For each impact parameter it is
then possible to evaluate the related ensemble average dV /dt
(which is zero for the refgrence sysgem) and the fluctuation
around it; dV /' /dt =dV'/dt —dV dt. According to the
Larmor formula [21,30], the Fourier transform of d 1% /dt gives
an evaluation of the y-ray emission spectrum connected to
the coherent or dynamical contribution Yp(E). At 25 MeV/
nucleon for the system *°Ca+ “8Ca, it has been shown that
this preequilibrium contribution [19,21,24,25] is responsible
for the extra yield, observed in the y-energy interval £ =
10-15 MeV, with respect to the charge/mass quasisymmetric
system *’Ca+*°Ti. The average yield associated with the
fluctuating dipolar signals dV /' /dt is instead responsible for
the yield produced through a statistical mechanism, including
both the collective and noncollective (bremsstrahlung) contri-
butions. At long time intervals it was shown that the collective
contribution corresponds to the one described in the framework
of the statistical model based on the compound nucleus picture
in the local time equilibrium hypothesis [21].

We now illustrate the main results obtained for the
40Ca 4 *8Ca system at 45 MeV/nucleon incident energy using
different options for the symmetry term, according to Eq. (3).
In Fig. 1, as an example, we show the dynamical and statistical
contributions Y and Yy, for central (b = 1 fm)(bottom panels)
and midperipheral reactions (b = 6 fm). The results have
been obtained by analyzing the dipolar signals for a time
interval of 500 fm/c. The calculations also show that the
statistical contribution for the “°Ca + *¥Ca system is, within
2%, equal to the contribution for the 44 Ca + *Ca. This makes
it reasonable to estimate Y, experimentally by subtracting
the yield obtained for the symmetric system (for which the
dynamical contribution is zero) from the total y-ray yield
produced by the *°Ca 4 *8Ca system. Figure 1 shows that the
soft and hard symmetry terms generate different contributions
for both the dynamical and the statistical yields. In particular,
the S case produces a statistical yield distribution centered
at higher energies and showing a slightly larger width. The
differences in the centroid and in the width values are larger
for central collisions. They are of the order of 30 and 20%,
respectively. The centroid-energy shift between the S and H
cases is nevertheless responsible for differences of about 60%
in yield around 20 MeV. At 30 MeV, where the bremsstrahlung
mechanism starts to play a role, the difference decreases to
30%. In the same energy region the dynamical yield gives a
higher contribution for central collision in the H case. This
is shown in the inset of Fig. 1. For b = 6 fm the hard case
shows also a higher yield in the region of the maximum around
10 MeV. To understand the origin of this behavior, in Fig. 2 we
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FIG. 1. Statistical, Yy, and dynamical, Y, y-ray yields evaluated
for the “°Ca + *¥Ca system at 45 MeV/nucleon for b =1 fm and b =
6 fm for the hard and soft cases. In the inset of the bottom-right panel
the dynamical yield for central collisions is shown for y-ray energy
E between 18 and 30 MeV.

plot the time evolution of different quantities that can reveal
the differences in the dynamics for b = 1 fm. In particular, in
panel (a) we show the time evolution of the average mass
number of the biggest fragment, A;. This plot gives the time
scale of the fragment formation process. For central collisions
we obtain, on average, the multi-break-up of the hot compound
with the three biggest fragments, A, A,, and Aj, having a
mass number of about 30, 18, 8 at 200 fm/c. From the figure
we note that the first fragment is formed approximately in the
time interval 70-120 fm/c. In Fig. 2(b) we show the average
second time derivative of the total dipole along the beam axis
d \72 /dt = az. It determines the strength of the dynamical
contribution. It is possible to note that, even if the S and H
cases show the same quasiperiodicity, for the H case the slope
of the signals is larger. This can explain, as a detailed Fourier
analysis shows, the larger contribution to the coherent yield
of the H case in the y-energy region between 20 and 30 MeV
(see the inset in Fig. 1). From a more microscopic point of
view, this behavior can be related to the time dependence of
the local density p; as shown in Fig. 2(c); p; was computed in
the c.m. of the biggest fragment and it shows a faster change
for the H case. From the figure we can see, in both cases, fast
compression-decompression effects and the slower approach
toward the normal density value after 100 fm/c. In particular,
apart from the short time interval of about 20-30 fm/c that the
system spends at density slightly higher than the normal one,
the dynamics is dominated by the time evolution at lower
density of the fragments produced. This implies that both
the neutron single-particle potential Vj, plotted in Fig. 2(d),
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and the related energy density W are higher for the S case emitted more easily for the soft EOS producing lower values of
during most part of the dynamical evolution. In particular, the B = (01, — p1,p)/ o1 parameter for the largest fragments.
the W excess is about 1 MeV fm~3 in the time interval This is also valid for the second biggest fragment. The
50-150 fm/c and slowly decreases to about 0.4 MeV fm~ at above-mentioned differences at microscopic level also affect
500 fm/c. Therefore, as shown in Fig. 2(e), neutrons are the collision rate R.. Fragments that are poorer in neutrons
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and having an average value Z/A < 0.5, as obtained for the
S case, produce a higher value of R, as shown in Fig. 2(f). This
is because of the increased relative number of neutron-proton
collisions (having a higher cross section o,,) and to the
Pauli blocking factor that is less effective for low-energy
neutron-proton collisions (the nucleon-nucleon cross section
decreases with the energy).

The symmetry energy density W is proportional to the
stiffness of the dipolar mode potential [26,27]. Therefore, in
the S case, the larger values of W and R, can explain the shift
toward higher energies and the larger width of the statistical
y-ray yield produced in central collisions (see Fig. 1). The
above scenario is also valid for midperipheral collisions, even
if the differences concerning the statistical contribution are less
marked because of the essential binary breakup of the system.
In this case, however, as can be seen in Fig. 1 (upper panels), the
most evident differences are related to the dynamical part. For
midperipheral collisions, the nucleon-nucleon collision rate
decreases by about 40% with respect to the central collisions
so that less damping is obtained. The yield for the dynamical
contribution is about 20% higher for the H case in the energy
region around the maximum. In Fig. 3 we show calculations
for b = 6 fm. Contrary to the central case, the excitation of
the dynamical contribution Vy along the impact parameter
direction starts to play a role (the average contribution along
the Y direction is zero for symmetry reasons). The difference
in the amplitude of oscillations is more evident for the
X component with respect to the Z one. In fact, the X
component behavior generates a yield difference of the order
of 30% at 12 MeV, whereas the one associated to V is about
10% at the same energy [see Figs. 3(c) and 3(b)]. This higher
sensitivity of Vx with respect to V; can be linked to the
lower effectiveness of the Pauli blocking for nucleon-nucleon
collisions along the transverse direction.

Up to now we have discussed the relative dependence of the
statistical and dynamical yields from the stiffness of the EOS
symmetry term. In the following we will show the behavior of
two observables related to these effects that can better highlight
the above differences. These observables should be defined
in such a way that their predicted numerical values show a
weak or no dependence on the finite time of calculations.
Moreover, it should be preferable, if possible, to eliminate in
the definition some trivial dependence related to some detail of
the calculations. In the first four panels of Fig. 4 we show the
normalized degree of coherence @/, (E) = ®cn(E)/ DPen(Ep)
computed at different times #,. The degree of coherence was
introduced in Refs. [21,25]. It can be defined as follows:

Yp(E)
Ys(E) + Yp(E)

We have chosen in this case the reference energy Ey =
11 MeV. The calculations in fact show that ®.,(Ej) >~ 0.4,
almost independently from the stiffness of the symmetry term.
The degree of coherence is determined practically by the
relative yield of the dynamical y-ray emission with respect
to the statistical one; it is therefore a measure of the entrance
channel memory for the charge/mass asymmetric system. It
allows an expression of the model prediction in relative units,
therefore eliminating some peculiar dependence related to the

Pen(E) = ®)
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method used to estimate the radiative yield (application of the
Larmor formula in a semiclassical first-order approximation).
It weakly depends on time as can be seen by comparing
the results shown in the panels (a) and (c) and, especially,
(b) and (d). Between 20 and 30 MeV the sensitivity of &, to
the different symmetry terms is rather high, both in the value
and in the shape. This is because of two combined effects. In
fact, in this energy range, the H case shows a larger dynamical
yield and a smaller statistical contribution with respect to the
S case (see Fig. 1). In Fig. 4(e), to have a more comprehensive
picture, we show the value @} of &/, computed at 21 MeV
for t; = 500 fm/c at different impact parameters for both S and
H cases.

In Fig. 4(f) we display another observable, R%, which
we call the anisotropy ratio. It is defined from the following
quantity:

ak = P@0.E)/Y),

where P(0, E) = % is the c.m. angular distribution of
the dynamical y-ray emitted at the angle 6 with respect to
the beam direction for midperipheral reactions and Y} is the
dynamical yield measured for central collisions; it very weakly

depends on the symmetry potential in the energy interval
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FIG. 4. In the first four panels [from (a) to (c)] the normalized
degree of coherence &/, is plotted as a function of the y-ray energy
E for b = 1 fm and b = 6 fm, for different calculation times #g, for
the soft (closed circles) and hard case (open circles). In (e) the value
D (see text) of @/, computed at different impact parameters is also
shown. In (f) we display R}f (see text) as a function of E for the H and
S cases.
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between 10 and 15 MeV and is practically determined by
the Z component of the dipolar signal. It can be easily
shown that at very forward or backward angles (6 < 15° or
6 > 165%) o ~ RL = AY[/Y}) within a few percentages
A is a constant related to the total efficiency of the y-ray
detection apparatus. The main idea underlying the definition
in the previous expression is to highlight the contribution
related to the dynamical yield emitted by the dipolar signals
along the impact parameter direction. As seen in Fig. 3, it
shows the higher sensitivity to the stiffness of the symmetry
term around 12 MeV. In particular, around 12 MeV the H case
displays an anisotropy ratio that is about 30% higher than the
value obtained for the S case. Finally we observe that, because
R)f involves only dynamical contributions, it is invariant with
respect to later statistical processes.

In summary we analyzed, in a full N-body dynamical
approach, the dependence of the dipolar radiative process

PHYSICAL REVIEW C 73, 031601(R) (2006)

from the stiffness of nucleon-nucleon symmetry potential for
charge/mass asymmetry collision at 45 MeV/nucleon. Our
results show that in the y-ray energy region dominated by GDR
emission, the interplay between dynamical emission, obtained
through the study of a system such as the *°Ca+ **Ca one
and the statistical emission, is very sensitive to the density
functional forms of the symmetry term in the low-density
region. Moreover, we showed that the differences obtained can
be highlighted by measuring two properly defined observables:
The degree of coherence and the anisotropy ratio. We think that
these kind of studies could integrate and be usefully compared
with the results obtained from the observation of hadronic
probes. This can give further information for the constraint the
EOS of asymmetric nuclear matter.
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