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Dissipative dynamics of interacting quantal degrees of freedom in spherical nuclei
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A model of quantal Brownian motion in fermionic reservoirs is applied to study the time evolu-

tion of a giant isovector dipole mode in ' 'Pb. The coupled equations of irreversible motion for the
excited collective mode and for the nucleon intrinsic degrees of freedom are simultaneously solved

and their energies, entropies, and relative populations are observed over a lengthy time interval. The
resonant decay can be seen together with the excitation of the Fermi sea towards a non-Fermi

asymptotic distribution. It is found that the effective decay rate is smaller than the downwards
transition rate, in contrast to the widespread assumption in microscopic models of resonance damp-

ing. Diffusion, as well as dissipation, appears as a feature of mutual equilibration.

I. INTRODUCTION

Since the origins of nuclear theory, collective and
single-particle motion have been regarded as complemen-
tary, nonexclusive aspects of a very complicated dynamics
involving many degrees of freedom. Presently, the deli-
cate correlations between both profiles of the twofold-
faced subject are being examined with renewed
enthusiasm. ' Due to the possibility of observing, with
the probe of heavy ion reactions, ' the transfer of large
amounts of energy, mass, and angular momentum over
finite time intervals, most efforts in the above-mentioned
direction have been oriented towards establishing dissipa-
tion mechanisms in large amplitude collective motion.
However, after the pioneering attempts to describe trans-
port processes in the nuclear fluid within theoretical
frames that involve almost stationary intrinsic degrees of
freedom, ' interest has drifted towards the mutual influ-
ence of either type of excitation on the other one. In such
a spirit, Mukamel et al. ' study the interplay between col-
lective and stochastic excitations regarding both in the
same footing, namely allowing for the time evolution of
the fermionic coordinates. Similarly, Takigawa et aI.
derive a master equation for the nucleonic reservoir cou-
pled to the collective motion through a stochastic Hamil-
tonian in a frame that resembles the linear response
theory. More recently, Ayik and Norenberg utilize pro-
jection techniques to examine the decay of a Slater deter-
minant of single-particle (s.p.) states into more complex
configurations due to coupling with macroscopic motion
in a nuclear system. In this case, the evolution of the Fer-
mi liquid is driven by a masterlike equation rather than by
a kinetic, quantal Boltzmann equation.

These studies coincide in the consideration of either
large amplitude or low frequency collective motion that
can be regarded as classical in the lowest approximation.
It is not clear that substantially quantal, high-frequency
modes like giant resonances in nuclei could be straightfor-

wardly described resorting to these theories, especially if
one is interested in predicting the major evidence of ir-
reversible coupling between collective and intrinsic de-
grees of freedom, namely the damping width. A detailed
analysis of the origin and structure of the damping reso-
nance width has been recently given by Wambach et al. ,
whose approach lies on similar grounds as those in Refs.
1—3 since both the macroscopic and the microscopic sys-
tems are simultaneously dealt with in the framework of
Green's function theory.

In a previous paper, we have presented a model that
conjugates features of the above-mentioned views in the
following sense. A quantal, high-frequency oscillation—
rather than a low-energy surface vibration, or the slow rel-
ati ve motion between two heavy ions —in the nuclear envi-
ronment, aimed at representing an isospin density wave, '

an elastic vibration, '' or a zero-sound mode -' is supposed
to couple to the fermionic motion through a residual
particle-phonon interaction. Appropriate utilization of ei-
ther reducing"' or projection '" techniques, of current
use in nonequilibrium statistical mechanics, with a
minimum of simplifying working hypotheses —the major
one being the weak-coupling assumption —allows us to ex-
tract from the Liouville-von Neumann equation a set of
evolution laws for the coupled dynamics of the subsys-
tems. While the density matrix describing the population
of the oscillator spectrum obeys a quantal equation with
microscopically derived transition rates, the fermionic
reservoir evolves according to a modified kinetic equation.
Equilibration is then irreversibly driven by the mutual
coupling. In Ref. 9, a solvable model has been worked out
and it has been proven that an asymptotic lifetime, or in-
verse damping width, can be extracted for the collective
mode as one follows the time evolution of its density ma-
trix. Furthermore, estimates of the s.p. damping width
contributed by such a coupling have been given in Ref. 15
for a regime of nuclear temperature and collective energy
resembling that expected in the vicinity of the isovector
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giant dipole resonance (GDR) in Pb.
This presentation differs from the work of other au-

thors' who face the prediction of the collective damping
width by examining the peaks of the response function in
the time-independent framework of linear response
theory' ' in the choice of the coupling mechanism. The
latter is here explicitly attributed to the residual particle-
phonon interaction rather than to the force exerted by an
exciting external field as in Ref. 16. However, we are
building our collective excitation on an unperturbed, nor-
mal Fermi sea, instead of a superconducting ground state
like that chosen by Jensen et al. in their analysis of pair-
ing and quadrupole vibration spread in U.

In the present work we show that the major model re-
strictions in these prior works ' can be released. The
equations of irreversible evolution, adequately modified in
order to describe a rotationally invariant object such as a
finite nucleus, provide useful and original information
concerning resonance decay in nuclei. As an example, the
isovector GDR in Pb is followed during its decay over
a finite time length. The Fermi sea, set at the origin of
time at a stationary state, becomes disturbed when sudden
excitation of the mode to which it couples takes place.
The progress of the fermionic excitation can be followed
as well. As a by-product of these observations, a figure
for the resonance width can be extracted and defined up
to an energy factor associated with a typical interaction
strength.

This paper is organized as follows. In Sec. II we
present the formulae to be numerically integrated; no
derivation is given here and we refer the reader to Refs. 9
and 15. We rather specify in this section the details in-
trinsic to the particular system we are attempting to
describe. In Sec. III, we discuss the range of the approxi-
rnations established in the original theory and the argu-
ments to relax them when needed. The calculations here
undertaken are described in this section. The results are
discussed in Sec. IV, while the conclusions and perspec-
tives in this field are summarized in Sec. V.

II. THE EQUATIONS OF IRREVERSIBLE
DYNAMICS IN THE SPHERICAL BASIS

In this section we present an abridged version of the
genesis of the dynamical equations for the system under

I

consideration. Since enough room for details of the gen-
eral formulation has been allowed in previous papers '
(also see Refs. 13 and 19), we will just outline the road to-
wards these equations when the fermionic reservoir or
heat bath is a spherical nucleus, rather than extensive nu-
clear matter. Let pTJ be the observed (i.e., asymptotic)
density matrix for a harmonic collective mode labeled by
isospin T, total angular momentum J, and parity ~,

J
pTJ.= & & &pkJ.. l

nqM; TJ~) & nqM; TJ~
I

.
q=+1M =—J n

(2.1)

Here q denotes the isospin character of the collective os-
cillation, namely q =1 for protons and q = —1 for neu-
trons. The label n indicates the number of oscillator
quanta for given q and M, or

l
nqM; TJm ) =(I PJ„)"

l
OqM; TJm ), (2.2)

where
l
OqM;TJn. ) is the vacuum for the class of pho-

nons created by the boson operator I PJ .
Similarly, let p(1) be the reduced one-fermion density

matrix in a s.p. basis
l

& ) =
l
r„N&j &lz ), where

( —
z ) for protons (neutrons);

J
m„p(1)=g g p~" lm~', &)&m~', &

l
.

A m& ———J&

(2.3)

In this scheme, the total population of an oscillator
state with n quanta is

M
pn =Qpkza, n ~

q, M

(2.4)

while the total population of a s.p. orbital
l

A ) is

m&
PA= PA

mg

(2.5)

We assume that the interaction between the bosonic and
ferrnionic subsystems into which we are splitting our nu-
cleus can be represented by a standard particle-phonon in-
teraction,

V= g g I t[btb ] +H.c.
apqM

+1 +n.
qM 1+(—) "

qMt$ ~ap&Jamaj&mp IJdpJM)&Tra7 p l TTTq) I rg~bpba+H. c.
apqM

(2.6)

In this expression, 1, „ is an interaction matrix element and the s.p. labels 3 show up in two specified categories, '
according to their particle (a,P, . . . ) or hole (p, v, . . .) nature.

Once the representation of the interaction has been established, it is easy to reproduce the calculation steps leading to
the coupled equations of motion, namely the master equation for the Liouville state vector of the co11ective mode and
the modified kinetic equation for the fermion density matrix. '5 In the present framework, they take the form (hereafter
we drop the TJn labels that will remain widely understood),

~qM( qM qM)+ ~qM( qM qM) (2.7a)
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p„"=(8™—p$ ) g ~A, q„'~'x,
q' (e„„)p„"(1—p„")—g ~

Aq', ~'&q'"'(e „)p„'(1—p )

p, m a, m

+(8'"—p$") g ~&"~ ~' &q.M(e „)p (1 —p„")—g ~A.'„'„'~'X.'"(e„„)p„'{1—p„") +p„"(kin), (2.7b)

a, m p, m

where the symbols to be explained are the following:
(i) the transition rates Wq~ for each kind of nucleon

and spin projection,

w q' (e „)pq "(1—p ), (2.8a) 8'= (2J + 1)b' . (2.13)

These constants can be specified if we consider that at
t =0 the oscillator lies in its unperturbed ground state and
the spatial pattern is spherically symmetric. Thus, Eqs.
(2.12) are characterized by an average 8 =b, so that

Wq = g ~Aq~™„~ Mq (e~„)p~ (1 p„");—(2.8b)
a@md m&

(ii) the energy-spin-isospin form factor,

We assume that the relative weights of B—are, respective-
ly, proportional to the total numbers of proton and neu-
tron pairs satisfying the total spin and parity selection
rules, namely

Wq (e „)=F(e„)(j m~„m„~J~„TM)
(2.9) q+

(2.14)

where F(e &) is the filter associated with nonstrict energy
conservation, ' usually taking the Lorentzian shape;

(iii) the boson normalization factor 8q to be specified
below;

m
(iv) the kinetic collisional derivative p„(kin), associat-

ed with the residual two-particle collisions.
These equations possess the following characteristics.

First, they describe the evolution in a given subspace la-
beled by q and M, different subspaces remaining dynami-
cally uncoupled. Of course, each value of q is in
correspondence with the s.p. isospin ~z associated with
the label A in Eqs. (2.7b}. In other words, these equations
govern the motion of either proton or neutron harmonic
oscillations of given spin, spin projection, and parity.
Second, the normalization of the density matrices is strict-
ly conserved in each subspace. This means that

qM 8qM (2. 10a)

FqM (2.10b)

=B++B (2.1 1)

where we have defined

J
8q g 8qM

M= —J
(2.12)

where 8 and F stand for constants associated with boson-
ic and fermionic degrees of freedom, respectively, whose
values can be fixed as follows. Let us observe that the bo-
son density is normalized as

JI=X X Xp'
q=+1M= —J n

J=X X8"
q=+1M= —J

From (2.12) to (2.14) we obtain, for any q and M,

bq BqM 1

2J+ l, i '+., ~.-q (2.15)

With respect to the fermion normalization factors, we

simply introduce the spherical symmetry argument and
notice that

F+M=Zi(2J+1), (2.16a)

F M=N/(2J+-1) . (2.16b)

Finally, it should be stressed that the dynamics con-
tained in Eqs. (2.7} is a causal one, leading to asymptotic
equilibration by means of the residual interaction between
the competing systems. Equilibrium is achieved when
gain and loss contributions —in other words, when the
rates of population and depopulation, respectively, of a
given unperturbed level of either subsystem —balance each
other. Any nonvanishing difference between these two
rates gives rise to a finite collisional derivative, in charge
of bringing equilibration back into the system.

As a final word of caution for this section, we must
remind the reader that the microscopic particle-hole struc-
ture of the transferred phonons has not been explicitly
considered. The underlying picture can be regarded as
that of a quantal multipole harmonic oscillator perform-
ing Brownian motion in a spherical cavity. At the present
stage of the theoretical development there is no way of
overcoming this limitation at a relatively low cost. How-
ever, we will see in the next sections that the most relevant
features of resonance damping are contained in this sim-
ple framework, since a phenomenological renormalization
of the transition rates that takes care of Pauli blocking ef-
fects, utilizing strength functions from random-phase-
approximation (RPA) calculations, does not give signifi-
cant deviations from the Pauli-violating description pro-
vided by Eqs. (2.7).
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III. APPLICATION TO THE ISOVECTOR
GIANT DIPOLE RESONANCE IN Pb

As an application of the theory presented in Sec. II, we
design a simplified model for a resonant isovector dipole
mode in Pb. The s.p. spectrum is that used in Ref. 20
and the experimental resonant energy is ' %0=13.8 MeV.
The coupling matrix elements A,

&
are set identically equal

to the unity; the constant A. is otherwise a time or energy
scaling factor that can be either fit to experimental data
or given a microscopic ansatz (see, for example, Ref. 22).

At this point a question could be raised regarding the
legitimacy of the use of kinetic methods to compute the
evolution of a system with both discrete and finite spectra.
We must keep in mind that these two characteristics pos-
sess a different origin. The discreteness arises from the
fact that s.p. energies and orbitals are determined in a
fashion that involves mostly stationary or quasistationary
behavior, for instance, via spectroscopic measurements.
In fact, a many-body system with residual and finite
range two-body interactions does not exhibit a discrete
spectrum of s.p. excitations, but rather a continuum gen-
erated by overlapping broadened levels. Notice that we
are dismissing the unbound portion of the s.p. spectrum,
since we are interested in the damping width, rather than
in the escape width that is usually a small fraction of the
total broadening. By contrast, the finite spectrum arises
from a calculational need. As will be later seen when dis-
cussing the numerical results, the truncation of the model
space does not represent a significant limitation, since (i)
as in standard shell model calculations, suppression of the
highly excited part of the spectrum is valid to the extent
to which the transition rates to those levels are negligible
within the dominant scale; (ii) the processes we study here
are weighted by an energy form factor [see Eq. (2.9)] that
further privileges transitions within a selected band and
dampens away the high 1ying spectrum.

In the present work the most interesting effect related
to the existence of both particle-particle and particle-
phonon residual interactions is the possibility of assigning
a finite lifetime to the collisional operator ' ' ' that
gives rise to the right-hand side of Eqs. (2.7). This fact is
reflected in the broad energy form factor (Fe~&) of the
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FIG. 1. The energy Lorentzian form factor F(e „)as a func-
tion of the pair energy (in MeV) for different width parameters
Ay. The center of the filter lies at the phonon energy ATE=13.8
MeV.

Lorentzian-type [Eq. (2.9)] centered at the phonon energy
RQ. The magnitude of the energy width Ry in F(F. &),
where

F(F. „)=
(e q

—RQ) +(fi)/)

should be selected with some caution in view of its signifi-
cance. Let us recall that the characteristic lifetimes of our
subsystems are related to the following: (i) s.p. level
broadening and collective level broadening, both due to
the mutual interaction, and (ii) s.p. level broadening which
originated in the two-fermion residual interaction. How-
ever, y is a collisional lifetime, in other words, it is a
correlation time ~, that represents the duration of an
unobserved particle-phonon collision and is consequently
related to its interaction range. This is essentially a mi-
croscopic parameter and is thus substantially different
from the macroscopic broadenings enumerated above, that
already bear the effect of averaging with respect to unob-
served degrees of freedom. The point to be stressed here
is that, although both individual fermion and boson life-
times originate in their microscopic coupling that takes
place within a correlation time ~, =y ', the measurable
consequence of the interaction is an average relaxation

TABLE I. The relative weight L; assigned by the Lorentzian energy form factor of the pair states
(np) with pair energy co „closest to the phonon energy AQ normalized with respect to the most favored
transition i = 1.

cu q (MeV)
fr~ =0. 1 MeV
L; LI- /L

Ay=1 MeV

L; L;/L;+l
4@=10 MeV

L, /'L, +,

(P 2 f7/2 P I g9/2)

2 (p 1 h9/2 p 1 g9/2)

3 (P 2 f5/2 P I R7/2. )

4 (n 2 g7/2 n 1 h9/2)

5 (P 2 fsn P 2 dg/2)

6 (p 3 g3/2 p 2 dp/p)

12.56

11.6

10.96

9.4

9.23

8.75

1.0

0.337

0.192

0.080

0.074

0.061

2.967

1.755

2.4

1.081

1.213

1.0

0.454

0.280

0.125

0.116

0.096

2.203

1.621

2.24

1.078

1.208

1.0

0.965

0.935

0.850

0.840

0.819

1.036

1.032

1.012

1.026
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FIG. 4. The oscillator occupation numbers po(t) and p~(t),
with the same conditions of Figs. 2 and 3.

FIG. 2. The boson and fermion energies Eq and EF, respec-
tively, as functions of time. It is assumed that at t =0, the os-
cillator level n =1 is populated, the rest of the spectrum being
depleted, while the nucleons distribute in an unperturbed Fermi
sea. The width of the energy filter is fiy=1 MeV and the pho-
non energy is AA = 13.8 MeV.

time, larger than r„associated with the inverse level
width. Since we actually ignore the magnitude of r„we
are forced to regard either it or y as parameters whose in-
fluence on the numerical results has to be examined.

In order to illustrate the theory in Sec. II and the above
considerations in the case of the giant T= 1,J =1 mode
in Pb, we have numerically solved Eqs. (2.7) for a
variety of situations labeled by different values of the
Lorentzian width Ay. It should be noted that since we are
dealing with energy nonconserving (inelastic) scattering
events, the total energy of the combined system is not a
constant of the motion. The amount of nonconservation
is measured by the size of Ay, i.e.,

~
E~ EF

~

=fiOy . — (3.2)

Our criterion for a choice of y is based on the smallest en-

ergy fluctuation. It has been seen that the quantity

~
Ea EF

~

saturate—s for the value Ry-0. 1 MeV; smaller
figures for this parameter do not improve energy conser-
vation. This is due to the fact that for the current choice
of s.p. spectrum, a Lorentzian width of 0.1 MeV not only
excludes all pair levels (ap) from the vicinity of the peak
at 13.8 MeV, but the relative weight assigned to every al-
lowed transition remains almost constant when Ay dimin-
ishes. This is illustrated in Fig. 1, where Lorentzian func-
tions are drawn for Ay=10, 1, and 0.1 MeV. The pair
spectrum co~„ is indicated on the abscissa axis. The rela-

EB(t)
v~(t) =

E~(t) Eq( oo )— (3.3)

is displayed in Fig. 5 together with the average transition
rates

(3.4)

In Fig. 6, we show pictures of the time evolution of the
relative variation of the fermion population,

pg (t) —pg(0)
5p„(t)=

pg (0)
(3.5)

taken every 2.85)&10 ' sec. We remark that the time
step in our calculations has been taken as 0.057&10
sec. For t larger than the highest time in the figure
( t,„=17.1 X 10 ' sec) saturation of the population pat-
tern is graphically achieved in the current scale. Finally,
in Fig. 7 the final fermionic variations 5pq ( oo ) are
displayed.

In these calculations, the intrinsic fermion collisional
derivative pk;„has been set equal to zero, since it has been
seen in Ref. 15 that its contribution is relevant for s.p. lev-

tive weights for those levels with energies closest to AQ
are shown in Table I, where the saturation effect is clearly
displayed.

Figures 2—7 exhibit the following calculations, corre-
sponding to the case Ay = 1 MeV, as functions of time (in
units 10 ' sec). The boson and fermion energies, the cor-
responding entropies, and the occupation of the oscillator
ground state and the first excited level are shown, respec-
tively, in Figs. 2, 3, and 4. The energy logarithmic deriva-
tive,

10-

CL0
I-z

S,

0-8-

0.4—

W,

1

t (~o "sec)

I

2

FIG. 3. The boson and fermion entropies S~ and SF, respec-
tively, in units of the Boltzmann constant k =8.62&(10 "MeV
K ' as functions of time. The details are the same as in Fig. 2.

I

2

t (io 2'sec}

FIG. 5. The logarithmic derivative of the boson energy (abso-
lute value) and the average downwards transition rate for the
collective mode as functions of time. The details are the same
as in Figs. 2—4.
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els lying more than a tenth of an MeV above the Fermi
level. The dimension of the numerical problem has been
cut off by a factor of 2 with the approximations

qM q M
pn =& pn (3.6a)

I
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I
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I

0
~ ~ ~~ ~
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FIG. 6. The time evolution of the Fermi sea. Relative varia-
tions 5p& of the fermion population, defined in Eq. (3.5j, are
displayed against the single-particle energy e & (in MeV) for the
indicated instants. Details are the same as in Figs. 2—5.
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9
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FIG. 7. The equilibrated fermion population for t = ao. This

represents the final picture in Fig. 6, arising as a long-time run.

W =88 (3.6b)

(3.7)

This is a reasonable guess for heavy systems and holds to
below 1% in the case of Pb. All frequencies and transi-
tion rates are given in 10 ' sec '

I
A, ~, where A. is given in

MeV. The normalization of both fermion and boson den-
sities is strictly conserved throughout the whole time evo-
lution. Furthermore, since these computations represent a
structureless harmonic oscillator coupled to a spherical
ferrnionic environment, a question that naturally arises
concerns the influence of the microscopic constitution of
the collective phonon in the proposed dynamics. From
the simplest minded point of view, an estimate of such an
effect can be given if one refers to the well-established
random-phase-approximation (RPA) description of the di-
pole phonon in Pb (see, for example, Ref. 4) and to its
corresponding strength function. We have assigned to the
pair level spectrum a probability weight P z constructed

TABLE II. The asymptotic relative variation of the fermion population 5pz(t), evaluated both
without and with the Fermi blocking factor P „originated in the structure of the phonon (columns la-
beled 1 and 2, respectively, for every considered time). The symbols p and n in the left column indicate
proton and neutron states, respectively. The single-particle levels are ordered according to increasing
energy with respect to an arbitrary although common origin.

t =2.85~10 ' sec t =8.55)&10 ' sec

p 1 g9/2

p 2

p 2
n 3 pl/2
p 1 h9/2

P 2f7n
n 3 d5/2
n 4 s//2
n 2 g7/2
n 3 d3/2

P 3 P3/2

P 2fsn

2.4
0.7
0.5
0.6
0.8
2.3
0.4
0.7
0.5
0.6
0.9
1 ' 3

2.1

0.7
0.5
0.6
0.8
2. 1

0.4
0.7
0.5
0.6
0.9
1.3

4.0
1.2
1.0
1.1
1.4
3.9
0.6
1.1
0.9
1.0
1.5
2.2

3.7
1.3
1.0
1.1

1 4
3.6
0.7
1.1
0.9
1.0
1.5
2.2

4.4
1.4
1.0
1.2
1.6
4.3
0.7
1.3
1.0
1.1
1.7
2.4

4.2
1.4
1.1

1.3
1 ' 7
4.0
0.8
1.4
1.1

1.2
1.8
2.5
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from the strength function in Ref. 4, properly interpolated
and normalized. Thus, in our kinetic equation (2.6b) we
have accompanied every phonon destruction weight
p&(I —p ) with P &, namely the probability that the pair
(ap) is present in the coherent oscillation. Corresponding-
ly, the phonon creation events are weighted by the com-
plement 1 P—„. The results for the time evolution of the
fermion population and for the final population are shown
in Table II.

IV. DISCUSSION OF THE RESULTS

Figures 2—7 contain a complete picture of the com-
bined time evolution of a harmonic mode with 40 = 13.8
MeV and an energy filter with a width Ay=1 MeV. The
energies of the boson and fermion systems (Fig. 2) satu-
rate at the values 0 and 10 MeV, respectively. Since the
binding energy of the fermionic reservoir is higher than
1600 MeV, the loss hE is lower than 0.2% of the total in-
itial energy. The variation of the entropies (Fig. 3)
displays all the features of an H theorem, ' with the
characteristic increase after a finite time and the asymp-
totic saturation indicating equilibration (remember that
absolute values are drawn).

The quanta probabilities p~(t) and po(t) evolve from un-
ity towards zero and from zero towards unity, respectively
(Fig. 4), reflecting the decay of the initial configuration
and the population of the unperturbed ground state.
Probabilities p„other than po and p~ cannot be displayed
in the current scale.

In Fig. 5 we can observe an original feature of this
model. It is clearly seen that the average transition rate
8'+, representing the probability per Unit time for pho-
non destruction transitions, lies higher than the energy
logarithmic derivative throughout the whole time interval.
This expresses the fact that in the present theory reexcita-
tion processes can be important. The depopulation of the
initially excited oscillator level takes place under the com-
plicated dynamics displayed in Eqs. (2.6), where gain-
and-loss events dominate the energy transfer. %'e realize
that the time variation of W+(t) is slow enough, thus the
evolution can be regarded as adiabatic; this suggests to us
the possibility of instantaneously diagonalizing the evolu-
tion kernel and assigning the smallest nonvanishing eigen-
value A, &(t) as an instantaneous decay rate for the energy.
In such a case, the eigenvalue contains a contribution
from the upwards transition rates 8™,as well as from
the downwards rates 8'+ associated with the decay of
higher populated levels. The presence of high-lying exci-
tations at positive times is a manifestation of the diffusive
character of the whole relaxation process. We recognize
as well in Fig. 5, three well-defined regions: (a) the large
energy transfer taking place in the initial stages of the
evolution; (b) the fast slope change in the energy logarith-
mic derivative; leading to (c) the asymptotic, very small
energy transfer associated with the extremely relaxed
motion. In this model, the energy broadening of the col-
lective mode is measured by the effective frequency vE in
the large transfer regime when E8(t) has dropped to al-
most Ez(0)/e, that for the chosen set of parameters is

close to 1.20 MeV/
~

A.
~

and lies slightly below the corre-
sponding decay rate 8'+.

In Fig. 6 we can appreciate the time evolution of the
fermion occupation numbers as functions of the s.p. ener-
gy. Relative figures are shown. We realize that the densi-
ty profiles depart from the Fermi distribution at t =0, al-
though in low amounts, not larger than 4%%uo. It is seen
that those s.p. states participating in particle-hole transi-
tions with energies close to the resonant energy are
privileged with extra population in the course of evolu-
tion. In the present case, they are the proton states
(ap) =(1 g9/22 f7/p) and (1 g9/21 /l9/p) with transition en-
ergies fm „=12.56 and 11.66 MeV, respectively. The fi-
nal population is seen in Fig. 7, where the maximum vari-
ation corresponds to the proton state 1 g9/2 with
6p, -4.4%.

Table II displays a comparison between preceding num-
bers and those reflecting the effect of Pauli blocking in-
duced by the RPA structure of the collective phonon
(columns 1 and 2, respectively, for each given time). Only
those s.p. states with 5p„(t) larger than 1% are shown. It
is clearly seen that the most significant difference between
columns 1 and 2 amounts to 0.3% and corresponds to the
privileged proton levels mentioned above. We conclude
that for the present set of approximations, the Pauli prin-
ciple plays no significant role from the quantitative point
of view.

V. CONCLUSIONS

In this paper we have shown that the theory of coupled
relaxation of quantal macroscopic (harmonic resonant)
and nucleonic degrees of freedom can be utilized to study
giant resonance decay and excitation of the Fermi sea,
from the dynamical viewpoint. For this sake we have nu-
merically solved the quantal master equation for a dipole
isovector mode together with the modified kinetic equa-
tion for the nucleons in Pb. Significant quantities like
energy, entropy, and oscillator level population are ob-
served during their time evolution over several time units
and the full characteristics of decay towards equilibration
are recorded. The examination of the logarithmic deriva-
tive of the oscillator energy as time proceeds indicates
severe deviations with respect to the average downwards
transition rate W+. Since the latter, taken at the origin
of times and evaluated for zero temperature of the heat
bath, is the usually adopted figure for the resonance
broadening (see, for example, Ref. 4 and references
therein), these results indicate the convenience of incor-
porating reexcitation events into the picture in order to
obtain a correct description of collective mode damping.
We especially note that the identification of the width
with II/+(r =O, T =0) is the "never-come-back" approxi-
mation which essentially establishes that coherence is
destroyed as soon as a particle-hole state in the collective
mode excites into a 2p-1h configuration.

This viewpoint due to Danos and Greiner has been fur-
ther developed by Dover et al. , who have considered
that the giant dipole width can be evaluated as a weighted
average of both particle and hole widths, where the latter
are provided by optical potential measurements and calcu-
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lations. These authors prove in their work that the pre-
diction of collective centroids can be decoupled from the
prediction of the spread, coincidently with the philosophy
here adopted, since we have concentrated ourselves on the
extraction of damping or lifetime parameters, assuming
that the energy location and structure of the collective ex-
citation is given.

It should be noticed that the entropies displayed in Fig.
3 respond to the characteristics of a truly dissipative pro-
cess, since S«„~——Sz+SF increases towards asymptotic
saturation. This is a consequence of the non-Herrnitian
nature of the generator of the motion in Eqs. (2.7); indeed,
the reversible, Schrodinger-type evolution typical of time-
dependent Hartree-Fock or random-phase-approximation
calculations is overcome in our case by the information
loss introduced by the coarse-grained collisional kernel. '
In this respect, this work contrasts with the very recent
presentation of Yannouleas et al. , ' where monotonic
energy transfer from a collective mode into other degrees
of freedom is achieved in a reversible fashion. Damping
in this case—one properly speaks of Landau damping, a
well-known process in physics of fluids' and quantum
liquids —is associated with a phase mixing type of ir-
reversibility' that provides isentropic homogenization in
configuration space.

Of course, deeper studies with more accurate selection
of parameters and input data are needed before the last
word on the subject will be spoken, but to our belief, this
model suggests, within its limitations, that attention
should be paid to diffusion in the nuclear fluid in addition
to dissipation when a particle-phonon interaction is

switched on.
The dynamical framework utilized here also allows one

to observe the progress of the excitation of the Fermi sea
towards an asymptotic configuration, in which those s.p.
states that participate in particle-hole destruction or
creation events with transition energies close to resonance
are largely favored. The Pauli principle is parametrically
enforced through the introduction of the RPA normalized
particle-hole strengths into the transition rates; with the
current set of parameters and data, no important modifi-
cations to the original description are obtained except for
slight indications of enhanced nucleon diffusion.

%'e believe that the present restricted results encourage
further work along this line, in view of the various ques-
tions posed that cover different facets of the subject, from
a systematic study devoted to shed light with respect to
the yet free parameters y and A, , to theoretical refinements
aiming at progressive incorporation of other mechanisms
of dissipative coupling.
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