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Abstract. In this contribution the connection between the Dipolar degree of
freedom excited in Heavy Ion Collisions through pre-equilibrium dipolar modes
and the Isospin-equilibration processes is discussed. The connection leads to the
definition of a new observable the so called "dipolar signal", able to describe
the equilibration process in the momentum space related to the final fragmenta-
tion produced by the HIC. Preliminary results on this observable measured on
the system 48Ca +27 Al at 40 MeV/nucleon and corresponding to different de-
grees of dissipation/centrality are presented. The beam was accelerated through
the Superconductor Cyclotron at the Laboratori Nazionali del Sud di Catania
(Italy) and fragments were detected and identified with the 4π multi-detector
CHIMERA.

1 Introduction

One of the main goals in studying Heavy Ion Collisions (HIC) is to obtain information about
the nuclear matter equation of state (EoS) at densities different from the saturation one. The
relevance of this information is also due to the fact that the symmetry energy plays a fun-
damental role in describing matter within neutron stars (NS) including NS mergers and core
collapse supernovae [1]. The so-called isospin equilibration phenomenon that is triggered by
means of HIC performed by impinging nuclei having different charge/mass asymmetry natu-
rally depends on the symmetry energy. In particular, in the hydrodynamical limit [2, 3], the
flux of neutrons with respect to that of protons is the sum of two main contributions associ-
ated with the density and concentration gradients i.e. the isospin drift and the diffusion term.
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The related strength coefficients explicitly depend on the symmetry energy and on its density
gradient respectively [2]. Up to now the isospin equilibration process has been investigated
by focusing mainly on the diffusion term. Similar systems but with projectiles (PR) and
targets (TA) having different charge/mass asymmetry have been studied around the Fermi
energy. Observables related to the isotopic yields have been compared using the so called
Isospin Transport Ratio [4–6]. In [7] a new alternative method was proposed based on the
measurement of the so called "dipolar signal". As it will be discussed in the next sections, the
method is able in principle to integrate the information obtained from the Isospin Transport
Ratios studies. In Sect. 3 are also shown preliminary results of an analysis on experimental
data collected to investigate on the global dynamics of this equilibration process in the sys-
tem 48Ca +27 Al at 40 MeV/nucleon. The measurement was performed with the CHIMERA
multi-detector at Laboratori Nazionali del Sud di Catania (Italy). Sect. 4 contains the final
remarks.

2 Dipolar degrees of freedom and the Isospin equilibration
processes

In this section a simple connection between the dipolar degrees of freedom in HIC and the
isospin equilibration process will be established.
As it is well known, the excitation of dipolar degree of freedom in nuclei is associated with
one of the most investigated collective motion in nuclei, i.e. the Giant Dipolar Resonances
(GDR) [8]. As for other electromagnetic excitations, it can be built-in on every excited state.
The possibility of its survival (finite damping) even at high temperatures has been a long-
lasting field of investigation [9]. According to the liquid drop model, this mode can be de-
scribed from a macroscopic point of view as harmonic oscillations of the neutron sphere with
respect the proton one (GT mode) and out of phase density oscillations of neutrons and pro-
tons inside a fixed spherical surface (JS mode) [10]. For a nucleus with mass A radius R, with
N neutrons and Z protons, the excitation is associated with a dipole moment (in the following
the dipolar degree of freedom are expressed in units of the elementary charge):

D j = α j
NZ
A

R (1)

the α j coefficients determine the strength of the two possible modes.
The possibility of exciting exotic GDR modes during the formation of intermediate sys-
tems produced by the collision between nuclei having different charge/mass asymmetry ratios

β =
N − Z

A
was investigated until the early 2000s. An extra-yield with respect the one pre-

dicted according to the statistical model in the gamma-ray spectra around 10 MeV has been
highlighted in different systems at incident energy ranging from about 9 up to 25 MeV/A
[11, 12]. Different investigations have shown that these evidences can be associated with
pre-equilibrium dynamical dipolar emissions. For systems consisting of partners with dif-
ferent β values and for a touching configuration, the associated dipolar degrees of freedom
can be introduced according to the following expressions evaluated in the center of mass
system(c.m.s.):

D =
1
2
µ(βt − βp)R; V =

1
2
µ(βt − βp)(Vp − Vt) (2)

µ is the reduced mass number associated with the binary system formed by PR and TA, R
is the relative distance between the two nuclei in the touching configuration and Vp, Vt are
the PR and TA velocities. In particular, D represents the dipole associated with the relative
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displacement of the neutron center of mass (c.m.) with respect to the proton one, while V rep-
resents a "kinetic" contribution associated with the corresponding relative velocity. Assuming
that at the very beginning of the interaction the change in time of the µ and β quantities is
negligible, the time derivative of D is well approximated by V. In particular, it is possible
to estimate the δE energy associated to these degrees of freedom in the following way: from
the total energy due to the strong interaction of the binary system (for simplicity here the
difference in the Coulomb interaction is not taken into account), the contributions related to
the relative motion of the neutron c.m. with respect to the proton one (let to think to a GT
mode) are easily isolated. By neglecting possible small differences of the surface effects [10]
one obtain:

δE = ApEsymβ
2
p + AtEsymβ

2
t +

1
2
µNZv

2
rel − AEsymβ

2 (3)

βp, βt and β represent the PR, TA and total system charge/mass asymmetries respectively.
Esym is the symmetry energy per nucleon, µNZ is the reduced mass associated with the total
number of neutrons NT and proton ZT and vrel is relative velocity between neutrons and

protons c.m. vrel = (
Np

N
−

Zp

Z
)Vb can be directly controlled through the beam velocity Vb.

In other words, δE represents the total energy due to the strong interaction and to the kinetic
contribution referred to an analogues system (with same total mass and charge)in the binary
configuration in which the TA and PR nuclei, at rest, have the same charge/mass asymmetry
as the one related to the total system.
As an example, according to eq. 3, in the case of a 48Ca+27Al at 40 MeV/A the contribution
related to the symmetry energy is about 8.7 MeV ( considering Esym =30 MeV) while the
kinetic contribution associated with the beam energy is about 4.6 MeV.
Despite the approximation used to obtain the expression in the eq.(3), its structure can reveal
also in this case the main factors determining the time evolution of the dipolar degrees of free-
dom. The main forces establishing the changes of δE (an therefore the changes of the dipolar
coordinates) at the beginning of the interaction are the ones that develop from the density gra-
dient of the symmetry energy i.e. the drift contribution and the explicitly (spontaneous and
temperature dependent) change in time of the unbalance of charge/mass asymmetries due to
the isospin diffusion mechanism. Dealing with open systems the above mentioned effects
give rise also to outwards contributions.
Obviously a more realistic description of the time evolution of these processes will require
a many-body approach. In Figure 1 as an example results of calculations performed with
the Constrained Molecular Dynamical Model CoMD [13] on the 48Ca+27Al system at 40
MeV/A and for an impact parameter b = 3 fm are shown. In the first two upper panels,
the average values of the dipolar signal < V > along the X impact parameter direction and
along the Z beam direction are shown as a function of time. The averages are computed
over several realizations or events and are indicated through the curly brackets. V in this
case is evaluated event by event starting from the microscopic configuration as: V =

∑ZT
i=1 vi

where vi are the proton velocities evaluated in the c.m.s.. The bottom panel of Figure 1 shows
instead the average density ρcm computed in the c.m.s.: from the figure are clearly seen the
fast changes in time of < V > able to produce a pre-equilibrium gamma-ray emission. This
is consistent with the experimental evidences collected at low incident energy [11, 12]. The
largest changes are obtained for the beam axis component whose initial value is established
through the beam energy. As can be seen in this example, these fast changes are strictly
correlated in time with the fast changes in the density around the c.m. in the first 100-150
fm/c. There the changes cover a relative wide range of value around the saturation value ρ0,
from sub-saturation up to about 1.6ρ0 and there the largest forces are produced.
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Figure 1. CoMD calculations for the 48Ca +27 Al system at 40 MeV/A and b = 3 fm: in panels a)
and b) the average dipolar signal along the impact parameter direction and the beam axis are plotted
respectively as function of time. Panel c): the corresponding average density in the c.m.s. is shown.

The other rather remarkable aspect is the fact that, within the uncertainty (small oscillations
at time larger than about 150 fm/c) due to the statistics of the simulated events, after the
pre-equilibrium stage < V > remains steady. This means, on one hand, that the steady value
is "decided" from the high non-equilibrium dynamics of the first moment of the interaction
and on the other one that this value can be in principle determined by measuring the velocity,
charge and mass of all the fragments produced by the collision process (< V > is in fact a
cluster-invariant quantity). More generally, in the Appendix B of Ref [12] it was shown that
the final statistical de-excitations of the hot fragments, representing the later cooling stage
of the process, is not able to change the average value of the dipolar signal after the pre-
equilibrium stage just because of the usual conservation laws and of the average symmetry
properties of the statistical decay processes. In Figure 2, as an example, density maps at
different times corresponding to the calculations shown in Figure 1 are plotted. The maps are
obtained by considering only 10 events. From the figure it is seen clearly a kind of multi-
fragmentation of the light target. A fraction of the target is also transferred to project like
fragment (PLF) leading globally to a kind of incomplete fusion process. The calculations
produce also de-excitation decays of the hot sources after the main dipolar pre-equilibrium
stage in the fist 100 fm/c.

In the final configuration the average dipolar signal reconstructed from the final fragments
and particles can be re-written in the following form in the c.m.s.:

< V >=
1

m0

N∑
Z,A,k=1

Z
A

mk
Z,AP

k
Z,A

N
=

1
m0

∑
Z,A

Z
A
< mZ,A >< PZ,A > CZ,A (4)
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Figure 2. Density maps at different times for 10 events corresponding to the CoMD calculations shown
in Figure 1.

In the above expressions for each event k P
k
Z,A represents the average momentum of the

produced fragments with charge Z and mass number A with multiplicity mk
Z,A. The average

on the total number of event N is expressed through the correlation functions between the
multiplicity and average c.m. momenta of the different produced fragments i.e. CZ,A =

< mZ,APZ,A >

< mZ,A >< PZ,A >
. From eq.(4) it is evident that the average dipolar signal is strictly related to

a final average charge/mass of the produced charged fragments. This average being obtained
through a particular weighed mean with a distribution defined in the momentum space of the
final fragmentation through the correlation between multiplicities and momenta.

3 The measurement

All the above illustrated peculiarities of the observable < V > make it able to give a new al-
ternative and complementary way to look at the isospin-equilibration process in momentum
space. Therefore the study of this observable continued with the experimental investiga-
tion using the multi-detector CHIMERA at Laboratori Nazionali del Sud. The rather unbal-
anced charge/mass system 48Ca +27 Al at 40 MeV/A was chosen. The use of the light target
makes the identification of the slow target like fragments (TLF) easier. The multi-detector
CHIMERA covers about 94% of the solid angle [14, 15] . Fast fragments emitted in the
forward direction can be identified through the ∆E − E technique applied to the signals pro-
duced by the S i−CsI telescopes. Time-of-flight measurements can be used to determine the
fragments velocity. In particular, the time signals allow to identify slow fragments stopping
in the silicon detectors. Fast light particles are identified by using the Fast-Slow correlations
of the signals produced in the CsI. In this section preliminary results of the data analysis are
presented. In Figure 3 bi-dimensional plots displaying the charge of the detected fragments
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as a function of the parallel velocity Vpar along the beam axis in different bins of total kinetic
energy evaluated in the so called reduced center of mass system r.c.m.s. (T KECM) are shown.
r.c.m.s. is defined through the reduced c.m. velocity Vc,CM obtained event by event from the
velocity, charge and mass of the identified charged fragments.

The plots are filled with events for which the total detected charge and momentum re-
construction fractions are better than 90% and 80% of the nominal values. The bumps in the
2 upper panels are associated with the projectile like (PLF) and target like TLF fragments.
According to the different degrees of dissipation, displacements of the PLF and TLF velocity
centroids are observed. The bottom panel collects the more dissipative events. In this plot
the disappearance of the TLF bump is observed. This last selection of events recall the ty-
pology of events shown in Figure 2 obtained through CoMD calculations for central events
as shortly discussed in the previous section. From the identified fragments with velocity Vi
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Figure 3. Z-Vpar plot for the 48Ca+27Al system at 40 MeV/A for different degrees of dissipation as
deduced from the displayed different bins of T KECM (see the text).

in well reconstructed events belonging to the selected class of events (the selection can be
performed according to some other order observable) the reduced average dipolar signal can
be evaluated according to the following relations:

< Vc >=<

m∑
i=1

Zi(Vi − Vc,CM) > (5)

< Vc > is therefore a reduced value in the sense that does not take into account the effect
related to the production of free neutrons which instead is taken into account when using the
c.m. velocity of the total system (see also the following). However, < Vc > has the advantage
that uncertainties on the event reconstruction of the sub-system formed by all the produced
charged fragments are event by event partially eliminated.
From this preliminary analysis, in Figure 4 and 5 the beam axis components of the average
dipolar signal obtained from the reconstructed events as a function of the charged fragment
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Figure 4. Beam axis component of the reduced
dipolar signal for different multiplicities M of
the identified charged fragments. Errors asso-
ciated with the statistics of the collected events
are represented by vertical bars or are within the
symbols size.
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Figure 5. Beam axis component of the reduced
dipolar signal for different windows (horizontal
bars) of the total kinetic energy (TKE) in the
r.c.m.s.. Errors associated with the statistics of the
collected events are within the symbols size.

multiplicity M and of the T KECM are shown. The other components are currently being anal-
ysed. As can be observed, the increasing of the dissipation and of the fragment multiplicity
of the detected fragments, which is consistent with the selection of increasing degrees of cen-
trality, produce a decreasing of the absolute value of the reduced dipolar signals through more
isospin equilibrated configurations (on average). However, a definitive answer on the global
degree of isospin equilibration as obtainable from the total average dipolar signal can be ob-
tained after a comparison with model calculations including the effects of the experimental
filter. To conclude, in Figure 6, the reduced values of the c.m. velocity Vc,CM obtained for
different events ordered according to the T KECM are shown. As can be seen, for moderate
dissipation the values Vc,CM are on average lower than theoretical value. By assuming, at this
level of analysis, that this deviation is essentially due to the contribution of the undetected
free neutrons then the related average contribution has to be positive, i.e. the free-neutrons
are emitted on average on the PR side. The opposite happens for more dissipative events
probably due to the contribution of the target multi-fragmentation.
Finally, it should be also mentioned that in previous works [7, 16] by means of a comparison
of collected data on the same system for events with a low degree of dissipation a connection
was established between the measured average dipolar signal and the parameter associated
with the EoS symmetry energy .
However, the subject still needs more investigations especially taking into account the im-
proved versions of the molecular dynamical model[13] and of the identification procedure in
the data analysis [17].

4 Conclusive remarks

In this contribution the connections between the excitation of pre-equilibrium dipolar mode
in heavy ions collision, the isospin equilibration processes and the EoS symmetry energy
at density different from the saturation one have been discussed. In particular, it has been
shown as the study of the average asymptotic "dipolar signal" produced in heavy collisions,
in an independent way from statistical mechanisms, can offer the possibility to investigate
the average properties of the isospin equilibration processes in the momentum space of the
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Figure 6. bi-dimensional plot showing for the reconstructed collected events the reduced value of the
c.m. velocity Vc,CM versus the related total kinetic energy T KECM evaluated in the r.c.m.s.. The dashed
horizontal line represents the VCM theoretical value.

final fragmentation. Preliminary results of an analysis on the 48Ca +27 Al at 40 MeV/A in
reaction mechanisms characterized by different degrees of dissipation and/or centrality have
been presented. A procedure based on the determination of the dipolar signal along the
transversal directions it is also developing for a better estimation of the uncertainty on the
discussed < Vc > observable.
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