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Abstract

In this paper, we review the roles of collective modes in nuelar re-
actions. We emphaize the strong couplings of various coll¢ive states
with the monopole and quadrupole motions. In inelastic exdation,
these couplings can be seen as an important source of anharmioity
in the multiphonon spectrum. In fusion reaction, the breathing and
guadrupole motions strongly a®ects the oscillation of prodbns against
neutrons. Finally, the modi cation of the collective properties in-
duced by a large amplitude dilution might be the origin of the nuclear
multifragmentation, directly related to the nuclear liqui d-gas phase
transition. In the three cases we derive a coupling matrix eément
which appears to be in good agreement.

1 INTRODUCTION

Strongly interacting systems with many degrees of freedom atee prototypes
of complex systems. As a consequence of this complexity, their dynics is
expected to present disorder or chaos. However, in reaction to amternal
stress, such systems appear to often self-organize in simple coilecinotions.
Of particular importance is the occurrence of collective rations which, in
general, are surprisingly harmonic despite their chaotic emanment.

This paradox is well illustrated by the atomic nucleus. Indeedon the
one hand, following the Bohr ideas, the compound nucleus resmees sign
the occurrence of quantum chaos already just above the neutrehreshold
[1]. On the other hand, in the same excitation energy domainhé nucleus
is known to exhibit a large variety of collective vibrations(called phonons)
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[2]. The rst quantum of oscillation is associated with the giantresonances,
anomalously large cross sections observed in some nuclear reasti The rst
one to be discovered was the giant dipole resonance (GDR) [3ieirpreted
as a collective oscillation of the neutrons against the proten4]. Then came
the giant quadrupole resonance (GQR), an oscillation of the wleus shape
between prolate to oblate deformations [5], and the giant nmopole resonance
(GMR) or breathing mode, an alternation of compressions and dempres-
sions of the whole nucleus [6]. Since then many other resonanbave been
uncovered [2, 7]. Twenty years ago, giant resonances have dsen observed
in hot nuclei up to several-MeV temperature [8]. This demonsates the sur-
vival of ordered vibrations in very excited system which are lown to be
chaotic.

The study of this amazing self-organization of the nucleus inotlective
vibrations and its transition from order to chaos is one of themportant
subjects in modern nuclear physics.

In this article, we will focus on the onset of disorder throughhe coupling
between various modes. First we will show that collective vibtens induce
monopole (GMR) and quadrupole (GQR) oscillations. This meanthat the
coupling matrix elements between a quantum of vibration and state with
a GMR or a GQR built on top of it are large. We will present results
from two "orthogonal” approaches, i.e. boson mapping (BM) andime-
dependent mean- eld (TDMF), showing the same e®ect. Then wellwnove
to larger amplitude motion reached in reactions. First we wildiscuss the
e®ect of the large amplitude monopole and quadrupole osdilbes induced
by fusion reaction on the GDR. Then, we will move to even more alent
reactions for which a rapid expansion of the produced nucleaystem have
been observed and interpreted as the result of fast decompressminthe
matter. We will show how this large-amplitude breathing modea®ects all
the other collective states, which may even become unstable. W&l also
make the bridge between this coupling of collective motiorend the liquid-
gas phase transition.

Finally we will connect the three studied phenomena with a notinear
coupling between a vibration and a GMR or GQR built on top of it



2 Theoretical framework [9]

In quantum mechanics, harmonic oscillations are associated tviboson de-
grees of freedom. From the microscopic point of view, these bnsacan be
understood as being built from fermion pairs, which carry bosoquantum
numbers. However, the number of possible pairs must be large enbug
insure that the e®ects of the fermion antisymmetrization do ndntroduce
signi cant deviations from a boson behavior. In particular, he excitations
of small fermionic systems are not expected to be well describeg dboson
picture, because the Pauli exclusion principle imposes constits that can-
not be easily accounted for in a boson representation. From a fieal point of
view the relation between fermion pairs and bosons can be ejily worked
out using boson mapping techniques [9]. We will use one of thesetinogls
in the rst study we are presenting.

Fermionic approaches can also be followed. For example, diegsonances
are often described using time dependent mean eld approachide the
Time Dependent Hartree-Fock approximation (TDHF). Indeed, hey corre-
spond to the response of the system to an external (collective) ehedy
“eld and mean- eld approaches are tailored to take care of su@xcitations.
Moreover, giant resonances directly a®ect the time evolutioof one-body
(collective) observables which are well predicted by meareld approaches.
The small amplitude reduction of these approaches is equivateo the ran-
dom phase approximation (RPA) [9]. Being a linearization of th equation of
motion, it corresponds to a harmonic picture. However, since ¢hmean- eld
depends upon the actual excitation, TDHF is a non linear thegrand hence
contains couplings between collective modes. For examplestijuadratic re-
sponse takes into account the couplings between one and two pbo states
coming from the 3-particle 1-hole and 1-particle 3-hole rekial interaction.
In fact TDHF is optimized for the prediction of the average vale of one
body observables. Through non-linearities and time dependss it takes
into account the e®ects of the residual interaction as soon dgtconsidered
phenomenon can be observed in the time evolution of a one bodyservable.
This was already the case for the RPA, which through the time demdence
takes into account the particle-hole residual interaction rad goes beyond the
static mean eld which is limited to the hole-hole terms. In ths article, we
will go beyond the RPA treatment either working out the quadatic response
to TDHF or directly performing full TDHF calculations [10].



3 Multiphonon anharmonicities due to the
coupling with GMR and GQR

Let us start with a direct manifestation of the coupling betwee collective
states: the anharmonicity of multiphonon spectra.

3.1 TDHF picture
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Figure 1. Evolutions of the monopole, quadrupole and dipolmoments (solid
lines) as a function of time for monopole (a), quadrupole (b)ral dipole (c)
excitations in “°Ca.

Time dependent approaches provide an intuitive understanaly of collec-
tive motions [11]. Let us for example look at the TDHF dynamicdgor the
40Ca nucleus which has been initially perturbed by a collectevboost. For
this simulation we have used the TDHF 3D code developed by P. Bdre
and coworkers [10] with the SGII Skyrme force [12].

In Fig. 1, we followed the monopole, quadrupole and dipolegpgonse for
three initial conditions:

. P .
2 A monopole boost usingQy = p%  (rf i hrfi(t = 0)) as a boost
generator. Because of the spherical symmetry, a monopole booahc
only trigger monopole modes. Therefore, we only obserfi@i (t):

2 A quadrupole boost generated byQ, = P i r2YZ (4;' i) : The parity
conservation forbids any dipole excitation when a quadrupelvelocity
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“eld is applied to a spherical nucleus. Conversely, breathingades can
be triggered by the quadrupole oscillation so that we do followoth
the quadrupolehQ;i (t) and the monopolehQi (t) responses.

. . . P P
2 An isovector dipole boost induced byQp = Z=A  ,z,i N=A [z,
This excitation can be both coupled to the quadrupole and mapole
oscillations so that we monitor the three moment$Qoi (t), hQ.i (t) and

MQpi (t):
3.1.1 Linear response and collective states

In Fig. 1, we observe that the collective boosts induce oscillahs of the
associated moments as expected from the RPA picture. They anmelpslightly
damped in the GQR and GDR cases (g. 1-b and 1-c respectively) vid
in the GMR case (g. 1-a) beatings, characteristic of a Landau aaping
[11], are observed. This means that the dipole and quadrupostrengths
are mostly concentrated in a single resonance while the monopadne is
fragmented.

dipole
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Figure 2: Monopole, quadrupole and dipole spectra obtainedirough the
Fourier transform of the time dependent response for a monopptgiadrupole
and dipole excitation in the*°Ca.

Looking at the amplitude of the rst oscillation hQ-imax as a function
of boost strength k.) con rms the linearity of this response [13]. To get a
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deeper insight into the response, we study the Fourier transforiif. (! ) of
hQ. i (t)=k- which is nothing but the RPA response when the velocity eldo

is small enough to be in the linear regime. We see in Fig. 2 thatehdipole
and quadrupole modes are concentrated in a unique peak. Thenopole is
fragmented but the various peaks are in the same energy regiem that they
can be approximated by a single mode with a large Landau width.

3.1.2 Quadratic response

In Fig. 1, one can see that large amplitude dipole ( g. 1-c) anduadrupole
(‘'g. 1-b) motion induces variations of the nucleus radiu$Qi: Looking at
the matter distribution one can see that the central density/4 is a®ected by
the dipole or quadrupole motion. Since the central density cabe modi ed
only by monopole states this imposes that the large amplitude ation gets
coupled with such breathing modes. In the same way a large ampiite
dipole oscillation induces a quadrupole deformation of theuslear potential
and so gets coupled with the GQR. These observations lead to thenclusion
that we are in the presence of a non-linear excitation of a gianesonance
(GMR or GQR, generically called* in the following) on top of the collective
motion (GQR or GDR, generically called® in the following) initially excited
through the collective boostQ.. As expected from the quadratic response
theory [13], the amplitude of the rst oscillation of hQ: i (t) is quadratic in the
excitation velocity ke and its time dependence corresponds to (cosg) i 1),
i.e. it is initially in phase quadrature with hQ.i(t) but it is oscillating with
the frequency of the modé and not the one of the initially excited collective
state ©.

This interpretation is con rmed by the Fourier transform of hQ: i (t) as-
sociated with the excitation of Qo (Fig. 2). Let us rst start with the
guadrupole strength non-linearly excited by a dipole boost. fie observed
peak is identical to the GQR-response. This is a clear indicat that the
observed state is indeed a GQR built on top of the GDR. It should beoticed
that this frequency is di®erent from the one of the underlyopdipole motion.
The monopole case is more complex because of the presence of agttan-
dau spreading and it seems that the strengths of the various mgnale states
depend upon the considered boost. This indicates that the coling leading
to the excitation of an additional monopole state depends upahe collective
mode initially excited.



joi lo ¢ HjVvjeoi hejvijea
(MeV) (MeV) (MeV)

jOis0cq 22:9 116 - 0
j2ia0ca 186 214 i 4:28 -
jDiaoca 172 347 i 458 i 3:.92
jOi 208 p 157 571 - 0
j2i208pp 111 990 i 217 -
jDizospp 130 894 i 2:40 i 0:70

Table 1: Energies, transition probabilities and coupling coezxcients of the
GMR, GDR and GQR in the 4°Ca and?%Pb. ¢ is expressed in frafor the
GMR and GQR and in fm for the GDR.

3.1.3 Quadratic response and Couplings between states

Assuming for each multipolarity a unique statg*i non linearly excited one
can use the quadratic response theory [13] to extract the residuateraction
matrix elementv. betweenj®i and j°! i from the amplitudes of the induced
oscillationshQ: i max USIing

- }Qlimax! 1

VT kg

(1)
whereq is the transition matrix element between the ground statgji and
the collective statej”i; g = hjj Q| i; which can be derived from the linear
response with” = © since

2_rQ°imax_
T o @)

The results for the “°Ca and ?°®Pb are presented in table 1. The . are
computed from the time to reach the rst maximum ofhQ.i(t). The relative
sign ofv. and g is given by the early evolution of the moment$Q-i (see
Eqg. 1). They appear to be all negative. The couplings. are large of the
order of few MeV. As we will see those ndings are in qualitative agement
with the results of ref. [14] which is using a completely di®areapproach.



o] J*T Enam EWSR PjV]°0i hojV[°0,i hojVjo2i

(MeV) (%) (MeV) (MeV) (MeV)
jO1isca 0" 0 1825 30 i 213 | 236 i
jOoiaoc, 0 0 2247 54 i 203 i 3:96 i
jlyjaoc, 101 1778 56 i 1:38 j 212 i 1:25
jlilocg 10 1 2203 10 i 1.48 i 216 +0:73
j2lwcag 250 1691 85 i 1:36 | 249 i 0:36

Table 2: RPA one-phonon basis for the nucleu®Ca. For each state, spin,
parity, isospin, energy and percentage of the EWSR are repodtén addition
to the coupling coezcients.

joi J” T E EWSR IPjVj°0ii hojVj°0,i hejVvje2i
(MeV) (%) (MeV) (MeV) (MeV)
jOgizospp, 0" 0 1361 61 | 1.87 i 0:92 i
jOsizspp, 0" 0 1502 28 i 1.32 i 1:16 i
jlyizep, 11 1 1243 63 | 0:79 i 0:59 i 0:68
jloizep, 11 1 1666 17 000 Q00 i 0:64
ji2spp, 270 1160 76 j 064 i 0:48 i 0:74

Table 3: Same as table for the nucleu®ePb.



3.2 Comparison with boson mapping calculations

In ref. [14] a completely di®erent approach is used to infergérsame matrix
elements: the fermionic Hamiltonian is rst mapped into a bosonione mak-
ing a connection between any particle-hole excitation and laoson. Because
of the fermionic anticommutation relations (Pauli princide) a particle-hole
excitation operator is mapped into an in nite series of bosonp@rators. As a
consequence, even if the fermionic Hamiltonian is containiranly two body
interaction, the boson Hamiltonian is a in nite series with mag boson inter-
actions not conserving the boson number. To be manageable theries has to
be truncated and, in the application presented in [14], onlyhe terms contain-
ing up to four boson creation or anihilation operators have lem conserved.
Then a RPA transformation is applied, introducing collectie phonons which
optimizes a harmonic picture to the system properties [15]. Ugjrthose col-
lective degrees of freedom, the Hamiltonian then contains darmonic part
plus various interactions. An important one is the coupling been one-
and two phonon states.

For practical reasons only the most collective phonons havedreselected
in ref. [14] some of them are presented in table 2 and 3 fiCa and 2°8Pb.
To illustrate their degree of collectivity the part of the enegy weighted sum
rule (EWSR) they are exhausting is given together with their eergy. Table
2 and 3 also give the coupling matrix elements between di®ereollective
states and one of the two GMRs or the GQR built on top of them.

From the quantitative point of view, the non-linear couplirg extracted
from TDHF appears to be 50% larger than the one reported in Tabl 2
and 3 [14]. This is a reasonable agreement since TDHF re-sums diet
individual couplings as shown in [13]. Summing the contribigns of the
di®erent collective states considered in ref. [14] reduces tti®erence between
the reported values. However, the phonon basis studied in ref. 4|1being
incomplete , it is expected that the TDHF results remains highe It should
be also noticed that some di®erences can remain due to the aprations
involved in the di®erent approaches.

3.3 Consequences on the multiphonon spectrum

The couplings between phonon states can be used to derive thewrges of the
various phonon states. It appears that the very large matrix ements exciting
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a GMR or a GQR on top of any state are the main source of anharmones.
As far as the two-phonon states are concerned the coupling withe three-
phonon states coming from such a non-linear coupling induces @nergy shift
of about 2 MeV for Ca and 2 MeV for Pb. This might be the explanation
of the phonon anharmonicity puzzle discussed by many authorsg[117, 18]
and summarized in [14].

4 Pre-equilibrium GDR in fusion reactions

It has been recently proposed that GR can play an essential role fusion
reactions. In particular, fusion reactions with N/Z asymmetricnuclei may
lead to the excitation of a GDR because of the presence of a nepdie mo-
ment in the entrance channel [19]. Experimental indicatios of the possible
existence of such new phenomenon have been reported in refs., 20 22]
for fusion reactions and [23, 24] for deep inelastic collisions.

4.1 Collective dynamics in fusion.

As an example [25], we have computed the central collision €0 +2° Mg
at 1 MeV per nucleon with the TDHF approach. The system rapidly faes
producing an excited*®Ca nucleus. It presents a strong quadrupole oscillation
around a slowly damped deformation. Sinc€0 has a N over Z ratio di®erent
from this of 2°Mg (respectively 1.5 and 0.67), the center of mass of the pro®n
is initially di®erent from the neutrons one. As the time goesmothis dipole
moment Qq (i.e. the distance between the neutron and proton center of
mass) oscillates (see Fig. 3). To study the induced motion one calopthe
dipole momentQ, as a function of the velocity of protons against neutrons
which can be considered as its conjugated momeift,. We observe a spiral
in this collective phase space(,; P,) , i.e. oscillations in phase quadrature
of the conjugated dipole variables. This is a clear signal of ¢hpresence of a
damped collective vibration.

The period of the observed oscillations is around 150 fm/c whilfor the
40Ca nucleus in its ground state it is almost half this value. Thidarge dif-
ference can be explained by the deformation of the fused systermdeed,
in the TDHF simulations the compound nucleus only slowly relaxits ini-
tial prolate elongation along the axis of the collision. The\seraged value
of the observed quadrupole deformation parameter is arourid= 0:23. For

10



Pd (MeV/c)
5 3
——

&
=

|
[V

—4or (@) T (b)

—60 =

0 0o 10 0 200 400 800
Qd (fm) t(fm/c)

Figure 3: Time evolution of the dipole vibration. Dipole monent Qg and its
conjugate Py are plotted in the phase space (a) an@y is plotted in function
of time (b).

symmetry reasons, the dipole oscillation occurs only along thefdrmation
axis of the nucleus formed by fusion in head on head reactionshdrefore,
a lower mean energy is expected for this longitudinal collide motion ac-
cording to the following relationEgpr, = Ecpr (1 ")2 The energy of the
GDR along the elongation axisEgpr 7 full'Is this relation with " % 0:26 in
a good agreement with the previous calculation of.

4.2 Dynamical coupling of the GDR with the nucleus
deformation

To get a deeper insight in the dipole oscillation observed in fusi reactions
we have analyzed the time evolution of the period. From eaclomt on the
collective trajectory in the collective phase spaceQ);; P,) this quantity can
be inferred from the time needed to reach the opposite side ofetlobserved
spiral (see Fig. 3). The resulting evolution is plotted in Fig. 4 a. This
period presents oscillations too. These variations of the GDRepod are
almost in phase with the observed oscillations of the monopole ment Qg
and the quadrupole momentQ, presented in Fig. 4i b. This points to a
possible coupling between the dipole mode and another mode dération.
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The evolutions of the monopole and quadrupole moments areryesimilar.
In particular, they present the same oscillation's period arcwd 166 fm/c.
Therefore, they originates from the same phenomenon, the vabion of the
density around a prolate shape. This oscillation modi es the pperties of
the dipole mode in a time dependent way.

20 20

O+ Mg

Figure 4: (a) Time behaviour of the dipole period (solid lineand its mod-

elisation with the Mathieu's equation (dashed line). (b) Timeevolution of
the monopole (dashed line) and quadrupole moments (solid line

In order to investigate if this is the origin of the observed bedvior we can
model the induced mode coupling. Let us consider a harmonic tistor of
average frequency o and let us replace the in°uence of the density oscillation
characterized by the frequency by assuming that its spring constant varies
in time at a frequency! . In such a model, the equation of the motion
becomes the Mathieu's equation

é +[1+ *cos(t )]x =0 (3)
0

where! g is the pulsation without coupling and! the pulsation of the den-
sity's oscillation while + corresponds to the magnitude of the induced fre-
guency °uctuations. We have computed the numeric solution ofde 3 with
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the typical external frequency of the monopole and quadrup® oscillations.
The bare frequency ( and the coupling strength+ have been tuned in order
to get the same oscillation frequency and typical amplitude.ndeed, because
the presence of the oscillating term the observed frequency i®drent from
the bare one. The solution (see Fig. 4-a) well reproduces oursalvations
with £ = j 0:32 and! ( changed by a factor 12 from the observed value
Ecpr,. From this analysis it appears that the observed dipole motiocor-
responds to a giant vibration along the main axis of a °uctuatig prolate
shape.

4.3 Couplings between modes

It is interesting to relate = to a coupling matrix element between collective
states. Indeed, the Mathieu's equation can be seen as the equoatiof mo-
tion coming from an Hamiltonian containing a coupling term beveen the
dipole mode and the collective deformation (GMR or GQR caltehere after
)V = %ith ilmax Q: Qj: This leads to a coupling matrix element between the
GDR and the state? built on top of it which reads V = +72 =2—BYBB,.
In the studied case for both the monopole and quadrupole, usiniet ground
state matrix elementsq. ; the amplitude of the oscillationthq'lﬂ is about 5

Using! o' 13 MeV we get a coupling between the dipole and the monopole
or quadrupolev = 1!70 thq;max = j 0:5 MeV. This value is qualitatively in

agreement with the previous observation of a strong couplindgrrom a quan-
titative point of view, it is lower than the corresponding one(see table 1).
However, it is obtained for a hot and deformed system with a largeampli-
tude monopole and quadrupole motion. Moreover the value deed here
only correspond to the coupling with a unique mode and so shouldther be
compared with table 2.

5 GR in diluted nuclei

In violent heavy ion collisions, nuclear matter is excited andompressed.
Then the formed nuclear system expands under the resulting theal and
mechanical pressure. Matter may also be quenched in the coexiste region
of the nuclear liquid-gas phase diagram and the observed abami frag-
ment formation may take place through a rapid ampli cation & spinodal
instabilities. New experimental results pleading in favor of sica spinodal
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decomposition have recently been reported [26, 27]. From thleeoretical
point of view, the spinodal instabilities in nite systems are ustable col-
lective motions. They have been mainly studied within semi-ctsical or
hydrodynamical framework [28, 29, 30, 31, 32]. However, sinitte relevant
temperatures are comparable to the shell spacing and the wavenbers of
the unstable modes are of the order of Fermi momentum, quantue®ects
are expected to be important. Quantum approaches linking & spinodal
instabilities with the giant resonances can be found in [33, 335].

5.1 RPA in diluted systems

To investigate instabilities encountered during the evoluan of an expanding
system, one should study the dynamics of the small deviatiorsgt) around
the TDHF trajectory %t) [36]. It is more convenient to carry out such an
investigation in the "co-moving frame" and if we consider thealy evolution
of instabilities in the vicinity of an initial state the problem reduces to an
RPA like equation [35]. Then, small density °uctuations are caracterized by
the RPA modes’ and the associated frequencids.. When the frequency
of a mode drops to zero and then becomes imaginary, the systentees an
instability region.

In order to perform an extensive study of instabilities we may pametrize
the possible densitieds either by a static Hartree-Fock (HF) calculations
constrained by a set of collective operators [37], or using a eaot param-
eterization of the density matrix. In the following, we follav the second
approach by introducing a self-similar scaling of the HF densitysasuggested
by dynamical simulations.

First, we solve the HF equation for the ground statehyr ;Yar] = O,
leading to the single-particle wave functiong' ;i and the associated ener-
gies";. Then we intragduce the density-matrix at a nite temperature T as
Yar [T]=1= 1+exp hye-"g[T] =T , where"g [T]is the corresponding
Fermi level that is tuned in order to get the correct particlenumber. Then,
we perform a scaling transformationR [®] ; which in°ates the wave functions
in radial direction by a factor ® according tolrjR [®]' i = ® =3h=@®' i: We
then de ne the density matrix for a hot and diluted system by% [®; T] =
R[®] Yur [®T] RY[®)]. The eigenstates of the constrained Hamiltonian are
given byjii = R[®]j' ii, and the correspgnding energies and occupation num-
bers are?; = ",=®& andn; =1= 1+exp ";-"r[®T] =&T , respectively
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(see Ref. [35] for more details).

Figure 5: Contour plots of the isoscalar strength functions assated with
the multipolarity L = 2 j 5 as a function of the dilution parameter® and
the collective energy of the modé&. = ch! . (c=1 for stable modes,j i for
unstable modes) for°Ca (left) and *?°Sn (right).

We performed the HF calculations in the coordinate represerttan using
the Skyrme force SLy4 [38]. The particle and hole states aretalmed by
diagonalizing the HF Hamiltonian in a large harmonic oscillatorepresenta-
tion [39], which includes 12 major shells for Ca isotopes and i& Sn. We
apply the scaling and heating procedures described above tettensity ma-
trix, and calculate the residual interaction in a self consistenmanner. We
solve the RPA by a direct diagonalization using a discrete two @si-particle
excitation representation [40].

5.2 Dilution-dependent GR frequencies

The top part of Fig. 5 shows calculations performed fot°Ca. Top panels
shows contour plots of thlg isoscalar strength function associatedth the

isoscalar operatorAy,, = , L 'EYiw , with multipolarity L =2 5, as a
function of the dllutlon parameter ®. We observe that, in the stable domain,
the energy associated with the dominant isoscalar strength deases as di-
lution becomes larger, and at a critical dilution it drops tozero. At larger
dilution, the system becomes unstable, and for each multipoigr, one or

two unstable modes appear. This is illustrated in the bottom pael, where
the "imaginary energy" of the modeE. = j ih!. is plotted as a function
of the dilution. Looking at the RPA solution in the coordinate space, it
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appears that the collective motions transform into volume maes when they
become unstable. We observe in fact a quite complex structure thie un-
stable modes: Volume and surface instabilities are generallyupbed, as well
as isoscalar and isovector excitations, since protons and neutsomove in
oposite way [35].

5.3 RPA-instabilities "phase diagram"

We, also, carry out calculations at nite temperature and detrmine the
dilutions at which di®erent unstable modes begin to appear. his allows
us to specify the border of the instability region in the densistemperature
plane for di®erent unstable modes. Fig. 4 shows phase diagramftupole
instabilities in 12°Sn. Here, for simplicity, we de ne the density a¥:= %=G>.

Figure 6: Border of the instability region (full ne) associatel with L = 3,
for 20Sn. The dashed line connects the points having the instabilitgrowth
time ¢ = 100 fm/c. The dots are associated with¢, = 50 fm/c.

The full line indicates the border of the instability region. The dashed line
connects points that are associated with the instability growt time ¢ =
100 fm/c, and the dots correspond to situations with a shorter gmwth time
¢, = 50 fm/c. We observe that in nite nuclei the instability region is quite
reduced as compared to that of nuclear matter. The limiting@émperature
for instability to occur is around 6 MeV for Sn and 4.5 MeV for Cqsee [35])
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while it is about 16 MeV in symmetric nuclear matter. As a resultheavier
systems have larger instability region than the lighter ones.

5.4 Link with the coupling between modes

The observed dilution dependence of the GR's energies can beipreted
in terms of a coupling between the studied GR and the GMR. Indee it
corresponds to the HamiltonianH = ! (®) B}B, where! (®) is the GR fre-
guency for a dilution ®. Using a Taylor expansion off (®) around ® = 1
and introducing " = ®j 1! (®) = o+ "@!j,; and the Hamiltonian
becomesH = !,B}B, + " @' j,B}B,: The dilution factor ® can be re-
lated to the collective observables usingr?i = ®hr2iy ' h r?ig + 2"hr?,
and Q: = p%-(r?ihr?i,) = g BY+ B. so that the Hamiltonian reads

P, . ’ . .
H = 1BfB, + 57 @! j,BYBYB, + hic: . This leads to a coupling ma-

trix element between the GR and a GMR {) built on top of it which reads

V = ;‘r‘—ﬁl‘l @' j,BYB)B,. Looking at the GQR decrease with the dilution,
we get@! 'i 40 MeV for4°Ca. Using the transitionpmatrix element for
the GMR extracted in table 1, ¢ ' 12 fn?, and hr2i,= 4%' 125 fn? we
getw. = ﬁsﬁ @'j,"i 2 MeV. This value is qualitatively in agreement
with the previous observation of a strong coupling. In particiar we under-
stand the sign of the interaction since the energy of the modesrisduced in
a diluted system (. < 0). From a quantitative point of view, it is a factor
2 lower than the one reproduced in table 1. However one shouldmember
that we compute here an average matrix element while in table it is more
an integrated one. In fact this result should be compared to thene in table
2 and indeed they are in excellent agreement.

6 Conclusion

In conclusion, we have presented a study of 3 di®erent situatiorthe excita-
tion of small amplitude motions and the coupling between phamn states, the
excitation of pre-equilibrium GDR in fusion reaction and themodi cation of
the GDR properties due to the dynamics of the monopole and gdaupole
deformation and nally the early development of spinodal ingtbilities. The 3
phenomena show that collective modes are strongly coupled teetmonopole
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(and quadrupole) degrees of freedom. We have presented ar&dimethods to
extract the coupling matrix element between a collective mie and a GMR
(or GQR) built on top of it. The 3 studied phenomena are in quatative
agreement pointing to a negative coupling of the order of th&leV. The
guantitative di®erence we observe which might come the di®aces between
the 3 studied cases is now under study.
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