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The isovector Giant Dipole Resonance (GDR) represents a well established collective motion of
finite nuclei extensively studied since more than fifty years with fundamental contributions from the
Dubna theory group lead by V.G.Soloviev. The dependence on the nuclear structure of the reference
state, on top of which the collective mode is built, has already suggested its use in order to study
nuclei far from the ground state. The time structure of the GDR mode actually allows a possibility of
using it as a probe of nuclear systems very far from normal conditions. Here we report on properties
of the GDR built on very exotic nuclear systems: i) high temperature, at the limit of the nuclear
stability; ii) during charge equilibration in fusion dynamics. The isovector density wave propagation
in symmetric nuclear matter (NM) at finite temperature is studied within the Landau—Vlasov theory. In
cold NM a zero sound is found, which is changing to a first sound with increasing temperature. This
transition, at variance to the case of a one-component Fermi liquid, does not result in the appearance
of a maximum in the attenuation of the collective motion as a function of temperature. The damping
width of a volume isovector mode is always monotonically increasing with temperature due to the
presence of the collisional friction between neutron and proton liquids. However a clear effect of the
transition is expected on the structure of the dipole response function. A transition temperature of
about 4.5 MeV is deduced in heavy nuclei.

We describe the features of a direct GDR excitation in intermediate dinuclear systems with very
exotic shape or charge distributions formed in particular fusion entrance channels (mass asymmetry
vs. charge asymmetry). We discuss the beam energy dependence of the effect due to the coupling
between the pre-equilibrium dipole mode and other collective dynamical contributions. We derive
some optimal entrance channel conditions to get this important pre-equilibrium cooling mechanism.
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TedyeHrne Gonee MATUAECATH JIeT, U (pyHI MEHT JIBHBII BKJI [ B M3y4eHHEe KOTOpOil BHeC! TyOHEHCK 4
[Pyl TEOpEeTHKOB Iox pyKoBoxacTBoM B.I.ConoBbeB . 3 BUCHMOCTb 1 HHOTO COCTOSIHHS OT SIEPHOU
CTPYKTYpBI yXe IPENoN I €T ero MCIOIb30B HHUE JId M3y4eHHUs SIep BI I OT OCHOBHOIO COCTOS-
nus. Bpemenn g crpykryp [IP-Monbl B I€HCTBUTEIBHOCTH 1 €T BO3MOXHOCTb €€ MCIIOJIb30B HHS B
K 4ecTBe 30HI [ M3y4eHUd SIEePHBIX CHCTEM BJ JIH OT HOPM JIbHBIX ycloBuil. B 1 HHOM 0630pe
MBI P CCM TpHB €M cBOicTB [JIP, MOCTPOEHHOro H JIOCT TOYHO 3K30THYECKHX SIEPHBIX CHUCTEM X:

) TIpH BBICOKHMX TEMIIEp Typ X BOIM3M P HHUIBI SEPHON CT OWIBHOCTH; 0) B HpOLECCEe YCT HOBIIE-
HMS 3 PAJIOBOTO P BHOBECHS NPH CIUAHMH saep. P crmpocTp HeHue BOJIH M30BEKTOPHOM IIOTHOCTH
B cuMMeTpudHoi SIM mpu KoHeuHO# Temmnep Type u3y4 eTcs B p MK X Teopuu JI Hn y — B cos .
B xononnoii SIM H JineH HyneBoil 3ByK, KOTODBI NEPEXOAUT B NMEPBBIA 3ByK C YBEJIMYEHHEM TeMIle-
P Typbl. DTOT mepexoil He HMMeeT MeCT I OJHOKOMIIOHEHTHOU (DepMH-XHAKOCTU H3-3 OTCYTCTBHS
M KCHMyM B 3 TyX HHU KOJJIEKTUBHOIO IBHXEHHS K K (pyHKUUM Temrep Typbl. Llupun 3 Tyx HuS
M30BEKTOPHOM MOJIBI BCETJI MOHOTOHHO YBEJIMYMB €TCA C POCTOM TEMIIEP Typhl M3-3 H JIMYMS CTONK-
HOBUTEJIBHOTO TPEHUSI MEX/y HEHTPOHHOI 1 NIPOTOHHOM XUIKOCTAMU. TeM He MeHee OXHI eTcs BbIp -
JKEHHBII TepexofHbIl 3¢peKT B CTPYKType MUIOIBHOM (PyHKLMN OTKIHMK . BpruucienH 4 temmep Typ
Nepexol JUIs TSXeNbIX suep — okoio 4,5 MaB. OnuceiB 10TCs 0COGEHHOCTH NPSMOrO BO30YXIEHUS
I'IP B IpOMeXyTOYHOI ABYXBANEPHOM CHCTEME C JOCT TOYHO 3K30THYECKMM NPOCHIEM WK P CIIpee-
JIEHUEM 3 psjil , (POPMUPYIOIIMMCS BO BXOIHOM K H Jie ciausiHusl. OOCyX ercs 3 BUCUMOCTb 3(hpeKToB
OT DHEPruH IyuK , BO3HHUK IOIIUX O rof ps H JIMYHUIO CBA3H MEXJy IIpep BHOBECHOH JUIIOIBbHON MO-
JIOi M JPYTMMH KOJVIEKTUBHBIMU JUH MMYECKUMH BKI I MH. OIpenenieHbl HEKOTOPhIE ONTUM JILHBIE
YCTI0BUS H BXOJHOU K H JI JUIA NONYYEeHUs Ipefp BHOBECHOIO OXJI X IOLIEr0 MeX HU3M .

INTRODUCTION

The isovector giant dipole resonance represents a well established collective
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 the use of GDR properties in
order to study nuclei far from the ground state. The time structure of the 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 % ~ 80 — 100 fm/c and a mean lifetime /i/T'gpr ~ 50 fm/c. Since
the spreading width is the largest contribution to the total width I'¢pr we can
estimate around 50 fm/c also the time needed to build up the collective GDR
mode in a Compound Nucleus (CN). All these time scales are relatively short
and this makes the GDR an ideal probe to study nuclear systems under extreme
conditions.

We investigate the properties of the 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) Charge equilibration in fusion dynamics. We study the effect of a direct
GDR excitation in intermediate dinuclear systems with exotic charge distributions,
and shapes, formed in particular entrance channels (charge symmetry vs. mass
symmetry).
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A. Hot GDR. With respect to temperature effects using a simple estimation
for neutron evaporation with the Weisskopf formula [2] we can get a mean
lifetime for heated compound nuclei ranging 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 CN.

The GDR ~ 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:
i) hot nuclei formation (pre-equilibrium dynamical effects) [5-7,9]; ii) statistical
CASCADE calculations [8]; iii) subtraction of a direct bremsstrahlung component
[9,10]. The point i) is particularly delicate. The saturation of the GDR photon
yield, observed in all experiments [11], 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 [12, 13].
There is however an intrinsic limit on the reached excitation energy. 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 nuclei (Sn, Pb). Two models, one
based on the collisional damping and the other on shape fluctuations in an adi-
abatic picture, can reproduce this trend, see [8, 14]. The point we would like to
stress here is that at 7" ~ 3 MeV the width appears of the same order of 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 [7, 15, 16]. This transition has been
already clearly observed in other Fermi liquids, like *He [17].

Zero sound modes are mean field oscillations, quantum collective vibrations
of the Fermi surface [18-20] while first sounds manifest as hydrodynamical
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. Consequently
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 1/772, i.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.
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We remark that the possibility of such transition in hot nuclear systems has
been recently suggested also for the fission mode [21-23] and in the hot fusion
dynamics [24].

B. The Dynamical Dipole. 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» collective excitation, with special dynamical features,
which should give an extra yield to the photon spectrum in the GDR region.
The idea is that we can form a fused dinuclear system with the charge not yet
equilibrated and therefore with some extra dipole strength of nonstatistical nature.
In this sense the «Dynamical Dipole» is a direct dipole contribution present in
dissipative collisions initiated in charge asymmetric entrance channels. This new
pre-equilibrium collective mode has been predicted some years ago [25,26] and
recently clearly observed in fusion [27-29] and deep-inelastic [30,31] reactions.
Some experiments have been performed also at intermediate energies, where other
dynamical entrance channel features can be present [32,33]. The appearance of
this prompt dipole effect gives important information on the charge equilibration
dynamics in connection to the reaction mechanism. A fully microscopic analysis
is performed with quantitative predictions of the GDR photon yield based on
a dynamics-statistics coupling model. Independent information on the damping
of the dipole mode in very excited nuclear systems can be derived. Moreover
the coupling between isovector dipole and large amplitude isoscalar monopole
oscillations can be studied, of large interest also for the discussion on the fate of
the GDR in hot nuclei. Since the effect is strongly dependent on fusion dynamics
we study the beam energy variation of this extra dipole strength and we suggest
some optimal conditions for the relative observation.

HOT GDR: ZERO-TO-FIRST SOUND TRANSITION

We show some predictions of a Landau Fermi Liquid approach [18,19,34-36]
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 (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 structures 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 counterstreaming flow between
neutrons and protons, absent in other «one-component» Fermi liquids. As a
consequence the effect of the transition on sound velocity and damping appears
less dramatic but, none the less, still observable in the emitted photon spectra.
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The starting point is the linearized kinetic equation for the variation of the
isovector distribution function 6 f; = § f, — d f,, taking into account the effect of
collisions in a relaxation time approximation:

95f; P 90fi DU, — U,) Ofh  (0fihimr (8fidi2

ot m Or or op 1 Ty 0

where the superscript (0) labels stationary values and 6U, is the dynamical com-
ponent of the mean field potential. The unperturbed distribution function f(® is
in general the Fermi distribution at finite temperature. As self-consistent mean
field potential we use a Skyrme-like form :

a+1 /
U,=A (ﬁ> +B (ﬁ) +C (p—) Tas 2)
Po Po Po

where p = p, + pp and p’ = p, — p, are respectively the total (isoscalar) and
the relative (isovector) density; po = 0.16 fm 2 is the nuclear saturation density;
T = +1 (¢ =n), —1 (¢ = p). The values of the parameters A = —356.8 MeV,
B = 303.9 MeV, o = 1/6 are adjusted to reproduce the saturation properties
of symmetric nuclear matter, with a compressibility modulus K = 201 MeV. At
saturation density the potential symmetry energy coefficient C(pg) = 32 MeV
satisfies the condition [16,35]:

Qsym = LA Cleo) )
) 3 2
where aqymn = 28 MeV is the symmetry energy coefficient in the Weizsdcker
mass formula and e = 36 MeV is the Fermi energy for symmetric nuclear
matter at p = po.

On the right side of Eq.(1) (Jf;); are distorsions of the local isovector
d.f. having multipolarity /. We consider a generalization of the 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 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 7;. The relaxation of higher order multipolarities is associated
to an effective relaxation time 7o. Following a standard procedure as described
in [19,36], one can derive from Eq.(l1) a generalized dispersion relation for
isovector sound in a two-component Fermi liquid [37,38]:

! - I
% + x(s) | Fy + % +3ins"s'| =0, (3)

where

w 1 ; T2
sf=—, §'= , s=s§+is", n=1-—=,
k’UF TQkUF T1
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F(; is the isovector Landau parameter depending on the symmetry potential coef-
ficient C: F|y = 3C/(2er) = 1.33 [16,35] and x(s) is the Lindhard function [36]

1
1 T s s+1
= - =1--=1 .
x(s) 2/dxx—s 2n(s—1)
-1

The generalized dispersion relation Eq.(3) connects real and imaginary parts
of the collective mode eigenfrequencies, w = wg + iwy, 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.

(1) Zero-Sound Limit (wrTa > 1). Keeping only first order terms in the Taylor
expansion of the Lindhard function we obtain the following set of equations:

X(s0) = _FL(; + 0[(5)‘*] 7

N (53— 1)(Fy + 1+ 3s3) 1 3s2(s2—1)
e = Fy(Fy+1—s2) T Fy(Fy+1—s2)
where sg = wg .s/kvr is the phase velocity of the zero sound in units of the
Fermi velocity vy = 0.28¢. Since for Landau parameters of the order of unit we
have solutions sg ~ 1, we conclude that at low temperatures the damping of zero
sound is essentially due to the distortions with [ > 2 and much less due to the
friction of a relative motion. The collisional damping has a T2 dependence, ruled
by 1/79, as in the case of the zero sound in one-component systems.

This zero sound collective motion is exactly the Steinwedel-Jensen (SJ) di-
pole volume mode. Indeed for a Fjy = 1.33 we have a solution sy = 1.08. Since
A = 4R is the maximum wavelength for a dipole volume oscillation in a finite
nucleus of the radius R = 1.24'/3, we have a normal mode with the wave num-
ber k = m/2R and so a collective energy hw = 1.08hkvr = 78.1A~1/3, typical
of the SJ systematics, which well reproduces the g.s. GDR energies in heavy
spherical nuclei [1].

(ii) First-Sound Limit (wgTe < 1). In this case we have |s| > 1. Therefore,
following Refs. 19,36, we decompose the Lindhard function x(s) in powers of
1/s and we finally get the following set of solutions for real and imaginary parts:

1 2 o oo, oK
—W1,fs = 2—7_1+1—5(ka) Ty &~ ol +ﬁﬁ ,

1+ F,
WR,st\/wg—w%fs, wo = kvp 3 0
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Also in the first-sound regime we see a T increase of the attenuation, now ruled
by 1/71. Therefore in presence of the transition in the isovector case we would
expect just a change in the T2 slope of the damping. The real part of the frequency
is given by the two terms under square root. The first one, w3, is obtained in the
hydrodynamical limit without any attenuation, Ref. 16. The second one, —w% s
is coming mostly from the friction between counterstreaming proton and neutron
liquids and leads to the disappearing of the mode at high temperature.

RESPONSE FUNCTION AND ABSORPTION CROSS SECTION

The correct way to compare theoretical predictions with experiments is to
compute GDR strength functions at various temperatures to insert in statistical
calculations [8] at each step of the evaporation cascade . In this scheme we will
get not only centroid energies and FWHM (Full Width Half Maximum) but also
a more detailed shape of the response function which is affecting the form of the
y-emission spectrum.

The density—density response function for a periodic in space and time isovec-
tor external field 0V; = §V,, — 0V,, x exp(ikr — iwt), Refs.39-41, x,,(w, k) =

= —266‘/”:, can be evaluated in a Fermi liquid (see Refs. 34,37, 38,42) as

X/)/)(ka) = ?-N(T,)XZ‘ )
+ Fox7
where N(T') is a density of states and we introduce the unperturbed response
X7 (w, k) which represents a kind of extended Lindhard function in the sense that
the pole equation for the response function 1 + F(;X;(w, k) = 0 leads to the
previous expression for dispersion relations, Eq. (3).
The dipole strength function per unit volume is given by S(w, k) = 2Im(x,,),
and the photoabsorption cross section in a thermally excited nucleus, to use in
cascade calculations, can be expressed as [34,42,43]:

4m2e? NZ
O—abs(hw) - 0

= —hckaO A thk(w) .

In the following we will compare predictions for the temperature behaviour of
GDR strength functions in 2°®Pb (wavenumber k = 7/2Rpy, = .22 fm~1).

In the first sound limit the ~y-absorption cross section has a simple analytical
form. Indeed from the decomposition of the Lindhard function it is straightfor-
ward to obtain a Lorentzian structure :

()~ RN rE?
Oabs v mc A (E,%—Eg)Q—FFQE,%, '
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The centroid energy Fy and the width I' are related to the first sound frequency
wo and to the damping rate —wy s, Fo = hwg, I' = —2hwr ys. This result,
which confirms previous macroscopic predictions [44], is important since it will
represent a good experimental signature of the occurred transition.

Numerical results. From the previous discussions we can conclude that the
transition from zero to first sound for isovector modes is dictated by the relative
values of the relaxation times corresponding respectively to the [ = 1 and [ = 2
multipolarities. In turn the latter are depending on the kinematic factors related to
the type of deformation in momentum space and to the nucleon—nucleon (/NVNV)
cross sections and their isospin dependence. Indeed while in the [ = 1 case we
have only o0, contributions, in the [ = 2 we have all possible nn, pp and np
combinations, although with different kinematical factors. We expect a 71 in
general larger than 75 and then the possibility of observation of the zero-to-first
sound transition. We have a general structure
1 [ d*pPi(cos0)6I  T?

n [ d3pPcosO)5f — Ky

Memory effects can be taken into account following the Landau prescrip-
tion, i.e., by the change 7suy — TBUU/(1 + (Awgr/27T)?), where Tpyy is the
relaxation time derived from Boltzmann—Uehling—Uhlenbeck collision integral
and hwp is the resonance energy. Analytical derivations can be found in many
Refs.45-47. We have followed the detailed calculation of Ref. 38.

We will use here three sets of isovector relaxation time parameters (k1; k2).
Set 1 is found from vacuum N N cross sections: (k1;k2) = (503;491) MeV? fm/c.
Set 2 corresponds to in-medium cross sections, reduced following the prescrip-
tion of Ref.48 calculated at normal nuclear density in cold nuclear matter:
(k1;k2) = (1123;1068) MeV?fm/c. Set 3 is obtained from Set 1 just multi-
plying by a factor 10 the relaxation time 72 of the quadrupole Fermi surface
distortions: (k1;k2) = (503;4910) MeV? fm/c. Set 3 is adopted to study the
structure of the response function, and corresponding effects on dipole emission,
in a case where we cannot have the zero-to-first sound transition.

In Fig.1 (solid lines) we show a photoabsorption cross section oqps(hw)
calculated at various temperatures for a nucleus 2°®Pb with Set 1 of relaxation
times (vacuum N N cross sections). The centroid energy Ej is slightly decreasing
and the width I is increasing strongly as the temperature grows. The transition
is accompanied by a Lorentzian shape restoration. The transition is nicely seen
in Fig.2 where the temperature dependence of the GDR widths is presented,
calculated with the various Sets of relaxation times: solid lines show the FWHM
from the full numerical calculation of the photoabsorption cross section; long-
dashed lines, from the Lorentzian of the hydrodynamic limit; and finally short-
dashed lines are imaginary (multiplied by -2) parts of the frequency in the zero-
sound limit.
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Fig. 1. Photoabsorption cross section by 2°®Pb calculated with Set 1 of relaxation times
at different temperatures. Solid lines — full calculation. Dashed lines — Lorentzians
obtained in hydrodynamic limit. a) to d): T'= 1,2, 3,6 MeV, respectively

With the free cross sections (Set 1, Fig.2a) at small and moderate temper-
ature 7' < 4 MeV the zero-sound solution describes very well the temperature
dependence of the FWHM. The hydrodynamic first-sound regime starts at high
temperatures 7' > 5.5 MeV and exists up to Tj,,x ~ 7 MeV, when the collec-
tive mode vanishes in presence of a too large counterstreaming friction. One
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Fig. 2. Temperature dependence of the GDR width in *°®Pb calculated with Set 1 (panel
a), Set 2 (b) and Set 3 (c). Solid lines — FWHM of the full photoabsorption cross section.
Short-dashed lines — the doubled absolute value of the imaginary part of the zero-sound
frequency 2h|wy,.s|. Long-dashed lines — FWHM of the first-sound Lorentzian ' =
= 2h|w 1, fs|

can fix then a transition temperature 73, ~ 4.5 MeV at the cross point of the
zero and first sound solutions. This value, in agreement with earlier evaluations
(Refs. 7,46, 16), appears to be quite high to be reached experimentally. How-
ever we can expect to see some signatures also at lower temperatures due to the
changes in the shape of the response function (see Fig. 1).
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The calculation with Set 2 (in-medium reduced cross sections) gives qualita-
tively the same results. Now the transition temperature is higher : T}, ~ 7 MeV
(see Fig.2b). Finally with Set 3, as expected, we don’t see any transition in a
realistic range of temperatures (see Fig.2c).

As is already stressed the aim of this work is to show that signatures of
the zero-to-first sound transition can be eventually seen in experimental y-decay
spectra from heated nuclei. Until recent times only a theoretical width of hot GDR
defined as the FWHM of calculated photoabsorption strength has been compared
to the FWHM extracted from a statistical model fit to the experimental v spectrum
using a Lorentzian photoabsorption strength with a fixed I'gpgr value. The shape
of the theoretical strength distribution has been neglected in this comparison. In
Ref. 8, the first direct use of the theoretical strength functions into the statistical
code CASCADE has been performed. This analysis has revealed the importance
of the strength shape for a detailed description of the v spectrum. A particular
collisional damping model calculations have been used in Ref.8 and only for a
1208n nucleus. The strength functions of daughter nuclei, produced mostly by
the neutron emission, have not been taken into account. In the present work
we implement the approach using the photoabsorption strengths, calculated above
within different prescriptions, at each step of the deexcitation chain. We use a
Monte-Carlo approach, the statistical code MONTECASCA of Ref.49,50. The
temperature T’ of each nucleus in the chain is calculated as T = /E*/a, where
a = A/8 MeV~! is the level density parameter, E* and A are respectively the
excitation energy and the mass number.

We have performed calculations of the ~ spectra from a nucleus 2°%Pb at
two initial excitation energies E* = 45 and 100 MeV, where nice data are
available from inelastic a—scattering experiments (see [13] and refs. therein). A
bremsstrahlung contribution of the kind Yy, ; (E,) = Ap.s. exp(—E, /Tp.5.), where
Ty.s. = 14 MeV, normalized to v yield in the energy region of 20-25 MeV, as
suggested in the experimental papers, has been subtracted before the comparison
to theory predictions.

The results are shown in Fig.3. The calculation with Set 1 (vacuum cross
sections, solid lines) gives the best overall agreement with the data. Set 2 (in-
medium reduced cross sections, short-dashed lines) produces too small GDR
widths (see also Fig.4).

The role of a damping of Fermi surface distortions with multipolarity [ > 2,
and related presence of a transition to first sound, can be seen from the comparison
of the spectra given by Set 1 and Set 3 (long-dashed lines). The presence
in Set 3 of a damping of almost only [ = 1 distortions is clearly not enough
to describe the ~ spectra. The reason is again in too small widths for low
temperatures 7' < 3 MeV (see also Fig.4). We remark that roughly Set 3
simulates the collisional damping of a Goldhaber-Teller GDR mode ( [43] and
refs. therein), picture based on the relative motion of the two rigid subsystems
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Fig. 3. y yield as a function of the energy E. from 2°°Pb at E* = 45 MeV (theory),
40-50 MeV (experiment) — lower curves and circles, and at E* = 100 MeV (theory),
100-110 MeV (experiment) — upper curves and circles. Solid, short-dashed and long-
dashed lines correspond to the calculations with Set 1, 2 and 3. Circles show the data
from Ref. 13 after subtraction of the bremsstrahlung component

of protons and neutrons with, evidently, only the [ = 1 damping (see also the
discussion in Ref. 45).

A better understanding of the discrepancies between theory and experiment is
reached when we look at the  spectra on a linear scale. In Fig. 4a,b the modified
spectra (see Ref.51) obtained by subtraction of the low y—energy statistical
contribution are presented. At E, ~ Egpr = 10 — 15 MeV, all the discrepancies
present in Fig. 3 are much better visible in the modified spectra. In fact, it is seen
from Fig. 4a,b, that Sets 2 and 3 give modified yields shifted to higher energies
E,,, and narrower, with respect to Set 1 and the data.

Finally in Fig. 5 we report the centroid energies Fy and widths FWHM of the
photoabsorption cross section vs. T for the various choices of relaxation times.
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GDR IN CHARGE ASYMMETRIC FUSION:
THE DYNAMICAL DIPOLE

Fusion processes in charge asymmetric entrance channels give a clear example
on how emitted GDR photons may carry information on a Compound Nucleus
(CN), formed during the reaction dynamics, very far from normal conditions.

In dissipative collisions energy and angular momenta are quickly distributed
among all single particle degrees of freedom while charge equilibration takes place
on larger time scales [52]. Therefore for charge asymmetric entrance channels at
the time of CN formation we can easily have some relic of a pre-equilibrium GDR
from dipole oscillations in the isospin transfer dynamics [26]. The result will be
an enhanced GDR-photon emission with special features due to the nonstatistical
nature of this extra contribution.

An enhancement of the GDR gamma ray yield has been observed experi-
mentally in fusion reaction between heavy ions with different neutron-to-proton
ratios. Flibotte et al. [27], in collision between °Ca (N/Z = 1) and %Mo,
(N/Z = 1.38), at 4 AMeV beam energy, producing a CN at 70 MeV excita-
tion energy, counted a number of emitted GDR photons over the whole cascade
16% larger than in the case when the same CN was formed with a symmetric
N/Z combination. Similar effect has been observed by Cinausero et al. [28]:
an increase of 36% resulted when they compared GDR-photon yields from a CN
populated at 110 MeV excitation energy via the reactions °0 (N/Z = 1) +
+ %Mo (N/Z = 1.33) and °°Ti (N/Z = 1.18) + %Ni (N/Z = 1.28), re-
spectively. Some experiments have been performed also at intermediate ener-
gies [32,33] and in Deep Inelastic Collisions [30], where other dynamical effects
may be present.

In fact, theoretically, an extra-yield of gamma rays was predicted some years
ago by Chomaz et al., [25,26], in a simple model of a GDR-phonon gas interacting
with the CN. The essential quantity in this approach is the mean number of excited

GDR-phonons at the time when a CN is formed, ng)])jR. The emission of GDR

photons is enhanced if n((g])jR is greater than the value corresponding to statistical
equilibrium between GDR oscillator and CN heat bath. The N/Z asymmetry of
colliding heavy ions will trigger in the early stage of the reaction — the charge
equilibration process. Several experiments and realistic simulations have indicated
that the related dipole oscillation has the characteristics of a GDR-type quantal
collective motion [52-57]. Expressed in terms of Brink—Axel hypothesis [58]
this means that a GDR may be built not only on equilibrium states, of a warm
nucleus for example, but also on nonequilibrium states during the CN formation
phase. n((g])jR represents the number of phonons in this mode at the time of a CN
formation ton.

Although it was assumed that the quantity n(C(})l)DR is intimately related to the
presence of pre-equilibrium effects, the way it is determined and affected by the
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projectile target N/Z asymmetry and entrance-channel dynamics has not been
investigated yet. From the previous discussion we clearly distinguish three main
phases in the entrance-channel dynamics: I. The approaching phase, with the
two partners still keeping their own response properties; /I. The dinuclear phase,
with relative collective response; III. The CN formation. We will call ¢t = 0 the
starting time of the phase 11, i.e., the onset of the main dissipation mechanisms,
including the charge equilibration. In this phase a pre-equilibrium dipole mode is
present damped with a spreading width T'' = Au(t), where the time dependence
is expressing a nonequilibrium situation. The correspondent number of phonons
will show an exponential decrease

n(t) = ne” s “(t)dt, 4)

where n; is the number of phonons at the moment when charge equilibration
begins. Fusion experiments seem to indicate that this will happen once the
decision for fusion is taken [52]. This means that when the system passes from
the strong absorption configuration through the barrier, the neck is large enough
to allow for an isospin collective motion. Therefore we can assume that the
configuration reached soon after, when the interdistance between the center of
mass of the two nuclei is around the sum of their radii, represents the starting
point of the collective pre-equilibrium GDR mode. Ii is important to stress that
at this moment we have already reached a quite noticeable density overlap and
therefore the considered configuration is not corresponding to the naive picture
of the two nuclei as two touching rigid spheres. This will become clear from
density contour plots and collective behaviours we will show later in microscopic
dynamical simulations.

In order to estimate n; we consider a harmonic oscillator description for the

GDR: el Mt
Hepr(t) = 2}\(4)+“T()X2(t), (3)

where M = %m is the reduced mass of the neutron—proton relative motion,
m = 935 MeV being the nucleon mass, N = Ny + Na, (Z = Z; + Z3), the total

number of neutrons (protons). Here II denotes the relative momentum:

_NZ

P, P
M=—"(2_-"
A

- - — 6
with P, (FP,) the centre of mass momentum for protons (neutrons) while X =
R, — R, is the distance between the centres of mass of the two components. The
initial number of phonons is defined as:

_ Hgpr(0) 1

ni= Tt = g M ((0) X2(0) ™
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if we neglect the kinetic part contribution. We expect this approximation not to
work at higher incident beam energies, as discussed later. Here X (0) has the
following expression:

T

N N
X(0) = § 1 2

(Z - 72)(31 + Ro). (8)

We can consider for the initial elongated shape a phonon energy [43]:

R

hw(0) = ——F
() R1+R2 GDR

)
where R = rqA'/3, (rg = 1.2), is the equilibrium radius of the CN and Egpg ~
~ 78A~1/3 is the energy of a phonon built on CN, corresponding to the centroid
of GDR spectrum in medium-heavy nuclei.

In conclusion we can finaly express the mean number of phonons at the time
when a CN is formed as:

Z3Z3
N272

n((g])DR = n(ton) ~

1
—MR(R, + R») x

2h

7y 7y
(A2 + AY®Y 7222 (N, Ny\?

7 = 7 - avet 9 10

i NZ \Z, " Z, exp (—HavetcN) (10)

where fiave 1S an average value of the spreading width:

N, N\
X< ! _2> EGDRQXP(—NavetCN):

=14

1 ten

Have = /j,(t)dt. (11)

toN 0

We observe that n(G%R will depend critically on fusion dynamics (through the

time scale for Compound Nucleus formation) as well as on properties of the
spreading width p(t).

After the time tcn we have to switch to the approach introduced in [26] for
the CN decay phase. The number of GDR-phonons is still time-dependent since
charge equilibration is still going on, but now we can have some feeding from
the CN heat bath with a width I'teeq = AA. The result is [26] (now the origin of
time is toN):

A
napr(f) = 1= (1= ndr ) exp (—ut) (12)
which asymptotically leads to the statistical value

A p(E* — Ecpr)
— —— X eX — 5 13
o(E) exp (—Ecpr/T) (13)
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where p(E) is the level density, E* is the CN excitation energy and T the cor-
responding temperature. From this discussion we see that the quantity (Eq. (12))
can be directly used as an extra dipole strength in the evaluation of + decay
in the CN evaporation cascade. From the detailed balance we have a statistical
~-emission rate, for each dipole component,

p(E* — E,) 0aps(Ey) E’% _
p(E) 3 (whe)?

R’Y(E’Y) =

— p(E* B EGDR) p(E* B E’Y) O—abS(E'Y) E’%’ :|7 (14)

p(B)  lp(E*—Ecor) 3 (nhop®
where oaps(E5) is the 7-dipole absorption cross section. This leads, for the

component with pre-equilibrium contribution, along the symmetry axis, to a time
dependent quantity

p(E* = Ey) oans(E5) E%
p(E* - EGDR) 3 (71'710)2

R’Y(E’Ya t) = nGDR(t) (15)

with ngpr(t) given by Eq. (12).
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The final yield of photons emitted can be then evaluated using a time-
dependent evaporation cascade procedure, see Ref.50. From Eqgs. (15) and (12)
once fixed the CN initial excitation energy (temperature) the results will be criti-
cally dependent on n{%) . and T'*(T).

To show how the method is working and the sensitivity to the above pa-
rameters in Fig.6 we report some results for the systems studied by Flibotte et
al. [27]. The curves represent the «subtracted» photon spectra (i.e., normalized
to a statistical emission without GDR): in Fig. 6a the data for the two systems,
Ca + Mo (charge asymmetric, dashed) and S 4+ Pd (more symmetric, solid), and
in Figs.6b,c,d the results obtained from 10° runs of a Monte-Carlo evapora-
tion cascade [49,50] with the same initial conditions for the CN and varying
only n(é)]))R and T'H(T). The best results (Fig. 6b) are obtained with the values

ng)]))R = 0.14 and I'! = 8 MeV. Now while it is reasonable to have a GDR-
damping width larger than in the ground state of the same compound nucleus
Sm'0 (4.8 MeV used in Fig. 6¢) the choice of n(C(})l)DR requires a deeper dynamical
justification. This is the aim of the next section, where we will also look at the
beam energy dependence of this GDR extra strength.

THE INTERPLAY BETWEEN FUSION DYNAMICS
AND PRE-EQUILIBRIUM GDR

In this section we present a fully microscopic analysis of the fusion reaction
for some systems of interest, to look in particular at the pre-equilibrium GDR pop-
ulation. The calculations are performed in the framework of the BNV transport
equation which incorporates in a self-consistent way the mean field and two-body
collisions dynamics [59]. The numerical accuracy has been largely improved in
order to have a good description also of low energy fusion reactions, see discus-
sion in [57]. For the mean field we have adopted a Skyrme-like parametrization,
as described in [57], which well reproduces Nuclear Matter saturation properties
(equilibrium density, binding energy, compressibility, and symmetry energy). In
the collision integral we use in medium reduced nucleon—nucleon cross sections,
isospin as well as energy and angular dependent [48].

We have focussed our attention on the fusion reaction induced by 60O
(N/Z = 1) on %Mo (N/Z = 1.33) (see [28]). We have studied in a rela-
tive large range of incident beam energy, at 4 MeV/n, 8§ MeV/n, 14 MeV/n
and 20 MeV/n, the evolution of the composite system along the fusion path.
We will consider results that correspond to an impact parameter b = 0 as well
representative of the features we are looking for.

In all plots we choose as ¢ = 0 the time corresponding to the «touching» con-
figuration. As discussed in the previous section this can be considered the starting
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Fig. 7. Time evolution of the dipole moment in r-space, DR (solid lines, left scales) and
in p-space, DK (dashed lines, right scales) for the O + Mo system at beam energies: a)
4 A MeV, b) 8A MeV, ¢) 14 A MeV, d) 20 A MeV. ¢t = 0 corresponds to the touching
configuration (see text)

time of phase /I, when charge equilibration and the relative collective dipole are
present in the dinuclear system. In fact this point can be checked from simula-
tions, see later.

At each time step we can evaluate the dinuclear dipole moment in coordinate
and momentum space:

DR1) = “LX(1) (16)
DK(t) — % (17)

The results are shown in Fig.7. The out-of-phase behaviour of the two dipoles,
clear signature of a collective dinuclear response, is actually starting just after
t = 0 (touching configuration) practically for all energies. We remark a smaller
initial amplitude of the oscillation at the lowest (4 A MeV) and highest (20 A MeV)
energies, as well as an increase of the damping with the beam energy. In conclu-
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Fig. 8. Phase space trajectory of the entrance channel dipole for the O + Mo reaction. The
labels correspond to the same energies of Fig.7

sion it clearly appears an optimum range of energies for the observation of the
dynamical dipole effect, well above the Coulomb threshold (about 4 A MeV in
the O 4+ Mo system) but also well below the Fermi energy domain. This point
will be further analysed in the following.

Figure 8 shows phase-space trajectories of the GDR, i.e., the time evolution
of the DK — DR correlation. The spiral curves are nicely revealing an out-of-
phase behaviour in presence of some damping. The spiralling trend seems to start
at the touching configuration (¢ = 0, left points of the curves), maybe with some
delay in the lowest energy case. The centre is reached when the CN formation is
achieved. The spiral quickly collapses to the central region at high beam energy
(Fig. 8d) since we have a larger damping of the collective motion, as already
seen in Fig.7.

The amplitude reduction at 4 A MeV and 20 A MeV is also evident: the nature
of the effect is however different in the two cases. At low energy, just above the
Coulomb barrier, the neck is formed quite slowly (see Fig. 9) and so the collective
dipole response of the dinuclear system is actually starting sometimes after the
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touching configuration, when some charge equilibration has already taken place.
At 20 A MeV the fusion dynamics is fast but now we can have some prompt
particle emission that will reduce the dipole moment of the dinucleus. Just by
chance we see the best spiralling behaviour at 8 A MeV, where the experiment
has been performed by Cinausero et al. [28] with a very clear evidence of the
dynamical dipole enhancement.

Now we can dynamically evaluate the number of pre-equilibrium GDR-
phonons ng)])DR present at the time of CN formation: as shown in the previous
section this quantity is essentially ruling the extra emission of GDR ~ rays. At
each time step the average number of phonons n(t) can be determined from the
simulations just dividing the total oscillator energy, as defined by Eq.(5), by the
one phonon energy at that instant, fiw(t), i.e., corresponding to the deformation
at the time ¢. The results are presented in Fig. 10. The dashed curve in all four
pictures is the analytical prediction of Eqgs. (4) and (7) using a constant spread-
ing width value, I'¥ = 5 MeV. We remark a quite good overall agreement at
beam energies 8 MeV/n and 14 MeV/n, although with increasing energy we see
a higher starting point joint to a faster damping. This is particularly evident at
20 MeV/n (Fig. 10d), where we have to consider a larger value for the spreading
width and the kinetic term contribution to the initial number of phonons n;.
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The quantity we are loking for, n(é)l))R, is now given by the value of n(t)
at the time of Compound Nucleus formation tcn, Eq.(10). In Fig. 11 we plot
the time evolution of the mass quadrupole moment in real space at the four
incident energies. Generally we remark two distinct behaviours in the evolution:
a faster decay until the first minimum is reached, followed by a smoother trend
accompanied by small oscillations. During the first stage the conversion of
relative motion in heat takes place and therefore, in the limits of some more time
needed for a final thermal equilibration, the moment when the first minimum is
attained will provide us the Compound Nucleus formation time. Our evaluation
is in agreement with the information obtained by looking at the quadrupole in
momentum space. We can extract tcn values of 120 fm/c at 4 A MeV, 80 fm/c
at 8 A MeV, and 50 fm/c at the higher energies 14 A MeV and 20 A MeV. From
Fig. 10 we get the corresponding n((g])jR = n(tcn) parameters: 0.01 at 4 A MeV
going up to 0.07 at 8 A MeV and 0.08 at 14 A MeV and finally reducing again,
around 0.05, at 20 A MeV.

To test the correctness of our procedure we have performed a complete
evaporation cascade calculation using the above extra dipole strength for the
system O 4+ Mo at 8 A MeV. The subtracted spectra are shown in Fig. 12, from
2 % 10° Monte-Carlo events, compared with experimental data from Ref.28. The
agreement is quite good.

Since the time scale of fusion dynamics is playing an important role on
the amount of extra dipole strength present at the time of CN formation we
expect to see some dependence of the effect also on the mass symmetry in
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the entrance channel, which is strongly affecting the fusion time, see [50] and
refs. therein. In order to check this point we have studied the system *°Cr (N/Z =
1.08) + %4Ni (N/Z = 1.28) with almost the same charge asymmetry of O + Mo
but much more symmetric in mass. We have considered the beam energies
3.5 and 5.5 A MeV corresponding to the same c.m energies above the Coulomb
barrier of the first two cases of the O + Mo system. The relative fusion paths
are shown in Fig. 13 for 100 fm/c starting from the touching configuration, to be
compared with the equivalent Fig.9 of the O + Mo. At both energies it is quite
evident the longer neck formation and shape equilibration times. As discussed
before we expect a smaller initial amplitude for the collective dipole oscillation
(neck dynamics) and a further reduction due to the delay in the CN formation
(shape dynamics).

We have finally checked the method also for the Ref.27 system, Ca + Mo at
4 A MeV, where the best results are obtained with a n((gl))R = 0.14, see Fig.6. In
Fig.14 we present the time evolution of the relevant quantities, mass quadrupole
moment, dipole moments in r- and p-space and average number of phonons. We
see a slower fusion process but with a larger initial dipole strength. We have a
ton =~ 120 fm/c and a corresponding n((gl))R ranging between 0.12 and 0.15, as
needed in the fitting procedure of Fig. 6.

SUMMARY AND CONCLUSIONS

We have studied the isovector response of a heated nuclear matter in the
framework of the Landau—Fermi liquid theory with a Skyrme-like mean field and
a collision integral in the relaxation time approximation. The ultimate goal is
to recognize if, in the isovector motion at finite temperature, the hydrodynamic
regime (first-sound) switches on, or a pure mean field one-body propagation (zero-
sound) remains valid at all temperatures where the GDR mode exists. A related
question is to predict experimental signatures of the transition in hot nuclei.

The relaxation times of the perturbations with various multipolarities in mo-
mentum space are calculated starting from the Boltzmann—Uehling—Uhlenbeck
collision integrals with energy and angular dependent differential NN scattering
cross sections. In the application to finite nuclear systems, the main difficulty
is the choice of these cross sections. Two cases are considered here, which
give some upper and lower theoretical limits for the collisional damping of the
GDR mode in a heavy spherical nucleus: vacuum cross sections, and in-medium
reduced cross sections calculated at the nuclear saturation density within the
Dirac—Brueckner approach based on the Bonn A potential (see Refs.48) in cold
nuclear matter.

The photoabsorption cross section by a heated nucleus has been derived using
the Steinwedel-Jensen model. The calculations of v spectra from a thermally
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excited nucleus 2°°Pb at E* = 45 and 100 MeV have been performed on the
basis of the statistical model MONTECASCA of Ref. 49, 50 with theoretical
photoabsorption cross sections included at each step of the decay chain. The
agreement with the experimental data of Ref.13 is much better when vacuum
NN cross sections are used in the calculation of the photoabsorption strength,
rather than the in-medium reduced ones. The same conclusion was reached in
Ref. 8 for the case of an excited nucleus '2°Sn.

In general from all these studies it seems that with increasing temperature
a collisional damping larger than the one given by in-medium reduced cross
sections is required. We can have some hints to understand this effect:

1) The Dirac—Brueckner calculations of Ref. 48 have been performed in cold
NM. With increasing temperature the blocking factor for intermediate states is
reduced and the scattering matrix should be closer to the free one. Moreover
some correlation contributions to the particle propagator are also decreasing and
the effective mass will approach the bare mass value. Some very recent results
seem to confirm this trend [60].

2) At high temperature we can have a thermal expansion of the system
and medium effects on NN cross sections should be evaluated at lower mean
densities.

3) All the analytical methods used to calculate relaxation times are based on a
Pauli Blocking frozen at the initial momentum space occupation. A rearrangement
of the blocking on the way to equilibrium is also acting in the direction of
shortening the final relaxation times [61].

The present study has shown that in a heavy nucleus like 2%Pb:

(i) The isovector volume mode is a zero sound mode at temperatures
T < 4 MeV. At higher temperatures it becomes a first sound mode strongly
damped by the friction force between the neutron and proton liquids.

(i) The energy of the mode decreases slightly by about 1 MeV as the tem-
perature increases from O to 5 MeV. At higher temperatures the energy quickly
tends to zero and the mode disappears at 7' ~ 7 MeV due to strong interflow
friction.

(iii)) The GDR damping increases monotonically with temperature. At low
(high) temperatures the width increase is determined mostly by the 7 (71) re-
laxation time.

(iv) The Lorentzian shape of the photoabsorption cross section at high temper-
atures is a consequence of a first-sound (hydrodynamic) isovector collective mo-
tion. At low temperatures, in the zero-sound regime, the shape is not Lorentzian.
Due to the absence of the shell structure in our model, which is important at
T <1-—2 MeV, the last conclusion has to be taken with a caution. However, if
for some spherical nucleus the photoabsorption cross section is not Lorentzian at
the ground state, the Lorentzian shape will be restored with increasing tempera-
ture.
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A zero-to-first sound transition is found for the isovector volume mode in
208Ph at temperature Ty, ~ 4.5 MeV. Moreover from the simple condition
wrT2 ~ 1 we can estimate a A~/6 mass dependence of Tt,: Tty ~ \/kcapr(4) ~
~ R~'/2. Therefore an experimental confirmation of this transition requires to
create a dipole vibration in an extremely hot nucleus, close to maximum tempera-
ture that nuclei can sustain. This can be reached in heavy ion collisions, although
with some difficulties [5,6]. Further detailed comparisons of the present model
with the data on  emissions from hot nuclei are necessary.

In the second part of this report we have shown that important information
on the early stage of the fusion path can be obtained studying charge-asymmetric
reactions. In fact, in this case it is possible to reveal a «direct» dipole oscillations
(the dynamical dipole), related to the charge-equilibration dynamics, which leads
to some extra GDR strength in the statistical decay of the fused system. In
this work we have investigated how N/Z asymmetry and fusion dynamics are
affecting the properties of the pre-equilibrium GDR remnants. We have shown the
existence of a GDR collective mode, during the formation phase of the compound
nucleus, i.e., built on nonequilibrium states. This has allowed us to express the
mean number of dipole phonons present in the fused nucleus in terms of the
initial isospin asymmetry, CN formation time and GDR spreading width. We can
make quite accurate predictions on the optimal choice of the reaction partners, in
particular on the interplay between charge and mass asymmetry in the entrance
channel.

Particularly interesting is to follow the energy dependence of the effect. We
expect to see a rise and fall of the dynamical dipole contribution.

At low energies, just above the Coulomb barrier, the effect is strongly reduced
for two combined reasons:

e i) A delay in the dinucleus formation (slow neck dynamics) and relative
collective response. The pre-equilibrium dipole oscillation of the composite
system will have an initial smaller amplitude since some charge equilibra-
tion has already taken place.

e ii) A longer Compound Nucleus formation time is decreasing the average
number of phonons present in the fused system due to the GDR damping.

At higher energies, close to the Fermi energy domain, the effect is again
reduced on average for two main reasons:

e i) We have a relevant pre-equilibrium particle emission (i.e., incomplete
fusion events) with a direct reduction of the initial charge asymmetry.

e ii) In the fusion processes we have a large excitation energy deposited in
the composite system with a related increase of the GDR spreading width
leading to a fast decrease of the number of dipole phonons.
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Moreover a new dynamical feature is appearing at energies above 20 A MeV,
some large monopole oscillations in the entrance channel dynamics [5,6,62]. The
dynamical dipole strength is reduced and more fragmented, see the simulations
in Ref. 62, although still present as confirmed from very recent data [32,33].
The study of the dynamical dipole effect in the Fermi energy domain, although
experimentally quite difficult, would therefore bring new independent information
on the spreading width of hot GDR and in particular on the coupling to an
expanding collective mode.

Moreover, for charge asymmetric reactions, the enhanced 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 propagation in
excited nuclei. The use of radioactive beams will enhance the possibility of such
observations.
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