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Extended theory of finite Fermi systems:
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The Extended Theory of Finite Fermi Systems is based on the conventional Landau-Migdal theory and includes
the coupling to the low-lying phonons in a consistent way. The phonons give rise to a fragmentation of the
single-particle strength and to a compression of the single-particle spectrum. Both effects are crucial for a
quantitative understanding of nuclear structure properties. We demonstrate the effects on the electric dipole states
in 2%Pb (which possesses 50% more neutrons then protons) where we calculated the low-lying noncollective
spectrum as well as the high-lying collective resonances. Below 8 MeV, where one expects the so-called isovector
pygmy resonances, we also find a strong admixture of isoscalar strength that comes from the coupling to the
high-lying isoscalar electric dipole resonance, which we obtain at about 22 MeV. The transition density of this
resonance is very similar to the breathing mode, which we also calculated. We shall show that the extended theory
is the correct approach for self-consistent calculations, where one starts with effective Lagrangians and effective
Hamiltonians, respectively, if one wishes to describe simultaneously collective and noncollective properties of
the nuclear spectrum. In all cases for which experimental data exist the agreement with the present theory results

is good.
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I. INTRODUCTION

The structure of neutron-rich nuclei is important for
many applications in astrophysics. The rapid neutron-capture
process, for instance, requires detailed knowledge of the
properties of nuclei between the valley of stability and
the neutron drip-line, such as neutron capture rates or photon-
induced neutron emission cross sections. Progress in nuclear
resonance fluorescence photon scattering experiments has
made possible studies of energetically low-lying strength
[1-4] and to distinguish between 17,27, and 17 states [2,5].
Surprisingly, in the same region, appreciable isoscalar electric
dipole strength was already detected some years ago with
(o, o'yy) experiments and reported in [6]. New data using the
same technique have already been analyzed [7].

In analogy to the giant dipole resonance which exhausts
the major part of the Thomas-Reiche-Kuhn sum rule, the low-
lying strength is called the pygmy resonance. Commonly, this
strength is interpreted as an oscillation of the neutron halo
against the nuclear core [8]. A collective model predicts the
pygmy B(E1) strength to increase with the neutron excess [9].

For the electromagnetic dissociation of light nuclei with
a one-neutron halo, Typel and Baur have developed a model
independent approach that relies on only a few low-energy
parameters, e.g., the neutron separation energy. Coulomb
dissociation is found to be dominated by the energetically low-
lying electromagnetic dipole strength. While in experimentally
known nuclei, the relevant low-energy parameters can be
obtained directly from the data, an extrapolation to unknown
nuclei remains a challenge for many-body theory [10].

Several microscopic models have been applied to the pygmy
resonances. The self-consistent calculations are based on an
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effective Lagrangian or Hamiltonian which has the advantage
that the extrapolation from the known stable nuclei to the nuclei
near the drip line is well-defined. Theories of this kind are
quite successful in reproducing the nuclear masses and radii,
and also the collective excitation modes of nuclei, such as the
giant dipole resonance, using the quasiparticle random phase
approximation. A recent review on the relativistic approach is
given in Ref. [11]. Quantitatively, the relativistic approaches
to the pygmy resonances do not compare too well with the
experimental data. The theory obtains mean excitation energies
of the pygmy strength consistently above the experimental
strength. This appears to be a general phenomenon observed
by several groups. Goriely and Khan [12] calculated within
the QRPA the E1 strength distributions for all nuclei with
8 < Z < 110 between the proton and neutron drip lines using
known Skyrme forces. In their calculation the low-lying
E 1 strength was located systematically higher by some 3 MeV
compared with the available data.

Here, we want to point out that the discrepancy between the
theoretical and experimental pygmy strength may be overcome
by pushing the many-body approach beyond the mean field
approximation.

In the past 20 years theoretical investigations of the
structure of nuclei are performed in self-consistent models as
mentioned before and in Migdal’s theory of finite Fermi system
(TFES). In both cases one ends up with the random phase
approximation (RPA), which describes the excited states of the
nuclei as superpositions of particle-hole states. The input for
the RPA equations are single-particle energies, single-particle
wave functions and the residual particle-hole (ph) interaction.
The two approaches differ in the way how the input data are
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determined. In the self-consistent approach one starts with an
effective Lagrangian or effective Hamiltonian and calculates
the single-particle energies and single-particle wave functions
in the mean field approximation. Also, the residual interaction
is derived from the original interaction. This approach is con-
sidered the most fundamental one, as the effective Lagrangians
and effective Hamiltonians can be used for all nuclei. As most
of the self-consistent calculations employ effective masses
well below 1, the corresponding single particle energies are
more widely spread than the experimental separation energies.
Therefore the self-consistent approaches, in their present form,
do not reproduce the experimental separation energies. A
precise knowledge of the separation energies may be very
important, however, as shown in Ref. [10].

In TFFS the single-particle energies and wave functions are
the solutions of a phenomenological single-particle Hamilto-
nian and the ph-interaction is parametrized universally for all
nuclei. The RPA results, especially the noncollective solutions,
depend sensitively on the single-particle spectrum. For that
reason TFFS results are closer to the experimental data as,
in general, one uses the experimental spectrum as far as it is
available. The experimental spectrum as input into the RPA
is of crucial importance for states that are not very collective,
such as the odd-parity (magnetic) states. These states are, in
general, dominated by one single ph-configuration and are
only little shifted in energy compared to the corresponding
uncorrelated ph energies. Famous examples in this respect
are the 12~ and 14~ states in 2°®Pb [13]. Therefore, if one
intends to do a consistent nuclear structure calculation in which
collective and noncollective states agree with the data, one has
to begin with a single-particle spectrum that is close to the
experimental one.

In order to investigate this problem, we will rely on
an extended version of the Landau-Migdal theory, ETFFS.
Landau’s theory shares two important ideas with the modern
effective field theories due to Weinberg: one has to identify
(D) the degrees of freedom relevant for the energy scale one is
interested in and then can incorporate the physics of the larger
energy scales in a few low-energy constants and (II) a small
expansion parameter. However, a systematic counting scheme
to evaluate higher order corrections was not developed.

In Landau’s theory, the relevant degrees of freedom are
called quasiparticles and the small parameter is the ratio
excitation energy/Fermi energy [14]. In finite systems Migdal
identified Landau’s quasiparticles with the single-particle
excitations in odd mass nuclei and the associated energy
scale with the particle-hole gap, i.e., 16 MeV (for medium
mass nuclei) and 8 MeV (for the heavy ones), whereas the
Fermi energy in nuclei is of the order of 40 MeV. In the
TFES only these degree of freedom have been considered.
On the other hand, there is additional degree of freedom,
the phonons [15,16]. In the ETFFS, the phonon degree is
incorporated explicitly. The quasiparticles are dressed by the
phonons, and it is the dressed quasiparticle energy which
has to be identified with the experimental separation energy.
Details can be found in Refs. [17—19] (and references therein).
The quasiparticle phonon model (QPM) by Soloviev [15] has
been recently applied by Lenske et al. [20] to the pygmy
resonances. In contrast to the original model, here the authors
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treat the mean-field part microscopically by incorporating
HFB results as input for the QPM calculations. This model
allows to consider higher phonon states. The QRPA plus
phonon coupling model by Bortignon [21] is very similar to
the present one. Here the author start with a HF-BCS mean
field were they used a Skyrme type interaction. In contrast to
our approach the single particle continuum in both models is
included in a discretized way.

In the following we will give a derivation of the basic
equations of the TFFS as well as the extended theory within the
many-body Green function method. An important issue is the
definition of the one-body potential from which one derives
the single-particle properties, which are the crucial input data
for the RPA. We will apply both approaches to the electric
dipole states in 2°*Pb and compare the results. We will show
explicitly that in ETFFS the low-lying phonons give rise to a
compression of the ph spectrum up to several MeV. This is an
important result for self-consistent approaches: as the number
of phonons and their energy are quite different in the various
mass regions, one has to include these effects explicitly in
self-consistent calculations. The mean field in self-consistent
calculations provides the bare single-particle spectrum, which
enters in the extended theory. Therefore, in self-consistent
calculations, the 1plh RPA is insufficient. One has to include
the effects of the low-lying phonons explicitly, as is done in the
extended theory. We demonstrate our findings by investigating
the low-lying and high-lying electric dipole states in the 1plh
RPA as well as in the extended theory.

II. METHOD

The Landau Migdal theory can be derived within the theory
of many-body Green functions [22-24]. The one-particle and
two-particle Green functions are defined as

gun (113 12) = (=D){AOIT {ay, (1)a, (1) }1A0), (1)

Guivanen, (11133 1atg) = (—i)* (A0
x T{ay, (tDay, (t3)a; (t2)a (t2)} |AO)

@
with the time-dependent creation and annihilation operators
av(t) — eth a, e—th’ aj(l) — eth a:r e—iHI‘ (3)

The symbol T denotes the time-ordering operator, which
means that the operators should be taken in time-ordered form
with the latest time to the left and the earliest to the right.
The nucleons are in the single-particle state ¢,. Here |AO) is
assumed to be the exact ground state of an even-even nucleus.
In the Landau Migdal theory one investigates the response
function L, which is defined as

L(13,24) = g(13,24) — g(1,2)g(3,4). “)

The response function obeys an integral equation of the
form

L(13,24) = —g(1, 4)g(3, 2)
—i / d5d6d7d8 g(1,5)K (57, 68)L(83, 74)g(6,2), (5)
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FIG. 1. Graphical representation of the Bethe-Salpeter equation
for the response function in the ph channel.

where K is an effective two-body interaction. A graphical
representation of Eq. (5) is given in Fig. 1. One should note
that the kernel K of the integral equation is the irreducible
part of the response function with respect to the particle-hole
propagator. We further introduce the vertex function ¥ by

L(13,24) = /d5d6 g(1,5) ©(53, 64) g(6, 2). (6)
The corresponding equation follows from Eq. (5):
7(13,24) = —48(1,4)5(3,2)
—1i / d5d6d7d8 K(17,28)g(8, 5)g(6, 7)T(53,64). (7)

In this paper we investigate the excitation energies and
transition amplitudes of double closed-shell nuclei. With the
time order #3, t4 > t1, t, we insert into the two-particle Green
function a complete system of eigenfunctions of the A-particle
system between the two particle-hole pairs:

2(13,24) = > g"(34)¢"(12). ®)
n=0
with
g"(34) = —i(A0IT {a(3)a* (4)}| An) Q)
and
£"(12) = —i(An|T {a(1)a* (2)}|AO). (10)

The spectral representation of the response function
Eq. (4) is also given by Eq. (8), but the sum begins atn = 1,

L(13,24) = > " (34)g"(12). (11)

n=1

With the appropriate time-ordering and a Fourier transforma-
tion one obtains the spectral representation in the response
function

o n0x ., n0

X12 X43

L13'24=Z<Q+En —is

n=1

n0 ., n0x
X21 X34

. 12
Q—En+i8>5_)0+ ( )

Here E, are the (exact) energies of the excited states of the
A-particle system and

X1 = (An|a; a>| AO) (13)

are the corresponding transition matrix elements between the
ground state and the excited states of the A-particle system. In
the actual calculation we solve the equation for the change of
the density in an external field and determine its poles.

A. One-particle Green function and the nuclear shell model

In order to solve the equation for the response function
and vertex function, respectively, we have to know the one-
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particle Green functions g(1,2) and the effective two-body
interaction K. As Landau has shown, one does not need the
full information included in g, but only the so-called pole part
of the one-body Green functions near the Fermi surface. The
rest gives rise to a renormalized interaction and effective one-
body operators. We first discuss the pole part of the one-body
Green function. For that we consider the Dyson equation in
coordinate space [22]

2
(e = f—m) g(E1. 62, €)
- / 45 D61 6. €) 863 6. €) = 861 — &), (14)

where & = (r, s) represents space and spin coordinates. In an
arbitrary single-particle basis @,(£) the Dyson equation has
the form

2
P
€ gl)]Vz _Z[%—Fx(élyét%e)]vw gU3U2 :6121\)2' (15)
V3 3
We now chose a special basis ¢,(£) that diagonalizes the

expression in the brackets

p2
|: + X, &, 6)i| = Evl (6)5v1v3- (16)
2m by

It is obvious that such a basis must depend on the energy e.
The one-body Green function becomes diagonal in this basis
and can be written as

81)[ V2
= an
ngUZ G_EVI(E)
Due to Landau’s renormalization procedure one needs the one-
particle Green functions only near the dominant poles ¢,, i.e.,
near the poles, which are the solutions of the equation

€, =E,(e) (18)

and having maximal single-particle strengths (see below). The
single-particle energies €, so defined are the quasiparticle
energies (in the sense of Landau) for finite systems. In the
vicinity of €, we obtain for the one-(quasi)particle Green
function

Burv, 1

€ e tivg (1-0)

gvlvz(é) = (19)

The residue of g at the pole is called the single-particle strength
1

( - ‘%)ezévl .

Within the framework of this method it is easy to derive
an equation for the single-particle energies and the single-
particle wave functions. To this aim let us omit, for the sake of
simplicity, the spin variables and introduce the self-energy in
a mixed representation:

Ty = (20)

Z(R. k€)= /ds T(R—1s,R+1s, €)™, (21
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where R = %(rl + ry), s = rp — ry. Thelocal energy approx-
imation (see [39]) consists in the replacement of the function
3 (R, k, €) by the following ansatz:

Z(R. k. €)= Z(R, kj, €F)
+ (K — ki) OZ(R, k2, €5) /0K a2

+(e — €r)(0E(R, ki, €) /3€) (22)

e=ep’

where 2 (R, k2, €) is the average with respect to the angular
variables of vector k,

(23)

- -
E(R’kz,e)Z/dSZ(R—%S,R+%s,€) sin(ks)
s

k

and the Fermi energy e is related to the Fermi momentum
kr(r) by the formula

n? _
o kp(r) + Z(r kp(r). €r) = €F. (24)

On substituting Eq. (22) into the Dyson equation (14) we come,
after a series of transformations, to the following equation for
the eigenfunctions:

hz
[_VZ—V + Uc(r)] oi(r) = €, (1), (25)
m*(r)

where

mo 2m (3E(r, K>, €r)
o) [1 i <T>k2=ki(r>:| -

and
- ) -1
a(,)=[1_<82<%§w>) } e

If we also take the spin degree of freedom into account then,
proceeding in the same way, one obtains the following single-
particle Hamiltonian:

2

v vy Ue(r) + L {a(r) (@) + (e D) a(r)].
2m*(r)

H=—
(28)

Here [ is the angular momentum operator. The form of this
Hamiltonian follows from the expansion of the self-energy
3 about the Fermi energy € and the Fermi momentum
pr, and symmetry arguments. This Hamiltonian agrees with
phenomenological shell model Hamiltonians. It is useful to
point out [22] that the spin-orbit term follows here from the
expansion of the nonlocality of ¥. A certain fraction of the
nonlocality may be connected with the @ and o exchange of
the bare nucleon-nucleon interaction but certainly not the
whole effect, as is assumed in some of the relativistic effective
mean field approaches.

B. Landau’s renormalization procedure

We now return to the one-particle Green function. With
Egs. (19) and (20) we can separate the one-particle Green
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function into a singular part and a remainder:

8\) 1y
UIRY - 1 N 1 + ) 5 29
8una(®) w — €, +in sign(e, — ) Ba (%) @
with
2
2y, = [(AOlay,|A + 1 vy)]
(30)
€, = E)YN —EJ for €, > 1
2y, = |<A0 |a;’1|A —1 v1)|2
(31)

_ A A-1
€, = Ej — E for €, < pu,

where |A £ 1 v{) denotes an excited state of the A &= 1-particle
system. With this ansatz one writes the product of two one-
particle Green functions—a quantity that appears in all the
integral equations we have derived before—as a singular part
S and the remainder R, using the ansatz in Eq. (29)

1 1
8vivs <w + Esz) 8vovy <w - §Q> = SU[UQV3\)4 (w; Q)

+ Rypyugn, (@05 2), (32)
with
€. + €
SV1V2V3V4 (Cl); Q) = 27TiZV3Zv481JIV381JZV46 (w - %)
Ny, — Ny,
L Rl W 33)

€, — €y, — R

Here n, are the quasiparticle occupation numbers (1 or 0) and
Q2 is the energy transfer between particle and hole states. Using
Landau’s renormalization procedure, one obtains from Eq. (8)
an equation for the renormalized vertex function t:

h
Tovs,vavy (w’ Q) = 7’-1?1)113,1)2114 (w’ Q) + Z F‘FIV&VZV(»

VsVe

« ) 61)5 + 61)(, Q nVS B nVG
T2 T ) ey 6y — R

X TUSVS,UG\M (m; Q) . (34)

2

The renormalized vertex is defined as

Tyvz, 004 ((,(), Q) = A/ 2v; 2, fuw;,uzw (a)v Q) . (35)

Here only the singular part of the product of the two Green
functions appears explicitly, whereas the remainder gives rise
to a renormalized effective two-body interaction FP' and a
renormalized inhomogeneous term 7. In similar fashion one
can renormalize the response function L and obtains

L(13,24) = t*(13,57)L(57, 68)t“(68, 24)

+ 19(13,57)R(57, 24), (36)
where L is the quasiparticle response function
L(13,24) = S(1,2)t(1324). (37

C. The renormalized equations of the TFFS

As we have seen in Sec. II, the response function includes
the transition amplitudes between the ground state and the
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excited states of an A-particle system. Using the arguments
in Sec. II and the projection procedure described in [23], one
obtains from the renormalized response function in Eq. (36)
and the renormalized vertex function Eq. (34) an equation for
the quasiparticle quasihole transition matrix elements

(e"l — €y — Q)X:Tl)z = (n”I - nVZ) Z F\E}ngv; Xl’;’;w’ (38)

V3V4

which are connected with the full ph-transition matrix elements
X' defined in Eq. (13) by the relation

m0 __ § w m
XU1U2 - tU3V1V4l)2 XU3U4' (39)

V3Vy

The transition matrix element of a one-body operator Q is
given by

(Am| Q140) =Y O ¥, . (40)

Viv2

where Q°'" is the renormalized one-body operator

Qi[;fvz = Z T:f:v;vzm QU3V4' (41)

V3Vgq

There exist many derivations of the RPA equations (38).
In all cases the equations have the identical form but the
approximations that led to them are quite different. In the
present derivation within the many-body Green functions no
approximations have been made so far. We arrive, however,
at a renormalized ph interaction which, in principle, can be
calculated starting from the bare nucleon-nucleon interaction.
This, however, is not done in practice. An important result
of our derivation concerns the single-particle energies, which
are major input data. The quasiparticle energies in the single-
particle Green functions [Eq. (29)] are the experimental single-
particle energies of the A & 1 particle system. In the case of
self-consistent calculations this means that one has to choose
an interaction that reproduces in mean field approximation
the experimental single-particle spectrum of the neighboring
nuclei. This point will be discussed again in connection with
the extended theory.

From Eq. (34) one obtains the change of the quasiparticle
density in an external field (details are given in Refs. [22,23]):

Ny, — N

Loy (R2) = —Q o (Q)
Vi

n —n
— N R Pn(Q). (42)
61)1 — 6\,2 —_

V3V

The actual calculations presented here have been performed
in r-space because this allows treatment of the continuum in
the most efficient way. The corresponding equation takes the
form [19,25]

p(r,Q) = — / &rAr, r, )0, Q)

- / Pradr A, v, QFM G, rp(r”, Q).
(43)
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The poles of the equation are the excitation energies of the A-
particle system and p(r, €2) at a given pole is the corresponding
transition density.

III. EXTENDED THEORY OF FINITE FERMI SYSTEMS
(ETFFS)

As mentioned earlier, the original TFES allows one to
calculate only the centroid energies and total transition strength
of giant resonances because the approach is restricted to
1plh configurations. In order to describe nuclear structure
properties in more detail one has to include 2p2h, or even
more complex configurations. A theoretical approach that
takes into account the complete 2p2h configuration space and
a realistic 2p2h interaction is numerically intractable if one
uses a realistically large configuration space. For this reason
the main approximation in the ETFFS concerns the selection
of the most important 2p2h configurations. One knows from
experiments, e.g., from the neighboring odd mass nuclei of
208Pb, that the coupling of low-lying collective phonons to
the single-particle states gives rise to a fragmentation of the
single-particle strength, which is seen in even-even nuclei as a
spreading width in the giant resonances.

In the past 15 years an extension of the TFFS that includes,
in a consistent microscopic way, the most collective low-lying
phonons has been developed by some of us [18,19,26] (and
references therein). Many of these ideas have been developed
in the early work by Werner [27] and Werner and Emrich [28]
(see also Refs. [23,29]) and Ref. [30]. In this way one considers
a special class of 2p2h configurations because the phonons are
calculated within the conventional (1p1h) TFES. The phonons
give rise to a modification of the particle and hole propagators,
the ph interaction and the ground state correlations.

A. Some basic relations

In Landau’s theory the self energy X is irreducible in
the one-particle and one-hole channels, respectively, and the
kernel K in the integral equation for the response function
(see Fig. 1) is irreducible in the particle-hole channel. One
now introduces a hierarchy of energy dependencies. As one
can see from Eq. (33), the particle-hole propagator introduces
a strong dependence on the energy transfer 2. Compared
to this singular behavior, one neglects in Landau’s theory
the energy dependence of the ph-interaction. One neglects
consistently the energy dependence of the self-energy X in
the Dyson equation (14) and considers the quasiparticle and
quasihole poles only. This approach is of leading order in the
energy transfer 2. In the extended theory, in which phonons
are introduced, one considers the next-to-leading order in the
energy transfer; i.e., the self-energy and the ph interaction
become energy dependent. We then write, explicitly,

e = Z, + Z7e); (44)
N () R S (o)) 45)

VIV3, V204 VIV3, Vv VIV3, V20
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FIG. 2. Graphs corresponding to the propagator of (a) the RPA
and (b)—(d) the extended theory. The wavy lines and the thin lines
denote the phonons and the single-particle propagators, respectively.

First we discuss the so-called g2 approximation [17], which
is graphically shown in Fig. 2. The upper part of graph (b) gives
a correction to the Dyson equation for quasiparticles, which
now has the form

Vo3l 2

|:e — €y — Z e—}gﬁ} gSTt(E) =1. (46)

Uz;i

Here gS*'(e) is the one-quasiparticle Green function in the
extended theory and the vertex y/“/, which couples the
quasiparticle state v to the core excited configuration p®i,
is given by

. h ;
Y (47)
a,B

where ' is the RPA wave function of the phonon considered.
The corresponding energy-dependent correction for the ph-
interaction has the form

th,ext(Q ¢ 6/) _ Z [ (y;;i)*y‘:ii

v —| e — ¢ +(Qi —id)
(yf;i)*ylf;i

- . @8

e—e’—(Q,-—i8):| (48)

This model has been applied, for example, to M1 resonances
in closed shell nuclei [31]. In general, the approximation
has problems with the so-called second-order poles, which
give rise to a distortion of the strength function near these
poles. For this reason the model has been extended in several
steps: (I) summation of the g> terms [32] and (I) partial
summation of diagrams [18], which is called chronological
decoupling of diagrams. In the latter case all 1plh®phonon
contributions are consistently included and all more complex
configurations are excluded—as long as one neglects ground
state correlations. The actual formulas, however, include the
ground state correlations completely.

In the present analytical approach, as in [18], two types
of ground state correlations are included: the conventional
RPA ground state correlations, which affect the location and
the magnitude of the residua of the ph propagators only;
and the new type of ground state correlations, caused by the
phonons. These correlations are qualitatively different from the
conventional RPA correlations because they create new poles
in the propagator, which then cause transitions between the
1plh®phonon in the ground state and the excited states. They
give rise to a qualitative change of the strength distribution
and a change in the sum rules for the moments of the strength
function. In the present numerical application we only included
the conventional RPA correlations. Calculations which include
the complete ground state correlations are in progress.
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As in the TFFS, the energy dependence of the generalized
propagator, A%*', is much stronger than that of the generalized
ph interaction, as the next-to-leading order energy dependence
is removed from the interaction and explicitly taken into
account in the generalized propagator. Therefore one considers
explicitly only the energy dependence of the propagator
and neglects the energy dependence of the ph interaction.
The interaction is parameterized as before, although the
corresponding parameters may differ from the previous ones.
The final equation for the change of the quasiparticle density
in an external field has a form identical to that in the TFFS
[Eq. (43)]:

ﬁext(r’ Q)

— _/\d:‘;r/ACXt(r, r/, Q)Qeff(r/, Q)

_ /dSr’d3r”AeXt(r, I‘/, Q)th, (r/’ r//)ﬁext(r//’ Q).
(49)

The analytic form of the generalized propagator can be found
in Ref. [19].

In the following we investigate, within the continuum
random phase approximation (CRPA) and the ETFFS, electric
dipole states in 2°®Pb. The strength distributions for isovector
as well as isoscalar transitions are shown. The single-particle
continuum has been included at the RPA level where it is taken
into account correctly within our Green function technique
in the coordinate representation. For details see [19]. In
our approach we consider therefore the three mechanisms
that create the width of giant resonance, namely (I) the
Landau damping [(Q)RPA configurations], (II) the escape
width (the single-particle continuum) and (III) the spreading
width (phonon coupling, or complex configurations). As in all
our previous calculations within the ETFFS, we include the
most collective low-lying phonons. These phonons have been
microscopically calculated within the RPA. In the present and
in our previous calculations we used the procedure developed
in [33] to obtain the energy of the spurious E1 state to be
exactly equal to zero without having to use the procedure of
fitting force parameters.

B. Single-particle basis

We have seen that in the conventional TFFS Landau’s
quasiparticle are the single-particle states of the neighboring
odd mass nuclei. Therefore one has to use as input data in
the corresponding equation for the excited states of the even
nuclei (renormalized RPA) the experimental single-particle
energies. These single-particle energies include obviously the
effect of the coupling to more complicated configurations, e.g.,
phonons. In the actual calculation within the extended theory
we consider about 20 low-lying phonons explicitly and for that
reason one has first to determine bare single-particle energies
that do not include the coupling to those phonons. If we couple
the corresponding phonons to the bare single-particle states
we reproduce the original quasi-particle energies. In order to
obtain the new refined single-particle basis €, one has to solve
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TABLE 1. Phonons used in the ETFFS calculation.

L” Energies [MeV]

2t 4.09 6.44

3~ 2.61

4+ 4.32 5.44 6.00

5- 3.20 3.66 5.29 6.14 7.22

6T 442 5.21

7 4.04 4.69 5.03 5.66 6.33 7.17
8+ 4.61 499 5.22 6.23 6.43

Eq. (50), which can be obtained from Eq. (46):

e
gul =€y — Z m (50)

Va3l

Equation (50) has been first derived by Ring and Werner
[30]. It has been applied to the calculation of the fragmen-
tation of the single particle strength in the neighboring odd
mass nuclei of 2°®Pb [30] and the high-spin states in 208pp
Ref. [13].

The phonons that are explicitly considered in the present
calculation are given in Table I. In Figs. 3 and 4 the bare
single-particle spectrum for protons and neutrons are shown
and compared with the experimental spectrum. The energy
shift due to the coupling to the phonons is nearly twice as
large for the protons as for the neutrons. In addition, one
obtains a fragmentation of the single-particle strength. The
corresponding values are also given in Figs. 3 and 4. Here we
point out that, in addition to the phonon coupling, the short

6
(0.82) 2g 7/2 ’Neutron s.p. energiesl
5
T (0.89)3d 32 T
4 The..... 45 1/2(0.95)
-2, 3d5/2(0.93)
31 T ... RO
5 Fi1172 (0.91)
2992092
1 a
— 0 7
2
= -1
© 9 (094)3p1/2 _..-w*"
3 (0.92)2(5/2 _.--1l
(0.92) 3p 3/2
-4 T P .
5 (0.86) 1i132 .~
©o78) 272 .-
-6 - .-
(0.76) 1h 9/2
-7 -
bare energies exp. energies
-8

FIG. 3. Neutron single-particle energies in 2**Pb. Here we com-
pare the experimental values with the bare single-particle energies
which were obtained from Eq. (50). The values in parentheses are the
single particle strengths.
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8 (0.51)3p 1/2°+, Proton s.p. energiesl
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-5 (0.78) 2d 5/2
-6 .
74 (0.76) 1g 7/2

bare energies exp. energies
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FIG. 4. Same as in Fig. 3 for the proton single-particle energies
in 2%8Ppb,

range correlations in the G-matrix also reduce in a uniform
way the single-particle strength. This part of the reduction
is taken care of by the renormalization procedure in Sec. II.
The bare energies may be identified with the mean energies
that one obtains within a self-consistent approach. From the
present calculation one observes that the (in general) too
large spreading of the self-consistent single-particle spectra
compared with the experimental ones would be reduced on the
average for the neutrons by about 1 MeV and for the protons
by 1.5 MeV with relatively large fluctuations. If one solves
Eq. (50) with the corresponding mean field solutions one
obtains the dressed single-particle energies that should agree
(from our point of view) with the experimental spectrum. The
number of phonons can be restricted to the most collective
ones because they are the most important ones for the width
of the giant resonances. They also influence the different
single-particle states in an individual manner. If we increase
the number of phonons one only obtains an overall shift that
is equivalent to a change in the effective mass. We conclude
that for a given set of phonons one has to chose an effective
interaction with the appropriate effective mass and spin orbit
interaction. We return to this question in the final discussion.

C. The residual particle-hole interaction

As in our previous calculations we used the effective
particle-hole Landau-Migdal interaction

F(r,r')y=Colf(r)+ f/(Nt1- 12+ (g +g'11 - 12)0 - 01]
x8(r —r) (5D
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with the conventional interpolation formula, for example, for
the parameter f,

J(r) = fex + (fin = fex)po(r)/po(0) (52)

and similarly for the other r-dependent parameter f’(r). Here
po(r) is the density distribution of the ground state of the
nucleus under consideration and fi, and f. are the force
parameters inside and outside of the nucleus. The standard
values of the parameters, which have been used for all the
nuclei under consideration [19], are

fin = —0.002, fo=-135 f. =230,

ex

fi = 0.76,
(53)

8in = ex = 0.05, glln = géx = 0.96.

The parameters are given in units of Cop = 300 MeV fm>.
For the nuclear density po(r) in the interpolation formula we
chose the theoretical ground state density distribution of the
corresponding nucleus,

1
por) = 3 = Qji + DRI, (54)

€ <EF

Here R;(r) are the single-particle radial wave functions of the
Woods-Saxon single-particle model. This is more consistent
than the previously used phenomenological Fermi distribution.
For that reason we readjusted in the present calculation fux
to reproduce the breathing mode and obtained the value
of f = —1.35. For other details of the calculations, see
Refs. [19,24].

IV. LOW-LYING ELECTRIC DIPOLE STRENGTH

A. The isovector case

The giant electric dipole resonance (GDR) is one of the
most collective states in nuclei. It exhausts a major part of the
energy-weighted sum rule; the excitation energy is a smooth
function of the mass number; and the form of the GDR changes
only little from nucleus to nucleus. Phenomenological collec-
tive models describe well the A-dependence of the energy
and the strength with only a few parameters. In microscopic
models these collective states are coherent superpositions of
many particle-hole states.

The theoretical results of such models for the mean energy
and the total strength agree, in general, very well with the data.
The strength distribution, however, is reproduced by only a few
very involved models, such as the ETFFS considered here.

Here we first investigate the question whether the pygmy
dipole resonances (PDR) are like the GDR collective states
in the microscopic definition. That is, are they coherent
superpositions of many particle-hole states? In order to answer
this question we performed a series of calculations within
the continuum RPA in which we varied the particle-hole
interaction.

In Fig. 5(a) the dipole distribution for the electromagnetic
E 1-operator is plotted, where the particle-hole interaction is
zero; i.e., the figure shows pure proton and neutron ph-matrix
elements. The largest matrix elements are the ones between
the ph states with the largest angular momenta that differ

PHYSICAL REVIEW C 75, 014315 (2007)

by one unit—the stretched configurations. The state at E ~
6.5 MeV is the neutron (lj15/2)(1i13/2)_1 configuration and
the states at £~ 7.15 MeV and E =~ 7.70 MeV are the
proton configurations (1i13/2)(1h11,2) ™" and (1hg2)(1g7/2)~".
The three largest transitions exhaust about 40% of the total
strength. Here, we have to bear in mind that the transitions
shown also include spurious components that give rise to the
spurious isoscalar state at zero energy. This state corresponds
to the translation of the whole nucleus. For that reason one has
to remove the spurious components in each of the particle-hole
configurations. The method developed in Ref. [33] is used that
brings the spurious state exactly to zero energy and removes
completely the spurious strength in all excited states.

In Fig. 5(b)-5(d) the electromagnetic dipole strength, from
which the spurious strength has been removed, is shown.

To demonstrate the effect of the repulsive isovector inter-
action we have chosen three different values for the isovector
force parameter f/, . The isoscalar ph interaction is the same for
all three cases. It reproduces the breathing mode, which is later
shown in Fig. 20. If we compare the completely uncorrelated
strength distribution in Fig. 5(a) with the results in Fig. 5(b),
where the spurious components are removed but the isovector
force parameter f/ = 0, one observes an appreciable shift
of the B(E1) strength to higher energies. We notice thereby
that if one removes the spurious strength one has to introduce
correlations that give rise to this redistribution of the strength.

’ **pp - E1 strength I

(a) pure propagator

600 -
400 h l
A N TS

(b) 1, =00

1909 l.lll “ |l“‘l|‘ A‘I

E1-strength [e*fm*MeV]

L, I ’

60

40

N J I )

FIG. 5. Electromagnetic E1 strength distribution calculated
within the conventional 1plh RPA. In (a) we show the uncorrelated
ph-matrix elements. In (b) we used our universal isoscalar interaction
and the spurious state has been removed. For the results shown in (c)
a reduced isovector force has been used, while (d) shows the results
with the full interaction.

8 9 10
E [MeV]
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With setting the isovector interaction to zero, most of the
B(E1) strength (87%) lies below 10 MeV. If we increase
the isovector interaction parameter to f/, = 1.0 (Fig. 5(c)),
which is about half of the force parameter that reproduces
the experimental data of the GDR, the dipole strength below
10 MeV is reduced to 11%.

Finally, in Fig. 5(d), where we use our conventional
force parameter (which reproduces nearly quantitatively the
experimental data of the GDR), only 5.2% of the strength
remains below 10 MeV. We observe that the major part of the
E1 strength is shifted into the GDR region, where it creates a
very collective resonance—in agreement with the data.

Within our model, in the electromagnetic E1 strength up to
9 MeV, which is the region of the pygmy resonance, we do not
find one single state in which most of the low-lying strength is
concentrated, but we find already in the Iplh RPA several
states whose energies are essentially unchanged compared
with the f/, = 0 case. The E1 strength, however, is reduced
by a factor of 10 due to the strongly repulsive isovector force,
which shifts the strength into the GDR region and produces
a collective resonance. Such a behavior is expected from the
schematic model of Brown and Bolsterli [36].

In Fig. 6 we present the results of the ETFFS calculation
where, in addition to the single-particle continuum, the effect
of the phonons is also included. The phonons that we
consider are given in Table I. The result in Fig. 6 should
be compared with the results in Fig. 5(d). One observes
a further fragmentation of the strength and a small shift
of the two strongest states to higher energies. Whereas the
calculated strength distribution between 7 and 8 MeV is in
good agreement with the data, we obtain too little strength
below 6 MeV and too much between 67 MeV as compared
with the present data. A shift of the two neutron states 1 ji5,»
and (li;3)~" improves the agreement between theory and
experiment.

In Fig. 7 the electromagnetic E1 strength distribution
calculated within the ETFFS is shown up to 20 MeV with

0.25
2%py E1-strength
0.20 6-7 MeV ETFFS TI'=2keV
_ 1.115 7-8 MeV
e 0.753
© 0454 5-6MeV 8-9MeV  9-10MeV
£ 0.071 0.270 1.671
&
B 010 -
T
0.05 -
0.00 l 1 . IJL
5 6 7 8 9 10
E [MeV]

FIG. 6. Integrated electromagnetic E1 strength calculated within
the ETFFS. These results should be compared with the distribution
shown in Fig. 5(d). Note that the strength in the present figure is
integrated over the smearing width, given in e*fm?.
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FIG. 7. Electromagnetic E'1 strength from 5 to 20 MeV calculated
in our extended theory. The thick line indicates the final result whereas
the other lines are the results of calculations where the isovector force
parameter has been varied as indicated in the figure.

a smearing parameter A = 250 keV and three different f]
parameters. It is interesting to see how the strength is shifted
to higher energies with increasing interaction strength. For our
conventional value f/ = 2.30 the theoretical distribution in
the GDR region agrees quantitatively with the experimental
data. In connection with the previous discussion, the energy
range between 6-8 MeV is of special interest. With no
isovector interaction, but the spurious components removed,
one obtains some concentration of strength around 6.2 MeV
and 7.5 MeV. The latter is considered as the PDR region. With
increasing isovector force this strength is reduced. For the full
force the reduction is a factor of 5 compared to f;, = 0. This
behavior is just the opposite of a collective structure, where
with increasing force the collectivity is enhanced.

In Figs. 8-10 the transition densities between 5-6 MeV,
6-7 MeV and 7-8 MeV of the electric dipole response are
plotted for transitions shown in Fig. 6. In all three cases the

0.02

neutrons
"""" protons

0.01 1

0.00

N

r’p(r) [fm™']

-0.01+
transition density for
E1 response
-0.02- E = 5-6 MeV
-0.03 T T T T T T
0 2 4 6 8 10 12 14

r [fm]

FIG. 8. Summed transition densities for the electric dipole re-
sponse shown in Fig. 6 from 5 to 6 MeV.

014315-9



V. TSELYAEV et al.

0.06

neutrons

0044 .. protons

0.02 4

0.00

-0.02 4

’p(r) [fm™]

transition density for
E1 response
E = 6-7 MeV

-0.04 4
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FIG. 9. Summed transition densities for the electric dipole re-
sponse shown in Fig. 6 from 6 to 7 MeV.

protons and neutrons are in phase, which indicates strong
isoscalar components. This at-first-glance surprising behavior
has also been found by other authors. It can be understood
immediately in our microscopic model. As discussed in the
next section, the isoscalar force is attractive and gives rise to
a collective structure around 22 MeV. Due to this attractive
force, some of the high-lying strength couples also to the
low-lying states, whereas the strong repulsive isovector force
simultaneously shifts the isovector strength from these config-
urations into the GDR region. We demonstrate this behavior in
Figs. 11-13 where the transition densities are plotted for the
same energy ranges but with the force parameters f/, set to
zero. As the isovector force is zero, the isovector strength
remains in the low energy region, which can be clearly seen in
the transition densities.

B. The isoscalar case

As mentioned earlier, for the electric isoscalar dipole states
we have a special situation because the lowest isoscalar

0.04
neutrons
0.024 | protons
0.00
£
= -0.02
=
- transition densities for
-0.04 - E1 response
E =7-8 MeV
-0.06
-0.08 T T T T T T
0 2 4 6 8 10 12 14

r [fm]

FIG. 10. Summed transition densities for the electric dipole
response shown in Fig. 6 from 7 to 8 MeV.
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FIG. 11. Summed transition densities from 5 to 6 MeV with the
isovector force parameter f/, = 0.

resonance is the spurious state corresponding to the translation
of the whole nucleus. In self-consistent calculations this state
appears (at least in principle) at zero energy and carries all the
spurious strength.

In the Landau-Migdal approaches the spurious state has to
be removed explicitly. Here we use the procedure developed in
Ref. [33] to obtain the energy of the spurious E'1 state exactly
at zero energy, with no spurious components in the excited
state. As the isoscalar electric dipole strength distribution
depends on the isoscalar parameter f, we test the force by
calculating the isoscalar monopole resonance—the breathing
mode. With our universal value of f.x = —1.35 we reproduce
the mean energy as well as the width of the resonance (see the
next section). In Fig. 14 the results of our calculation for the
isoscalar dipole operator (r> —5/3(r?)r)Y; , up to 10 MeV
are presented. There we compare the CRPA with the ETFFS
results. In the CRPA we obtain one’strong state near 7.4 MeV
and several somewhat weaker states at lower energies. Due
to the phonon coupling the strength of the strongest state
is fragmented and shifted to slightly higher energies. Those

0.06

neutrons
0044 | o protons
0.02+

o
(=
o

rp(r) [fm™]

-0.02
-0.04 -
-0.06 - transition densities for
E1 response, ', = 0.0
-0.08 E = 6-7 MeV
-0.10 T T T T T T
0 2 4 6 8 10 12 14

r [fm]

FIG. 12. Summed transition densities from 6 to 7 MeV with the
isovector force parameter f/ = 0.
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FIG. 13. Summed transition densities from 7 to 8 MeV with the
isovector force parameter f,, = 0.

isoscalar states have been investigated experimentally with
the («, &', ) reaction. So far the experimental data from
208Pb are not given in the form of cross sections but only
in counts [6]. The data show a very strong signal at about
5.6 MeV and a somewhat weaker signal around 6.7 MeV.
As the isoscalar strength distribution in Fig. 14 is calculated
with the operator (r> — 5/3(r?)r)Y; ., a comparison with these
data is not directly possible because the («, ') reaction is
sensitive to the tails of the isoscalar distributions and the
yo 1s proportional the isovector admixture. Unfortunately,
analyzing programs in which microscopic transition densities
can be used do not yet exist [7]. The transition densities
shown previously are the same for the isoscalar and isovec-
tor case. Only the transition strength is different because
the corresponding operators weight the transition densities
differently.

6
_ 1.6x10 *®pp E1-isoscalar
S
% 12010 CRPA strength
£ sox10’
2
K- 5
5 4.0x10°
: L L
g | | 1 L1
7] o T ! ' I
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©
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2.0x10° l 1 l j
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FIG. 14. E1 isoscalar strength distribution in 2°*Pb from 5-
10 MeV for the transition operator (i — 5/3(r2)r)Y1~M. Here we
compare the results derived from the CRPA with the results obtained
with the extended theory.
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FIG. 15. E1 isovector strength from 5 to 20 MeV. We compare
here the results of the continuum RPA with the extended theory the
width and the mean energy of the latter agree quantitatively with the
experimental results.

V. HIGH-LYING ELECTRIC DIPOLE STRENGTH

The GDR was calculated with our universal parameters
given in Eq. (53) and the result is shown in Fig. 15. The mean
energy and the width of the resonance agree with the data
within the error bars. The escape and spreading widths are
included in our microscopic model. In addition, we consider
a smearing parameter A = 250 keV, which corrects for more
complex configurations that have not be considered in our
approach. Here we point out again that the low-lying and high-
lying E1 strength is calculated within the same model with
exactly the same single-particle energies and force parameters.
This differs from some self-consistent approaches in which the
single-particle spectrum is modified in order to fit the low-lying
spectrum, e.g., [37].

In Fig. 16 the corresponding transition density is plotted. It
is surface-peaked and protons and neutrons are out of phase.
As we have 50% more neutrons than protons, the neutron
density has not only a stronger and longer tail than the proton
density, but it is also peaked further out. For that reason we

I I I I I I I
0.2 4 .~ transition densities for [
* . E1 isovector response
. E = 9-16 MeV
KRR -
= 00
RS
—0.14 r
— neutrons
""" protons
-0.2 T T T T T T T
0 2 4 6 8 10 12 14

r [fm]

FIG. 16. Transition density of the isovector giant dipole resonance.
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FIG. 17. Isoscalar E'1 strength from 5 to 30 MeV calculated with
a smearing parameter A = 250 keV.

also have some admixture of isoscalar E1 strength—even in
the isovector giant dipole region. The form of the transition
density agrees with surface-peaked phenomenological models.

In Fig. 17 the theoretical isoscalar E1 response from
5-30 MeV is plotted. One realizes that, in addition to
the low-lying strength, we obtain a strong collective struc-
ture above 20 MeV, which represents the isoscalar electric
dipole resonance. The mean energy of the resonance is
Eyq = 22.1 MeV and the width T'y, = 3.8 MeV if we chose
a smearing parameter A = 250 keV. The deep-lying holes
contribute a major part to the high-lying E'1 strength. These
holes are several MeV broad. These widths are not included
in the calculation shown in Fig. 17 where we used a smearing
parameter of A = 250 keV. In order to correct for these
widths we performed a calculation with A =3 MeV, the
corresponding result is shown in Fig. 18. The theoretical results
can be compared with a recent (o, o) experiment [38], which
obtained Eexp = 22.5-23.0 MeV and a width I'¢,, &~ 10 MeV.
The corresponding transition density is given in Fig. 19. It
has the form of a compression mode and for that reason
we have shown—finally—in Figs. 20 and 21 the isoscalar
monopole strength and the corresponding transition density.

0.3 | | | | | | |
0.2 |— neutrons =
""" protons
— 0.14 =
|
é 0.0
= —0.14 =
Q&
-0.24 transition densities for [
E1 isoscalar response
—-0.31 E = 15-30 MeV r
—0.4 T T T T T T T
0 2 4 6 8 10 12 14

FIG. 18. Transition density of the isoscalar giant dipole resonance.
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FIG. 19. Isoscalar E1 strength calculated with a smearing pa-

rameter A = 3 MeV. Note: The larger smearing parameter is justified
only for the high-lying (>15 MeV) part of the resonance.

These calculations are performed for purpose of consistency
because the isoscalar monopole and isoscalar dipole depend
both on the isoscalar parameters f and have, in addition, a very
similar structure, as can be seen in the transition densities. In
the monopole case the radial integral over the transition density
has to be zero; in the electric dipole case the transition density
multiplied by the radial coordinate » must vanish.

VI. DISCUSSION

The center of our investigations has been the origin and
the structure of the pygmy resonances. We have chosen in
208pp a nucleus with an excess of 44 neutrons, which means
that we have 50% more neutrons than protons. The structure
of this doubly-magic nucleus, as well as of the neighboring
odd mass nuclei, is well known and all microscopic models
and microscopic theories—self-consistent ones and Landau-
Migdal—work best for this case.
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FIG. 20. Isoscalar EO strength from 5 to 20 MeV calculated in
the continuum RPA and the extended theory. The mean energy and
width of the latter agrees with the data.
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FIG. 21. Transition density of the breathing mode.

Our calculation shows, first of all, that we obtain isovector
as well as isoscalar electric dipole states below 10 MeV.
This is obvious, as the ph-interaction has isoscalar as well
as isovector components. Here we point out that all the
spurious components are removed; i.e., the expectation value
of the translation operator rY;, in all the excited states is
negligibly small. The isoscalar strength is due to the 3hw
and higher ph components. In the present Landau-Migdal
approach one is able to remove the spurious strength without
performing a full RPA calculation, as must be done in
self-consistent approaches. Here, the force parameters can
be varied independently. This allows one to investigate the
influence of the isovector interaction on the low-lying isovector
dipole strength in detail.

We have shown in Figs. 5 and 7 that if one starts with
the experimental single-particle energies, then with increasing
isovector force the isovector dipole strength is shifted to higher
energies and one is finally left with a small fraction of the sum
rule in a few states that are only slightly shifted with respect
to the unperturbed ph energies. There is no indication in the
present model of a low-lying collective state that is built up
by the isovector interaction. The theoretical electromagnetic
strength below 8 MeV is 1.94 [¢*fm?] compared with the
experimental strength of 1.32[e*fm?]. The distribution of the
theoretical strength agrees in the range between 7-8 MeV with
the current data. The calculated strength between 6-7 MeV,
however, is too large and the strength below 6 MeV too small
compared with the experimental values. On the other hand,
the width and the mean energy of the GDR is reproduced
quantitatively in our model.

Itis obvious that if one changes the single-particle spectrum
one is always able to improve the agreement with the data.
In the present calculation we only consider the lowest order
in the expansion of the Migdal interaction, as is done in
nearly all calculations. The next-to-leading order in Migdal’s
interaction depends on the momenta through p - p’, with the
isoscalar force parameter f; and the isovector force parameter
fi. The sign and magnitude of the two parameters can be
estimated from the effective mass of the nucleus and the
orbital part of the effective magnetic operator [23]. From this
consideration it follows that both parameters are negative,
with the f] parameter slightly smaller in magnitude. These
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parameters would give rise to an attractive velocity dependent
isoscalar and isovector ph interaction. A small effective mass,
as is used in relativistic RPA calculations, would increase the
magnitude of both parameters. A strong isovector, velocity
dependent force could be the explanation of the collective
states with large vorticities that are found in relativistic RPA
calculations [11]. In this approach two phonon states will
give rise to a fragmentation that should explain the E1 data
between 5 and 9 MeV. Unfortunately, the lowest two phonon
states are at 6.7 and 6.9 MeV, whereas the lowest experimental
E'1 states are more then one MeV lower. We therefore consider
the present result, where the E'l strength between 5.5-9 MeV
lies essentially at the unperturbed ph-energies and the major
part of the isovector E'1 strength is shifted into the GDR, to
be the more physical one. Moreover, a collective phenomenon
has not been found in self-consistent calculations in which
one starts with effective forces of the Skyrme type. The
next-to-leading order in Migdal’s interaction ( f1, f/) will lead
to some redistribution of the low-lying strength which may
improve the agreement with the data below 7 MeV. Such
calculations are in progress.

VII. CONSEQUENCES FOR SELF-CONSISTENT
CALCULATIONS

The present calculation is not self-consistent in the sense
that one starts with an effective Lagrangian (or Hamiltonian),
the numerous parameters of which are, in general, adjusted to
gross properties of nuclei and can be used for all nuclei. These
parameters cannot be determined in a unique way and therefore
there exist numerous sets of parameters that reproduce the
gross properties equally well, but give quite different results for
excited states. If we consider, as a specific example, effective
forces of the Skyrme type, we find parametrizations that, for
example, give rise to effective masses from m*/m = .6 to
m*/m = 1. For nuclear structure calculations the effective
mass is of special importance because the spacing of the single-
particle spectrum is inversely proportional to it; a smaller
m*/m expands the single-particle spectrum and a larger one
compresses the spectrum. The experimental single-particle
spectra in the neighboring odd mass nuclei of 2 Pb correspond
to an effective mass of roughly one, whereas for medium mass
nuclei it is smaller then one. If one describes the spectrum in
the odd mass nuclei correctly one simultaneously reproduces
the non-collective states in 2%®Pb. The collective states,
on the other hand, depend not only on the ph-spectrum but
also on the residual ph interaction. It seems always possible to
find, under the numerous sets of Skyrme parameters, one set
that reproduces the collective states in which one is interested,
whereas the noncollective ones deviate from the data by several
MeV.

In our calculations we investigated simultaneously the
E'1 spectrum between 5-8 MeV and the high-lying spectrum.
Our calculations show that the E1 spectrum below 8 MeV
is very similar to the unperturbed experimental ph spectrum,
whereas the high-lying collective states depends sensitively on
the (universal) Migdal parameters. This is not an exception;
rather, it is the general experience. In the low energy spectrum
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of 2%8Pb one finds some collective states with natural parity
that are collective (e.g., 37,57,2%, etc.) but the majority
of the states—especially the low-lying unnatural ones—are
energetically at the experimental ph energies. Therefore, if
one is looking for a unified description of the structure of
even-even nuclei, one has also to consider the spectra of the
neighboring odd mass nuclei.

VIII. SUMMARY

The extended theory of finite Fermi systems has been applied
to the low-lying and high-lying E1 spectrum of 2%Pb as an
example of a neutron-rich nucleus. In the present approach the
low-lying electromagnetic E | spectrum is non-collective in the
sense that the major part of the strength is not concentrated in
one single state. The strength is rather distributed over several
states which are close to unperturbed ph energies and we
find in the low-lying E'1 states strong isoscalar admixtures.
The theoretical results for the GDR as well as the breathing
mode agree quantitatively with the data. We also find in
our calculation a well-localized isoscalar E'1 resonance at
22.2 MeV, with a width of 9.3 MeV. This resonance has been
detected in (o, ') scattering.
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From the present investigation one may draw important
conclusions concerning self-consistent calculations. We have
seen that the inclusion of the phonons gives rise to a shift
of the single-particle spectrum of about 1 MeV for neutrons
and nearly 2 MeV for protons. In the present extended theory
one has to determine bare single-particle energies that give the
experimental ones if one includes the phonons. Self-consistent
approaches determine the bare spectrum that we need to use
as input in our extended theory. One therefore has to chose a
parametrization of the effective interaction that reproduces—if
one includes the phonons—the experimental spectrum. From
this point of view, self-consistent calculations for excited states
at the level of the 1p1h RPA are not appropriate.
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