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The different role the doorway states and the compound states play (in the regime of chaotic intrinsic dynamics) in
the damping of single-particle states and giant resonances at finite temperature, is discussed.

Introduction

The problem of the variety of mechanisms at work in the
damping of collective motion of many-body systems is a fas-
cinating one, and central in a variety of fields ranging from
condensed matter to atomic nuclei.

According to the topics of this symposium and workshop, the
main features of the damping in hot nuclei will reviewed, in
particular for the Giant Dipole Resonance (GDR), following
Ref. 1. See Ref. 2 and these proceedings® for the most recent
achivements in the experiments and theory.

The properties of the GDR are experimentally known at finite
temperature 7' and angular momentum from the y-decay of a
compound nucleus produced in inelastic scattering and/or fu-
sion reactions. In general terms, it is found that the centroid
energy remains constant, while the total width increases at
value of the order of 10-12 MeV at temperature of the order
of 2.5-3 MeV in nuclei as **°Sn or 2°8Pb.

At the mean field level, the inhomogeneous damping mecha-
nism is at work, reflecting the spatial anisotropy of the sys-
tem. Indeed, we know that the energy centroid of the GDR
is inversely proportional to the nuclear radius. In a spherical
nucleus, the vibrations along any three perpendicular axis are
equivalent (fiw ~ 79/A'? MeV at T = 0), and the strength is
equally distributed. In deformed nuclei (permanent deforma-
tion or deformation induced by temperature and/or angular
momentum), the dipole strength splits. Each of the peak can
undergo further splitting or eventually acquire a width, still
in a pure mean field description of the nucleus, due to the
following mechanisms:

(1) decay into single-particle motion, that is in uncorrelated
particle-hole excitations, a phenomenon known as Landau
damping in solid state physics.*) The relative contribution to
the total width I" of the giant resonances will depend on the
particular mode and nucleus.

(2) Particle-decay: giant resonances lie above threshold for
particle emission and may be damped through emission of
nucleons. The corresponding width I'" may not be negligible
(/T ~107Y).

These two mechanisms are expected to be rather temperature
independent, being strongly connected to mean-field proper-
ties,” see however Ref. 6.

On the contrary, the contribution of inhomogeneous damp-
ing, is expected to depend on temperature. This is because at

finite temperature, the system will display thermal, large am-
plitude fluctuations which will make the system probe larger
deformations with larger probability. These probabilities are
controlled by the Boltzmann factors, and the resulting spread
in frequencies will result as a weighting average over all possi-
ble quadrupole distortions. Because the corresponding inte-
gral can be parametrized in most cases in terms of a Gaussian
integral, a square root dependence with temperature will fol-
7

low.""

Beyond mean field (around each deformation), vibrational
motion is damped by coupling to progressively more compli-
cated states lying at the same excitation energy. The first
in this hierarchy of states (“doorway states”s)) are 2particle-
2hole excitations. The most effective ones among them are
those containing (in the zero temperature limit) an uncorre-
lated particle-hole excitation and a collective surface vibra-
tion or two vibrations.?) The coupling to these doorway states
leads to a breaking of the giant resonance strength. This
is the phenomenon of collisional damping, and is essentially
connected with the coupling of the giant modes to the quantal
fluctuations of the nuclear surfaces. The associated spread-
ing width T'Y, of the order of few MeV, provides (at T = 0
and in heavy nuclei) an overall account of the experimental
data for the width." In fact, coupling to more complicated
states, and eventually to the totally mixed states describ-
ing the compound nucleus, gives rise to a smoothly varying
strength function.'® The associated width does not differ
substantially from the spreading produced by the doorway
coupling, because the increase of the density of complicated
states is compensated by the decrease of the coupling matrix
elements.

The collisional damping is found to be essentially indepen-
dent of temperature. “**'? This in spite of the fact that
single-particle damping displays a linear dependence with 7.
Quantum interference between the different amplitudes in-
volving the decay of a particle or of a hole, essentially cancels
out this dependence.

In the next sections, we discuss in more detail the properties
of the collisional damping.
The hierarchy of couplings: Compound coupling

In this Sect., we will discuss the “compound nucleus damp-
ing” mechanism, that is the contribution to the damping of
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the giant resonances due to the coupling to progressively more
complicated states up to the fully mixed compound nucleus
states, following Ref. 10.

We write the total Hamiltonian describing the system as
H=Ho+V, 1)

sum of a mean field Hamiltonian Hy, and a residual two-body
interaction V. The eigenstates of the mean field Hamiltonian
Hj are the independent many-particle many-hole excitations
of the system, that is the one-particle one-hole (1p-1h), 2p-2h,
3p-3h etc. excitations. We diagonalize the total Hamiltonian
H in a restricted basis of 1p-1h states, obtaining the giant
resonances (GR) plus low-lying collective states, aside from a
large number of uncharacteristic states being close in energy
to the unperturbed 1p-1h excitations.

The diagonalized 1p-1h states, together with the set of 2p-2h,
3p-3h etc. states form a complete set of basis states denoted
by |u), with energies E,, = (u|H|u). The exact stationary
states of the total Hamiltonian obtained by diagonalizing H
in the complete basis of states |u) are denoted |i) with the
energies E;. The damping of the giant resonance state |0)
is controlled by its coupling to the states |u). Among these
states, in the 2p-2h class are the doorway states consisting of
a surface vibration plus an incoherent 1p-1h state.

To procede, we introduce a model based on two main assump-
tions. First, the spreading of any state |u) into the compound
nucleus eigenstates |i) associated with the intrinsic chaotic
dynamics is characterized by random, uncorrelated ampli-
tudes X,

) =3~ Xili). (2)

The second assumption is that of the uniformity of the spec-
trum and of the structure of the states |u). In other words,
the states |u) are all characterized by a single strength func-
tion P centered around each unperturbed energy E,,,

P(Ei) = p(E)[(uli)* = p(E:)| X[, ®3)

where p denotes the total density of states with the same
quantum numbers as those of the mode under consideration.

This in keeping with the fact that, for a single-particle damp-
ing width with a linear or quadratic dependence on the en-
ergy, as for the experimental data in Fig. 7.20 of Ref. 13, the
damping width of a many-particle-many-hole state has only
a rather weak dependence on the number of particle-hole ex-
citations, cf. Ref. 14 appendix A.

We cannot apply this argument in discussing the strength
function Py(E — Ey) of the giant resonance state |0), because
of the coherent properties of this mode, as discussed in the
next Sect. As a result we allow the strength function Py of
the giant resonance to be different from the strength function
P.

The uniformity assumption also requires that the coupling

28

between the states |u) have a uniform distribution. For
the associated average coupling strength per unit energy, we
write

= pu(B) (| H|v)?
= f(Ev = Ey). (4)

pH(EV)|HHV|2

Here, p, denotes the level density of those states which cou-
ple, through the interaction V, to a given state |u). Similarly,
for the GR we write,

pO(E,u,)|HOp,|2 = pO(EH)KO‘H“’L)‘Q
= fo(E, — Ey), (5)

with po being the density of doorway states associated with
the state |0) .

The diagonalization of the full Hamiltonian H proceeds in
two steps. First H is diagonalized among all the states |u)
except for the giant resonance state |0), thus producing a new
set of eigenstates |a). These states |a) have no mutual inter-
actions but couple only to the state |0) with typical matrix
elements

[Hoal? = | Y Hou{ula)|?

“
~ Y [Houl? [(ula)P?
“

= ST Sy ) ©)

where the strength function P, is defined in Eq. (3). In writ-
ing the above equation, the main assumption have been used:
the amplitudes are uncorrelated.

The coupling matrix elements Ho, control the last stages
of the relaxation process leading to extremely complicated
(chaotic) compound nucleus states |i), each carrying tiny
fractions of the giant resonance strength. If N is the num-
ber of principal components in the compound nucleus states,
then p ~ N and, from Eq. (6), Hoa ~ N~/2.*® Due to this
N-scaling, we may expect*® the value of the spreading width
to saturate, as the dependence on exponentially growing level
density is eliminated.

This is seen in Ref. 10, where the second part of the diag-
onalization was carried out exactly, in the weak and strong
coupling limit, with the strength function written as,'”

1 _
Po(E = Eo) = —Im|[E — Eo — So(E — Eo)] Y
|Hoa|®

So(E—Fo) =Y mp—5 - (7)

The self-energy part Yo (E) of the giant resonance is expressed
in terms of mixing matrix elements given in Eq. (6). Since
we average over nearby shell model states we may write,

1 — 1
(B —Bo) ~ 3.3 = o 5y
a p

-P(Es — E,)




~ / dEa / AE, [po(E,)Ho,P?]
P(Ea - E,)

. 8

E—-FE,—10 (8)
Equations (7) and (8) relate the strength function Py of the
Giant resonance to the strength function P of the states |u).

Using the assumption of uniformity, the infinite set of equa-
tions for P, is substituted by the integral equation for the
common strength function P(E),

P(z) = 2Imlz~ 5()]

/ dx / dy f(x ﬂgyz = 9)

The set of coupled Egs. (7)—(9) can be solved by iteration and
define the giant resonance strength function in terms of aver-
age coupling matrix elements introduced in Egs. (4) and (5).
The relations (7)—(9) implicitly contain the coupling of the
collective excitation to a hierarchy of ever more complicated
many-particle many-hole states |u). In ordinary shell model
calculations, the set of equations is truncated at a maximum
number of particle-hole excitations. Here instead, we have
imposed uniformity in the equations so that strength func-
tions for high seniority states, i.e. large number of particle-
hole excitations, are not neglected but rather retained at a
limiting form.

The strength functions obtained by solving the set of coupled
Egs. (7)-(9) depend both on the strength as well as the en-
ergy range of the residual interaction. Analytic solutions are
found by parametrizing the couplings given in Egs. (4) and
(5) as

nova Wo
folB) = =57 E2 + (Wo/2)2 10
and
nv? w
FE) = e v/ (11)

The quantity Wy measures the range in energies E, over
which the giant resonance state |0) couples to the doorway
states. The strength of the residual interaction novZ has been
written in terms of a typical r.m.s. matrix element vy and
the number of doorway states ng. If the collective state cou-
ples to an unbounded set of doorway states we may let both
Bo and Wy go to infinity while keeping their ratio Bo/Wo
constant, the ratio being proportional to the density po of
doorway states. With this parametrization, the second mo-
ment of the strength function Py of the giant resonance |0) is
given by

M = (0|(H

%10) = [OlH )
"
ng
~ /dEH fo(E, — Ep) = ZUS = novg,
p=1

(12)

and a similar expression holds for the second moment M, P@ (=
DO v?), of any state |u).

With the above parametrization, the self-energies acquire the
form

novy

/dxmp()
/dfw/z P(a).

In the weak coupling limit, /nove < Wy and vnv < W,
the self energy Xo(z) is a slowly changing function of en-
ergy within the spreading width. Consequently, the collective
strength function will not depend on the details of P(z) and
eventually attain a Breit-Wigner form (exponential decay),

(13)

1 To

PO(E_EO):%(E7E0)2+

/22’ (14)

where the spreading width of the giant resonance is given by

4nov(2)

Fo—QImEo(O) W 5
0

\/TL_()’UO < Wo. (15)

This result also could have been obtained directly from
Egs. (5) and (10) using Fermi’s Golden Rule, that is,

't =T = 2nvgpo(Eu = Eo) = 21 fo(0). (16)
In keeping with the assumptions made above, this relation
applies in those cases in which the damping width I'g is much
smaller than the range of the interaction Wj.

In the strong coupling limit for the intrinsic states, that
is when y/nv > W, the exact shape of the coupling
parametrized in Eq. (10) is not important and the Hamil-
tonian can be modelled by a banded matrix with random
matrix elements of magnitude v in a band of size n surround-
ing the diagonal. The resulting self-consistent strength func-
tion of generic background states is a semicircle of radius R,
that is

2
P(z) = ey R2—22, R=2Vnv; Vnuv>W. (17)
71'
The giant resonance strength function, solution of Eqs. (13)
and (17) becomes
2 R? — 22
Py(z) = (18)

7 R2 +422(R?/R% — 1)’

where Ro = 2 /novo, that is, a hybride of the semicircle
and Breit-Wigner shapes. The effective spreading width
(FWHM) of the giant resonance varies from I'o = v/3Rj
at Ro = RtoTo = RY/R at R > Ry. Again, the upper
boundary for the width is determined solely by the coupling
to the doorway states. Subsequent scattering into the the
compound nucleus eigenstates may change the shape of the
strength function but does not add to the damping width
which may actually decrease. Note that the result given by
Eq. (18) (strong coupling limit) could not have been obtained
in perturbation theory.

The estimates of Py collected in Egs. (14) and (18), give an

upper limit for the damping width of the giant resonances.
These results are expected to remain qualitatively valid also
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in the case where the compound nucleus has a very high ex-
citation energy and the giant resonance is thermally excited,
provided a thermal averaging of Eqgs. (7)—(9) is carried out.
This is because, the quantity Ro = 2./novo, which is propor-
tional to the square root of the expectation value of H? in
the giant resonance state, cf. Eq. (12), does not contain any
exponentially growing parameters. On the other hand, both
no and vy may change with temperature.'*)

A simple example of this reasoning is offered by the case of
the giant quadrupole resonance (GQR) of 2°®Pb. One ob-
tains from Eq. (15) (no ~ 60,v* ~ 0.02 MeV?, Wy ~ 2 MeV
from Fig. 6 of Ref. 18) I'g & 2.4 MeV. This number is essen-
tially equal to the value of FéQ s obtained in Ref. 18 by the
coupling to the doorway states. This is because to couple to
the compound nucleus states, the giant resonance has first to
couple to the doorway states. Then, the coupling to the com-
pound nucleus provides a smooth averaging of the doorway
states (I‘éN ~ 2.4 MeV /60 ~ 40 keV) and a physical inter-
pretation of a fraction of the averaging parameter introduced
in the coupling to the doorway states by many authors.” In
other words, both the centroid of the giant resonances as well
as the width are determined by the detailed dynamics of the
problem, namely shell structure and doorway coupling . On
the other hand, the fluctuations in the energies and in in-
tensities are expected to display Wigner and Porter-Thomas
behaviour, respectively, as for a collective mode mixed with a
background of chaotic stateswith statistical properties close
to the random matrix theory limit.'* 7

This was the basis for the reanalysis of the electron scat-
tering experiments carried out in Ref. 19, which removed
the discrepancy between the electron and the hadron data
about the strength of the GQR in 2°®Pb. In fact, assuming a
Porter-Thomas distribution for the strength of the different
lines, part of what had been considered before background
became giant quadrupole resonance. The resulting cross sec-
tions agreed within the experimental errors with the one ob-
tained from hadron scattering.

In the next two sections, we will discuss the features of the
coupling of the single-particle motion and of the giant vibra-
tional motion to the corresponding doorway states.

The hierarchy of coupling: Doorway coupling

Assuming that single-particle and collective modes can be
treated as independent nuclear degrees of freedom, the cou-
pling to doorway states was studied'” in an unified approach
within the framework of the thermal Matsubara Green’s func-
tion theory.2

As already mentioned, the doorway states most effective in
the damping of the giant resonance motion contain an un-
correlated pair of fermions coupled to a collective (surface)
vibration or two vibrations,'") see Ref. 21 for a different ap-
proach, but with many aspects in common.

In Fig. 1 of Ref. 22, three lowest-order processes contributing

to the coupling of a giant resonance D (GDR) to a surface
vibration A are drawn.
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One can expect, that the so-called “single-particle self-energy
correction” (Fig. 1(a) and (b))?? reflects the same properties
of the single-particle self-energy and therefore leads to a lin-
ear increase of the GR spreading width with T' as described
below. On the other side, the fact that the third graph, the
so-called “vertex correction” (Fig. 1(c)),??) partially cancels
the contribution of the first two, in the case of coupling to
isoscalar, spin-independent collective modes, is a well known
effect at zero temperature.®?®) It reflects basic properties as
conservation and/or restauration of fundamental symmetries
(number and current conservation, isospin...). Numerical cal-
culations of giant resonance (in particular GDR) strength
functions in several nuclei confirm this feature also at finite
temperature.*>*?) The reasoning is described below.

All the three graphs have a very similar analytical structure.
One can cast them (in the model of Ref. 23) into the following
single expression for the correction to the RPA propagator of
a giant resonance D

ImIlp(w,T) = poz(w)

2 2 2 2
(FOI,DFH,A FIQ,DFOI,A)

012 (Awor)? (Awi2)?
Fo1,pF12 2 F12,0Fo1,A
-2 L2122 712D 701, 19
Po2(w) Ao Aors (19)

where

p02(w) = B (nr(e0) — nr(w + o))
(14 np(w —e20) — nr(e2)) ImIIYT (w — 20). (20)

The quantity

1 1
EPA _ 2 _ 21
A (w) ;ﬁa w—wa—i—in w+wa+i7] ) ( )

is the RPA propagator®® of the collective vibration in the
doorway state (2,1,)). The quantities Sp and (3, are re-
lated to the excitation probability of the corresponding vi-
brations with single-particle matrix elements F'. The boson
and fermion occupation factors n also appear.

The first two terms in Eq. (19) correspond to the single-
particle self-energy corrections. The third, corresponding to
the vertex renormalization, carries a —2 factor and therefore
reduces the self-energy correction effect. To emphasize this
self-consistency requirement, we discuss in some detail the
properties of the single-particle self-energy %7 (e, T).

Numerical results in finite nuclei recently suggested that
ImX7¢ (e, T) and the corresponding spreading width behaves
as a linear function of energy and of the temperature.'"'22%
As an example, we report in detail the results for the nucleus
1208 from Ref. 12. They are well fitted by the relation

Ti(e,T) = a+bT (22)
with a = 1.3 MeV and b = 0.9 for ¢ = er and a = 4.1 MeV
and b= 0.2 for |¢ — er| = 8 MeV (the energy range relevant

to the giant resonance physics). The values of a are in very
good agreement with the empirical ones.**



The linear behaviour can be explained making use of simple
arguments, 2% emphasizing the réle of the surface in the
dressing process, in contrast to the case of coupling of the
state ¢ to uncorrelated particle-hole states which leads, on the
contrary, to the well known quadratic dependence on temper-
ature and excitation energy.27) The difference between these
two cases is to be ascribed only to the different behaviour of
the response function in the case of uncorrelated particle-hole
excitations and of surface vibrations. In fact, the imaginary
part of the single-particle self-energy has the same structure
in both cases,

ImSi*(e,T) = — Z F3(1+np(e —ef) —nr(ey))
f
-ImR(e —ey). (23)
where ImR(e) is the imaginary part of the response func-
tion?¥ of the state (particle-hole or surface vibration) the
particle couples to.

In the case of coupling to uncorrelated particle-holes,
ImR°(¢) has a typical linear behaviour (see, e.g., Ref. 28,
p. 107ff, for the case of an infinite Fermi liquid). Inserting
ImR%(e) ~ ¢ in Eq. (23), substituting the sum over f with
an integral and assuming constant matrix elements Fj;, one
finds?®

ImX[ (e, T) ~ (nT)* 4 €7, (24)
which is the result obtained by Morel and Nozieres as an
estimation of the quasi-particle damping width in *He.?"

The case of coupling to surface vibrations has been analyti-
cally studied in a model of semi-infinite nuclear matter (the
slab model, presented in Ref. 29). It has been found that
ImREPA | Eq. (21), can be considered as essentially constant
as function of energy and temperature and this leads to the
following result,?®

ImX (e, T) ~ /(2ln2T)2 + 2, (25)
displaying in particular a linear dependence on the tempera-
ture, at the Fermi energy.

In the case of surface dominated systems, as atomic nuclei
are, the surface response is much larger than the uncorre-
lated one,*?*®so that the dressing of single-particle states
(in the energy range of interest here) has to be ascribed to
their coupling to surface vibrations.

The real part of the single-particle self-energy ReX! (e, T) is
obtained from ImX7¢ (e, T) via dispersion relation.*” Con-
nected to it is the effective nucleon mass,*") function in par-
ticular of the temperature,?****) and which determines the
effective density of states in the spreading calculations.*

Coming back to the giant resonances, the reduction of the
single- particle self-energy effects in Eq. (19) is found to can-
cel the weak temperature dependence of diagrams 1(a) and
(b), and the spreading width of the giant resonances results
to be quite constant as a function of temperature.'**22?)

This result, confirmed by the fully microscopic calculations

in light nuclei of Ref. 35, is consistent with the experimen-
tal results reported above for the width of the GDR in hot
nuclei. Indeed, the measured temperature and angular mo-
mentum dependence of the FWHM of the “experimental”
strength functions (see the many contributions to these pro-
ceedingsg)) are reproduced by a refined model” which takes
into account the large-amplitude thermal fluctuations, inho-
mogeneus damping and angular momentum, and the life time
of the compound nucleus.®® Recent examples are shown in
Refs. 37 and 38, see also Ref. 39 for the highly related discus-
sion of the restoration of the isospin symmetry in hot nuclei.

At this stage, a crucial question to be asked is, whether the
eventual «-decay of the GDR can be observed at a given T
This is because the time it takes for a giant resonance to exist
as a thermal excitation in a compound nucleus after its forma-
tion, may be longer than the time it takes for the compound
nucleus to cool through particle emission. Consequently, the
~-decay of the giant dipole resonance, may not be observable,
within the limits of sensitivity of the available v-arrays, at all
temperatures. The highest temperature for the observation
of the y-decay of the giant dipole resonance is expected to
correspond to that in which the damping width of the giant
vibration and the width for particle emission from compound
states have similar values.*®)

For the future and on the theory side, we have to work on a
fully(?) microscopic theory that includes both thermal and
quantal fluctuations.
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