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We investigate the properties of the Giant Dipole Resonance (GDR)
built on very exotic nuclear systems: (i) High temperature, at the limit of
nuclear stability. We discuss first the problem of hot nuclei formation then
we analyse the possibility of observation of a zero- to first sound transition
for the dipole propagation. (ii) Shape and charge equilibration in fusion
dynamics. We describe the features of direct GDR photon emissions from
intermediate dinuclear systems with very exotic shapes or charge distribu-
tions formed in particular entrance channels (mass symmetry vs. charge
symmetry). (iii) Isospin. We show the effect of large charge asymmetry on
propagation of isovector modes. Mixing to isoscalar components and possi-
ble new instabilities are predicted, related to the structure of the symmetry
term of effective interactions.

PACS

numbers: 24.10.—, 24.30.Cz

1. Introduction

The isovector giant dipole resonance represents a well established collec-
tive motion of finite nuclei extensively studied since more than fifty years [1].
The dependence on the nuclear structure of the reference state on top of
which the collective mode is built has already suggested its application in
order to study nuclei far from the ground state. The time structure of the
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GDR mode actually allows a possibility of using it as a probe of nuclear
systems very far from normal conditions.

We can roughly estimate an oscillation period of h/FEgpr ~ 10-20 fm/c
and a mean life-time 5/I'gpr ~ 50 fm/c. Since the spreading width is the
largest contribution to the total width I'Gpr we can estimate around 50 fm/c
also the time needed to build up the collective GDR mode in a Compound
Nucleus (C.N.). All these time scales are relatively short and this makes the
GDR an ideal probe to study nuclear systems under extreme conditions.

In this report we will first analyse temperature effects. Using a simple
estimation for neutron evaporation with the Weisskopf formula [2] we can
estimate a mean lifetime for heated compound nuclei going from 10° fm/c
at T =1 MeV to 50 fm/c at T = 5 MeV, so it seems possible to follow
some GDR emission up to the stability limits of a hot C.N. This will be the
subject of the Sect. 2 where we will discuss first the problems of hot nuclei
formation and then the temperature dependence of the GDR damping.

In fusion dynamics we expect to have entrance channel effects associated
to time scales that allow the use of GDR emissions to study properties of
very exotic dinuclear systems, see Sect. 3. For mass-symmetric channels we
have shape equilibration times that can reach some units in 103fm/c, then we
can have the chance of detecting GDR photons emitted in this time interval
with characteristic features of the path to fusion. Charge equilibration takes
place on time scales of few units in 10?fm/c: in charge asymmetric entrance
channels we expect to see a “direct dipole” emission, again with special
dynamical features, which should give an extra yield to the photon spectrum
in the GDR region.

Finally in Sect. 4 the GDR structure in very asymmetric beta-unstable
nuclei will be discussed in the general framework of dispersion relations
for collective modes in asymmetric nuclear matter. A strong coupling to
isoscalar components and new instabilities are expected. A possibility of
extracting new information on the symmetry term of the nuclear Equation
of State (EOS) is also analysed.

Some perspectives are presented in Sect. 5.

2. GDR in hot nuclei

The GDR +v-emission has been extensively used to study the structure of
excited nuclei, see the nice reviews [3,4]. With increasing excitation energy
the experimental results are, however, quite controversial, in particular on
the temperature dependence of the GDR damping mechanisms, and so the
evaluation of a limit temperature for the disappearing of the isovector dipole
mode is still an open problem. Uncertainties in the data analysis are mostly
coming from:
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(i) Hot nuclei formation (pre-equilibrium dynamical effects) [5,6];
(i) Statistical CASCADE calculations [7];
(14i) Subtraction of a direct bremsstrahlung component |[§].

The point () is particularly delicate. The saturation of the GDR photon
yield, observed in all experiments [9], can be indeed related to dynamical
limits in thermal energy deposition on the detected heavy residue and not
to a reduction of the GDR strength in hot nuclei. These pre-equilibrium
effects seem to represent a serious intrinsic limitation to the use of fusion
reactions to form hot nuclei. Inelastic « scattering experiments have given
very nice data on heated nuclei, with smaller pre-equilibrium bias and less
angular momentum effects [10, 11]. There is, however, an intrinsic limit
on the excitation energy reached. New ways to form hot nuclei should be
pursued.

Inelastic « scattering results clearly show a quite fast increase of the GDR
damping with temperature in medium heavy and heavy nuclei
(Sn, Pb). Two models, one based the collisional damping and the other
on shape fluctuations in an adiabatic picture, can reproduce this trend,
see [7]. The point we would like to stress here is that at T' ~ 3 MeV the
width appears of the same order as the centroid energy and so we expect a
disappearing of the GDR signal.

Recently the possibility of a transition from zero to first sound for the
Giant Dipole propagation in hot nuclei has been suggested in order to allow
a collective GDR emission from very excited nuclei [6,12,13]. This transition
has been already clearly observed in other Fermi liquids, like *He [14].

Zero sound modes are mean field oscillations, quantum collective vibra-
tions of the Fermi surface [15-17] while first sounds manifest as hydrodynam-
ical waves. The damping mechanisms in the two regimes are quite different:
mean field oscillations are relaxed by two-body collisions, collective modes
due to local pressure variations by single particle escape from the flow. Con-
sequently the temperature behaviour of the spreading width in Fermi liquids
is just the opposite in the two cases: proportional to T2 for zero sounds and
to 1/T2i.e. following the mean free path, for first sounds. In case of a
transition the expected saturation and eventual decrease of the attenuation
could be the right mechanism to allow the GDR observation up to very high
temperatures.

We remark that the possibility of such transition in hot nuclear systems
has been recently suggested also for the fission mode [18-20].

We show some predictions of a dispersion relation approach [15,16,21,22]
extended to isovector modes. This is correct in order to study the nuclear
matter response, i.e. to describe volume dipole modes of Steinwedel-Jensen
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(SJ) type. We insert finite nucleus effects just rescaling the wavelength of
the normal modes. We expect this picture to have good physical grounds
with increasing temperature due to the melting of shell effects and to the
shorter nucleon mean free path which strongly reduces surface effects.

We find that the zero to first sound transition for isovector modes has
quite relevant new features due to the presence of a counter streaming flow
between neutrons and protons, absent in other “one component” Fermi lig-
uids. As a consequence the effect of the transition on sound velocity and
damping appears less dramatic but none the less still observable in the emit-
ted photon spectra.

The starting point is the linearized kinetic equation for the variation of
the isovector distribution function 6f; = df, — d f, taking into account the
effect of collisions in a relaxation time approximation:

0f;  p 9fi 90Uy —Un) 0FY _  (0fiJi=1 _ (8fidi>s
ot m Or or op ) Ty

(1)

where the superscript (0) labels stationary values and U, is the dynami-
cal component of the mean field potential. The unperturbed distribution
function f(9) is in general the Fermi distribution at finite temperature. As
self-consistent mean field potential we use a Skyrme-like form :

a+1 /
Uq=A<ﬁ>+B<ﬁ> +C<p—> e, 2)
Po Po Po

where p = p, + pp and p' = p, — p, are respectively the total (isoscalar)
and the relative (isovector) density; pg = 0.16 fm™3 is the nuclear satura-
tion density; 7, = +1(¢ = n),—1(¢ = p). The values of the parameters
A = —356.8 MeV, B = 303.9 MeV, a = 1/6 are adjusted to reproduce
the saturation properties of symmetric nuclear matter, with a compressibil-
ity modulus K = 201 MeV. At saturation density the potential symmetry
energy coefficient C'(pg) = 32 MeV satisfies the condition [22]:

C
EF T (po)

sym = 73 9

where agym = 28 MeV is the symmetry energy coefficient in the Weizsécker
mass formula and ep = 36 MeV is the Fermi energy for symmetric nuclear
matter at p = pyp.

On the right side of Eq. (1) (df;); are distorsions of the local isovector
d.f. having multipolarity /. We consider a generalization of relaxation time
method. In the case of isoscalar motion, when protons and neutrons are
moving in phase, the conservation laws for particle number, momentum and
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energy will impose only multipolarities [ > 2. However, in the case of out of
phase motion the effect of collisions is also to damp the isovector current, a
process characterized by a relaxation time 71. The relaxation of higher order
multipolarities is associated to an effective relaxation time 5. Following a
standard procedure as described in [16,23], one can derive from Eqgs (1) a
generalized dispersion relation for isovector sound in a two-component Fermi
liquid:

1 , 1 1 1 1
(”52—@) ‘w(@){(%‘&—@) -3 (a‘a) (”@N‘“

(3)
where )
wry — 1

o =

w(&y) is the Lindhard function

- o1 = it kvp, 09 = 1TokvR (4)
iTokvp

fa+1
§a—1

w(&) = 56 n 1 )

and F(; is the isovector Landau parameter depending on symmetry potential
energy coefficient C: Fy = 3C/(2er) = 1.33.

The generalized dispersion relation Eq. (3) connects real and imaginary
parts of eigenfrequencies to the Landau parameter and the two relaxation
times. It is useful to analyze two analytical limiting cases from where we get
some insight regarding zero and first isovector sounds: (a) zero sound limit,
w,T9 > 1; (b) first sound limit, w,m < 1 [26]. The relative temperature
dependence of centroids and widths are reported in figures 1, 2 for the Pb
case.

The correct way to compare theoretical predictions with experiments is
to compute GDR strength functions at various temperatures to insert in
statistical cascade analyses [7]. In this scheme we can also get centroid en-
ergies and FWHM (Full Width Half Maximum) that already will give some
indications. From Eq. (1) we can derive the isovector collective response
function [24] and then the dipole strength function Si(w) following a stan-
dard approach (see Refs [21,25,26]). The photoabsorption cross section
by a thermally excited nucleus, to be used in cascade calculations, can be
expressed in terms of the strength function as follows [21,25]:

Ar%e? NZ

Oaps (Aw) =

In the following we will compare predictions for the temperature behaviour
of GDR strength functions in 2°8Pb (k = 7/2Rp}, = 0.22 fm™1).
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Fig.1. Temperature dependence of Pb GDR strength distributions for m» = 7.
(a) — complete calculation of photoabsorption cross sections; (b) — Centroid; (c)
— FWHM. Dashed lines — zero sound limit. Long-dashed lines — first sound
limit.
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For the [ = 1 component, corresponding to an initial shift of the neutron
and proton Fermi spheres, we have consistent theoretical estimations [27,28].
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Including memory effects in the Landau prescription [16] and angle averaged
p—n cross sections, reduced by medium effects, we get

920
T? + (hw, /2m)?

fm/c, (7)

T =

T is more difficult to evaluate. However we can estimate a value smaller
than 7y: (1) Higher order momentum deformations will lead to a faster equi-
libration; (ii) Now we have contributions from all nucleon-nucleon collisions
while in 71 only oy, is present. Assuming on average (opn) ~ 2(0nn pp) We
get from isospin algebra 71 ~ 1.8 only.

This point is important since for 7, < 75 we will not have the transition
to first sound before a full damping of the isovector mode. In Fig. 1 we
show results for the case 7 = 7i(from Eq. (7)). We report the complete
strength function ogs 1(a), centroid 1(b) and FWHM 1(c) (solid lines),
in the temperature interval 1-10 MeV, for the “Pb” k-value The zero-sound
(dashed) and first-sound (long-dashed) limits are also shown. The transition
takes place at high temperature, around 7MeV.

In Fig. 2 we report the same analysis in the case 79 = 71/3. Now the
transition appears around 7' = 3 MeV. We have larger values of FWHM at
low temperatures and larger shifts for the centroid energy. This can be also
directly seen from the o4 of Fig. 2(a).

The strength function evaluation of Fig. 2(a), i.e. 71 = 75 and without
first sound transition in the physical region [25], has been recently used in
the data analysis of hot '2°Sn [7] leading to an overestimation of the GDR
photon yield. A reduction of relaxation time using free np cross sections gives
a better agreement since it reduces the o4 form factor. Our results seem
to indicate (¢f. figures 1(a) and 2(a)) that the same effect can be obtained
from the transition to first sound mechanism.

3. GDR in fusion dynamics

At low beam energies, just above the threshold, the times involved in
the fusion dynamics are, in some cases, long enough to allow the formation
of long-living very deformed compound nuclei, close to di-nuclear systems.
The effect seems to be ruled by the entrance channel mass-symmetry and
the compound nucleus fissility [20,29,30]. As a possibility to observe directly
such exotic systems, we discuss the very characteristic features of their GDR
~v-decays. Noticeable effects on charged particle emissions, particularly for
« particles, are also expected [30].

We perform a microscopic mean field picture of the dynamics based on
the solution of the Landau—Vlasov kinetic equation [31]. Since we are consid-
ering fusion processes above the Coulomb barrier we are confident that our
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semi-classical approach retains a good validity. We have solved the Vlasov
equation starting from the test particle method introduced by Gregoire et
al. [32], where the time evolution of Gaussian phase space wave packets is
considered. 50 test particles per nucleon are used, which represents a reason-
ably good phase space mapping in order to have a fermionic dynamics [33].
The mean field is built from simplified Skyrme forces corresponding to a soft
equation of state, see Sect. 2. Surface effects are accounted for within the
Gaussian widths. We have considered the systems studied in Ref. [34], but
at lower beam energies, i.e. the formation of a compound nucleus '52Yb at
E, ~ 100 MeV in two different entrance channels: the mass-asymmetric 'O
+ 1508m at 160 MeV and the mass-symmetric 86Kr + "Ge at 258 MeV. In
order to have roughly the same angular momentum in the compound sys-
tem we will compare the dynamics of the impact parameter b = 5 fm for the
O-Sm reaction to the b = 3 fm collision for the Kr—Ge case, so that the spin
of the compound system is around 50#.

In Fig. 3 we show the time evolution of the quadrupole moment for the
two reactions. It is possible to observe that in the mass symmetric case the
system has still an elongated shape at 1000fm/c, while the asymmetric case
shows a shape equilibration already at about 200 fm/c.

T T

Quadrupole (a.u.)

Py SRR I I P R B
0 200 400 800 800 time (fm/c)

Fig. 3. Time evolution of the quadrupole moment in the Kr-Ge case (full line) and
in the mass-asymmetric O—Sm case (dashed line).

In order to follow the dipole dynamics of the whole interacting system,
we have evaluated the isovector dipole moment in coordinate space at each
time step, choosing the z-direction along the rotating maximum elongation
axis and the z-direction on the reaction plane:

_NZ

Dz(t) ~ A [<Z>proton - <Z>neutron] s (8)

where (2)proton = Zi:p 2i/7Z ,(Z)neutron = Y ;_p, 2i/N and the same for the
z- and y-components.
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The initial dipole moment along the z-axis, if any, becomes zero in less
then 200 fm/c and this can be seen as the time needed for charge equili-
bration (more discussion on charge asymmetric channels will be presented
later in the section). After that we observe the onset of periodic oscillations,
the “statistical” giant dipole mode, but in a deformed nuclear system. For
mass symmetric reactions it is possible to distinguish two different frequen-
cies, with the smallest one for the parallel component, as expected for a
deformed nucleus.

The effect is particularly evident from the Fourier transforms, defined as

Si(w) = [Fi(w)l,  Fi(w) = /dte“"tDz‘(t) (9)

tmin

and plotted in Fig. 4, in the case of the reactions Ni + %Mo at 237 MeV
and 150 + *8Sm at 83 MeV [35]. In all our calculations we have chosen the
interval 200-1000 fm/c for the tmin — tmax interval to calculate the Fourier
transform, following the above discussion about charge equilibration.
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Fig. 4. Fourier transform of the dipole moment components for the collision O—Sm
at 83 MeV, b = 5 fm (left) and for the collision Ni-Mo at 237 MeV, b = 3 fm
(rigth). Dotted line — z component; dashed line — = component; full line — y
component (see text). Arbitrary units.

In the more symmetric case the GDR energies associated with the oscil-
lations along the short axes are shifted to larger values, around 14 MeV, for
the z-component and the y-component, while the z-component is moved to
7-8 MeV. In the asymmetric case all the components are in the same energy
region, 12-13 MeV. So, we can conclude that the system formed in the Ni
induced reaction is elongated during a long time. On the other hand, since
all the three components are more or less at the same value in the O induced
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reaction, it means that the shape becomes spherical or in any case very little
deformed in a short time interval.

At this point we can also try to see the differences between the angular
distributions of gamma rays coming from the compound systems formed in
the two entrance channels. We can directly deduce the expression for the
angular anisotropy parameter:

a2 = Oy + O_y + o, ) 0; = W’LL’La (]-O)
where W; is the “shape pre-equilibrium” strength and L; the Lorentzian
function corresponding to the i-GDR component. We remark that in both
W; and L; terms we have important entrance channel effects, on strengths
and frequencies of different oscillation axes. The presence of the deformation
has, as a result, a large negative value of the as coefficient in y-energy regions
around 8-10 MeV [29]. This can be used as a trigger for a direct observation
of the GDR photons emitted from the intermediate source.

Finally we would like to mention that important information about the
early stage of the fusion path can be obtained also studying charge- asym-
metric reactions. In fact, in this case it is possible to reveal a “direct” dipole
oscillations, related to the charge equilibration dynamics [6,36,37].
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Fig. 5. Fourier transform of the dipole moment z-component for the collision Ni-V
at 10 AMeV, b = 0 fm (top) and for the collision Ni-Sc at 10 AMeV, b = 0 fm
(bottom). Arbitrary units.

It is interesting to follow the energy dependence of this effect. We
have analysed the two fusion reactions induced by *®Ni(N/Z = 1.07) on
SIV(N/Z = 1.22) and *Sc(N/Z = 1.14) at beam energies 10, 25 and
35 AMeV, central collisions. Although the difference in charge asymme-
try is quite small we clearly see the effect on the dynamical dipole. In Fig. 5
we report the Fourier transform of the z-dipole in the first 200 fm/c. In
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Fig. 6. Density evolution, around c.m., for the collision Ni-V at 10 AMeV, 25 AMeV
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both cases we have a nice peak around 8-9 MeV but the strength in the
Ni + V case is four times larger. This number roughly corresponds to the
ratio of the static dipoles at the touching point. With increasing beam en-
ergy the effect is softening for the emission of pre-equilibrium particles and
for new dynamical features. In Fig. 6 we show the density evolution around
the centre of mass for the Ni 4+ V reaction with increasing beam energy. In
the charge equilibration interval 20-200 fm/c the system goes from normal
density (at 10 MeV) to large compression-expansion oscillations at 35 AMeV.
As we see from Fig. 7 the dynamical dipole strength is reduced and more
fragmented, although still present as confirmed from very recent data [38].

4. TIsospin effects: extended Landau dispersion relations

The collective response around the neutron drip line has been studied in
a RPA approach [39-41] revealing some interesting new effects: (i) A strong
coupling between isoscalar and isovector motion; (i) Quite large spreading
of the strength in the low frequency region, partially due to threshold con-
tributions from loosely bound neutrons. Here we try to understand these
effects, and to make new predictions, in a quite general framework, follow-
ing a dispersion relation approach for the propagation of collective modes in
asymmetric (neutron rich) nuclear matter.

We also show that it could be possible to extract some unique informa-
tion on the symmetry term of the nuclear EOS in regions away from normal
density. We can put then some experimental constraints on the theoretical
predictions used in astrophysical contexts [42], where such information is
essential in understanding the lives of neutron stars [43-46]. Moreover there
are quite stimulating predictions on new phases of asymmetric NM that
eventually could be reached during heavy ion reaction dynamics with ra-
dioactive beams. The onset of coupled mechanical and chemical instabilities
is envisaged [47-49], that should lead to clear experimental signatures.

In the nuclear equation of state we have a symmetry term in the form

R0 =2 o)+ ) ()

with I = (N — Z)/A asymmetry parameter, given by kinetic and potential

contributions 5 v )
sym ER\P P
= 4+ =
o P 3 200 "
In Fig. 8 we report the density dependence of the potential symmetry con-
tribution, second term of Eq. (11), for three different Skyrme effective in-

teractions, SIII, SKM* (Ref. [50]) and Skyrme-Bonn, obtained in order to
reproduce the EOS of a microscopic nuclear matter calculation with the

(12)
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Bonn A potential [49]. While all curves obviously cross at normal density,
quite large differences are present in low density and particularly in high
density regions.

100

80 Skyrme—Bonn

60

40

|||||||l||||||||||||

ER/A (MeV)

20

II\IlIIlIlIIIl|lIII[|III|IIII

£
o)l

0.0 0.5 1.0
p (fm™®)

Fig.8. Density dependence of the potential symmetry term for different Skyrme
effective forces.

The Landau dispersion relation approach can be used to study collective
modes in asymmetric nuclear matter just starting from the Vlasov kinetic
equations of two fluids, neutrons and protons, coupled through the self-
consistent mean field [51,52]. Here we will extend the method to regions
far from normal density in order to compare predictions of different effective
forces. We use the general Skyrme-like form for neutron and proton mean
field potentials Eq. (2).

In the variation of the neutron (proton) mean field both isoscalar and
isovector density variations will appear:

§Uy = ag(ps, pi)ops + TeBq(ps, pi)dpi (13)
where
A o oC p; 10%°C p?
g = —+(@+1)B2Er o — 2 T
T o ( ) pott " Opspo 2 9p2 po
C oC p;
= — + T, .
Pa po  "9ps po

As a consequence, the linearized Vlasov equations for the isoscalar and
isovector variations of the distribution function will also be coupled
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[49,51,58]. We can derive, using the Landau procedure, a system of cou-
pled equations for the k-component of the isovector and isoscalar density
variation and then an extended dispersion relation (d.r.):

(1+ F,L, + F,L,) (1 + FjL, + F;Ly) = (FiL, — F;L,) (F.L, — F.L,),

. (14)
where F;(p) and F;(p) are the isoscalar and isovector Landau parameters for
neutrons (protons):

n(p) n(p)
5 3 p P i _ 3 p Pp
F”(P) T4 5F(P) P %n(p) » n(p) — 4 5F(P) Dp /Bn(p) ’ (15)

pr(ps) is the Fermi momentum and Ly, is the Lindhard function associated
with the neutron (proton) sound velocity:

. S, [Snp) T 1
Lypy =1 5 In <3n(p) — 1)

with 5,5 = w /kv;(p ) being the sound phase velocity in neutron (proton)
Fermi velocity units.

In the case of symmetric nuclear matter, we get back to the uncoupled
dispersion relation for isoscalar and isovector modes :

1+ FSL(s)=0, 1+FiL(s)=0,

where L(s) = L, = Ly, F§ = 2F; = 2F; and Fj = 2F, = 2F] arc
respectively the Lindhard functions associated with the sound velocity s =
w/kvp, and the usual isoscalar and isovector Landau parameters [13,22]:

F()S:%a_Uﬁ, Fé:%gﬁ_ (16)
2 Op ef 2 po ep

Before discussing the solutions of the new d.r. Eq. (14) it is instructive
to make explicit the asymmetry dependence of variables s, and s,. Since

pn=p(1+1)/2, pp = p(1 —1)/2, we have

1/3
S = S IE = 8 L — #
" Pp 2py, (1+1)1/3°

These relations are particularly significant. Indeed, corresponding to solu-
tions with 0 < s — 1 < 1 obtained for symmetric matter, in the asymmetric
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case we will see a “diving” into the s, , < 1 region, i.e. the disappearance
of the corresponding collective mode due to Landau damping. Physically it
means that with increasing asymmetry the collective mode starts to interact
with nucleons of an increasing Fermi sea (with neutrons, if I > 0, or protons,
if I < 0), until completely swallowed .
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Fig. 9. Velocity s for isovector and isoscalar mode (a) and ratios of densities dps/dp;
for isovector and dp; /dps for isoscalar mode (b) as functions of asymmetry I. Solid
lines — SKM, dashed lines — Sk-Bonn.

The above discussion is confirmed solving numerically the new d.r. (14).
We have performed calculations with the Skyrme-like effective interactions
quoted before. In Fig. 9 we report the solutions s of the d.r. (a) and the cor-
responding ratio of isoscalar and isovector components (b) for nuclear matter
prepared at the density value p = 1.3py ' as functions of the asymmetry I
for the two forces. Below we will identify the solution with |[dps| > |dp;| as
the isoscalar solution and the one with |[0p;| > |dps| as the isovector solution.

! We choose a slightly higher density, for the discussion of sound mode properties
around the normal density value, because for a soft (K = 201 MeV) Skyrme inter-
action the isoscalar mode is already in the region of Landau damping at p = po, i.e.
-1 < F5(p=po) <0.
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The solution which has lower sound velocity (the isoscalar one) disappears at
small asymmetry, where the corresponding mode has about 40% (for SKM*)
or 70% (for Sk—Bonn) of isovector strength. This disappearance does not
depend on the choice of the interaction, but only on the relation between
Landau parameters at normal density (F§ < Fg) which is always satisfied.
Thus, in neutron rich nuclear matter, we expect a general “fragility” of the
isoscalar modes, which will enter the Landau overdamped region with loss
of collectivity and large spreading of the strength function in the low fre-
quency region [53]. This represents a nice guideline to interpret the results
of RPA calculations for neutron drip line nuclei [39-41]. We have, however,
to remark that Coulomb, finite size and quantum effects are all acting in the
direction of a more robust collective response, which in our results seems to
disappear for very low values of the asymmetry parameter.

Some new features can appear at high densities, due to the crossing of
the two Landau parameters, predicted by all effective forces. When the
density becomes greater than peross >~ 1.4 — 1.5pq, the isovector mode dives
into the overdamped region already at relatively small asymmetries. Indeed
at p > peross the velocity of the isovector mode will be now close to the Fermi
velocity of neutrons. This will induce a gradual loss of the collectivity, due
to the neutron component of the mode.

It is clear that with increasing density we can predict the onset of unsta-
ble isovector solutions of the Landau dispersion relations, ¢.e. purely imagi-
nary sound velocities leading to a separation of the neutron and proton flu-
ids [54]. This effect will be closely related to the behaviour of the symmetry
term and it will appear only for effective forces which show an attractive sym-
metry component at high density (like SITI, SKM*). In particular the SIII
interaction predicts an isovector instability already at densities p > 2.5p¢
while a force with a monotonic increase of the symmetry term (like the
Sk-Bonn) will never reach this instability region.

Now we will focus the attention on more microscopic features of the in-
stabilities in low density asymmetric nuclear matter. This “Spinodal” region
is particularly important since it can be directly related to the fragment
formation mechanism [55-57] and therefore to precise observables in frag-
mentation reactions with radioactive beams.

From the generalized Landau dispersion relations we get [49, 58]:

1. The region of low density instabilities is shrinking with increasing
asymmetry. In a sense this should be expected from the softening
of the EOS. As a consequence the growth time 7 = 1/Sw and the
most unstable wavelength A = QTW of the instabilities are increasing.
Experimentally this effect should show up in a larger size of the pri-
mary produced fragments and a reduction of their collective kinetic

energy (slower formation, closer to the expansion turning point).
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2. The coupling between isoscalar and isovector modes leads to a chem-
ical contribution in the instability: we see a larger proton component
in the collective density oscillation which gives rise to clusterization.
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Fig.10. (a) — density evolution of dilute asymmetric nuclear matter in a box

(SKM* force); (b) — time evolution of neutron, proton and asymmetry distribu-
tions in various density bins.
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Therefore we have a collective trend towards charge symmetry restora-
tion in the formed fragments. This is a pure dynamical effects, on
short time scales, due to the charge structure of the instability. The
effect is shown in Fig. 10 where (a) density plots of asymmetric N M
(I =0.5) in a box of size L = 8 fm initially at p = 0.4p, are reported
(periodic boundary conditions [13,58]). In (b) we have the time evo-
lution of asymmetry distribution in various density bins. We clearly
see the formation of clusters with a quite reduced asymmetry while
the surrounding gas is mostly made of neutrons only. The “freeze-out
time” will finally fix the proton fraction in the “gas’ phase, signature of
the low density behaviour of the symmetry term [49, 58], in particular
of its slope. We remark that the latter is also strongly affecting the
diffuseness of the neutron skin [59].

5. Summary and perspectives

Hot GDR

After some comments on the open problem of hot nuclei formation we
have presented the main features of a transition from zero to first sound for
the propagation of the isovector dipole mode. We have shown that the pres-
ence of a damping of the isovector current largely influences the transition
introducing new effects that are absent in the others, one component, Fermi
liquids.

For physical values of the different relaxation times we expect to see the
transition at relatively low temperatures in medium-heavy nuclei. In these
cases we have shown that the presence of such transition strongly modifies
the GDR strength function in a direction consistent with a better agreement
with experiments.

GDR and fusion dynamics

Spectra and angular distributions of GDR photons can give direct in-
formation on the fusion path in different entrance channel reactions. We
remark that the analysis presented here could be used to select the best
entrance channel choices for the population of very deformed bands in fast
rotating compound nuclei.

Moreover, for charge asymmetric reactions, the “direct” dipole emission
could be an interesting cooling mechanism to favour the fusion of very heavy
nuclear systems. From the interplay between charge and shape equilibration
time-scales we can also suggest new experiments to study the dipole prop-
agation in excited nuclei. In particular the presence of a dynamical dipole
enhancement also at higher beam energy, around 20-30 MeV /u, could bring
new independent information on the spreading width of the GDR in very hot
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nuclear systems and also on the limits of (incomplete) fusion processes. The
use of radioactive beams will enhance the possibility of such observations.

Isospin dynamics

For isospin effects on the collective response some simple physical mech-
anisms are proposed to understand the isoscalar-isovector coupling, the
“fragility” of isoscalar modes at normal density and the appearance of new
instabilities, all directly related to the properties of the symmetry term. A
new chemical component in the spinodal region is expected, with observable
signatures on the isotopic content of the dynamically produced fragments.
This effect will be enhanced in the overlapping zone of semi-peripheral col-
lisions (the neck region) where the NM asymmetry shall be larger.

We stress the close relation between structure and reaction studies. A
possibility is emerging of obtaining in terrestrial accelerator laboratories
important information on the symmetry term of great astrophysical inter-
est [46].
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