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Pygmy dipole resonances in the relativistic random phase approximation
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The isovector dipole response in208Pb is described in the framework of a fully self-consistent relativistic
random phase approximation. The NL3 parameter set for the effective mean-field Lagrangian with nonlinear
meson self-interaction terms, used in the present calculations, reproduces ground state properties as well as the
excitation energies of giant resonances in nuclei. In addition to the isovector dipole resonance in208Pb, the
present analysis predicts the occurrence of low-lyingE1 peaks in the energy region between 7 and 11 MeV. In
particular, a collective state has been identified whose dynamics correspond to that of a dipole pygmy reso-
nance: the vibration of the excess neutrons against the inert core composed of an equal number of protons and
neutrons.
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The multipole response of nuclei with large neutron e
cess has been the subject of many theoretical studies in
cent years. Exotic nuclei with extreme neutron to proton
tio exhibit many interesting and unique structure phenome
In addition to exotic ground state properties, the onset
low-energy collective isovector modes has been predic
and experimental evidence for these modes in light nu
has been reported@1#. Cataraet al. have studied the low-
lying components in strength distributions of weakly bou
neutron-rich nuclei@2#, and the effect of large neutron exce
on the dipole response in the region of the giant dipole re
nance in O and Ca isotopes@3#. They have shown that th
neutron excess increases the fragmentation of the isove
giant dipole resonance~GDR! and that the radial separatio
of proton and neutron densities leads to nonvanishing is
calar transition densities to the GDR states. The fragme
tion of the isoscalar and isovector monopole strength in n
tron rich Ca isotopes has been studied in Ref.@4#, and in@5#
the onset of pygmy dipole resonances in Ca isotopes
been analyzed.

The pygmy dipole resonance, which is also the subjec
the present study, results from the excess neutrons oscilla
out of phase with a core composed of equal number of p
tons and neutrons. A number of theoretical models have b
applied in studies of the dynamics of pygmy dipole res
nances. These include: the three-fluid hydrodynamical mo
~the protons, the neutrons of the same orbitals as prot
and the excess neutrons! @6#, the two-fluid~the core fluid and
the neutron excess fluid! Steinwedel-Jensen hydrodynamic
model @7#, density functional theory@5#, and the Hartree-
Fock plus random phase approximation~RPA! with Skyrme
forces@3,8#. More recently, large scale shell model calcu
tions have been performed in studies of pygmy and dip
states in O isotopes@9#, and dipole and spin-dipole streng
distributions in 11Li @10#.

There is also experimental evidence for possible pyg
dipole states in208Pb. Studies of the low-energy spectrum
elastic photon scattering@11#, photoneutron@12#, and elec-
tron scattering@13# have detected fragmentedE1 strength in
the energy region between 9 and 11 MeV. The fine struc
0556-2813/2001/63~4!/047301~4!/$20.00 63 0473
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exhausts between 3 and 6 % of theE1 sum rule. The rela-
tionship between coherent neutron particle-hole (p-h) exci-
tations and the onset of dipole pygmy resonances in208Pb
has been investigated in the Hartree-Fock plus RPA mo
@8#. A concentration of strength has been found around
MeV exhausting 2.4% of theE1 sum rule. In particular, two
pronounced peaks have been calculated at 8.7 and 9.5 M
which appear as likely candidates to be identified as pyg
resonances. The exact location of the calculated pyg
states will, of course, depend on the effective nuclear in
action. Therefore, it would be important to compare the p
dictions of various nuclear effective forces with experimen
data. 208Pb is a particularly good example, since all nucle
structure models have been tested in the description
ground and excited state properties of this doubly ma
spherical nucleus. The pygmy dipole resonance can be
rectly related to the neutron excess, and therefore the s
ting between the GDR and the pygmy resonance represe
measure of the neutron skin. Precise information on neu
skin in heavy nuclei is essential for the quantification of t
isovector channel of effective nuclear forces.

In a recent experiment@14# the electric dipole strength
distributions below threshold in204,206,208Pb have been ex
tracted from photon scattering spectra. In particular, a re
nancelike clustering of strength is observed between 4
6.5 MeV excitation energy. Both the increasing fragmen
tion of the E1 strength and the shift of the centroid of th
low-lying strength to higher energies with the opening of t
neutron shell, are reproduced by microscopic calculati
based on the quasiparticle-phonon model with three-pho
configurations resulting from the coupling of phonons w
Jp506 to 66. It has been concluded, therefore, that theE1
strength found in204,206,208Pb below 6.5 MeV cannot be at
tributed to an oscillation of the excess neutrons against
inert core.

In the present study the isovector dipole response in208Pb
is described in the framework of a fully self-consistent re
tivistic random phase approximation~RRPA!. The same ef-
fective Lagrangian generates the Dirac-Hartree sing
particle spectrum and the residual particle-hole interacti
©2001 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW C 63 047301
The RRPA response functions with nonlinear meson te
have been derived in Ref.@15#, and applied in studies o
isoscalar and isovector giant resonances. However,
model configuration space did not include the negative
ergy Dirac states, and therefore model calculations did
reproduce the results obtained with the time-dependent r
tivistic mean-field model@16,17#. The contribution of pairs
formed from occupied positive-energy states and em
negative-energy states~in the no-sea approximation!, is es-
sential for current conservation and the decoupling of
spurious state@18#. In addition, configurations which involve
negative-energy states give an important contribution to
collectivity of excited states. In a recent study@19# we have
employed a fully self-consistent RRPA, including configur
tion spaces with negative-energy Dirac states, to calcu
the isoscalar dipole resonance structure in208Pb. Two basic
isoscalar dipole modes have been identified, and the disc
ancy between the calculated strength distribution and cur
experimental data has been analyzed.

In Fig. 1 we display the isovector dipole strength dist
bution in 208Pb ~left panel!, and the corresponding transitio
densities to the two states at 7.29 and 12.95 MeV~right
panel!. The calculations have been performed within t
framework of self-consistent Dirac-Hartree plus relativis
RPA. The effective mean-field Lagrangian contains non
ear meson self-interaction terms, and the configuration sp
includes both particle-hole pairs and pairs formed from h
states and negative-energy states. The discrete spectru
RRPA states has been folded with a Lorentzian distribut
with a width of 0.5 MeV.

The strength distribution has been calculated with
NL3 @20# parameter set for the effective mean-field Lagran
ian. This force has been extensively used in the descrip
of a variety of properties of finite nuclei, not only thos
along the valley ofb stability, but also of exotic nuclei clos
to the particle drip lines. Properties calculated with NL3

FIG. 1. Isovector dipole strength distribution in208Pb ~left
panel!, and transition densities for the two peaks at 7.29 and 12
MeV ~right panel!. Both isoscalar and isovector transition densit
are displayed, as well as the separate proton and neutron con
tions. All transition densities are multiplied byr 2.
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dicate that this is probably the best effective interaction
far, both for nuclei at and away from the line ofb stability.
In particular, in Ref.@17# it has been shown that the NL
(Knm5271.8 MeV! effective interaction provides the be
description of experimental data on isoscalar giant monop
resonances. The calculated energy of the main peak in F
Ep512.95 MeV has to be compared with the experimen
value of the excitation energy of the isovector giant dipo
resonance: 13.360.1 MeV @21#. In the energy region be
tween 5 and 11 MeV two prominent peaks are calculated
7.29 and 10.10 MeV. In the following we will show that th
lower peak can be identified as the pygmy dipole resonan

The transition densities to the states at 7.29 and 12
MeV are displayed in the right panel of Fig. 1. The prot
and neutron contributions are shown separately; the do
line denotes the isovector transition density and the solid
has been used for the isoscalar transition density. As it
been also shown in Ref.@3#, although the isoscalarB(E1) to
all states must identically vanish, the corresponding isosc
transition densities to different states need not to be ide
cally zero. The transition densities for the main peak at 12
MeV display a radial dependence characteristic for the
ovector giant dipole resonance: the proton and neutron d
sities oscillate with opposite phases; the total isovector tr
sition density is much larger than the isoscalar componen
large radii they both have a similar radial dependence
very different behavior is observed for the transition den
ties to the state at 7.29 MeV: the proton and neutron de
ties in the interior region are not out of phase; there is alm
no contribution from the protons in the surface region; t
isoscalar transition density dominates over the isovector
in the interior; the large neutron component in the surfa
region contributes to the formation of a node in the isosca
transition density. In Ref.@3# it has been shown that this las
effect is also characteristic for very neutron-rich system
The transition densities to the state at 10.10 MeV displa
radial behavior which is intermediate between those sho
in Fig. 1, but closer to the isovector giant dipole at 12.
MeV. We have also analyzed the RRPA amplitudes of
three states: the neutronp-h excitations contribute 65%, an
the proton 35% to the total intensity of the isovector gia
dipole at 12.95 MeV, while the neutron contribution is 86
for the state at 7.29 MeV. The protonp-h excitations con-
tribute only 14% to the total RPA intensity of this state. F
the state at 10.10 MeV, on the other hand, we find 68%
proton excitations and only 32% is the contribution fro
neutronp-h configurations. However, 31% of the total inte
sity comes from a single protonp-h stateg7/221h9/2. We
notice that in the study of neutron halos andE1 resonances
in 208Pb@8#, performed in the HF1RPA model with the SGII
interaction, it was found that for the pygmy states the n
tron response is a factor of 10 larger than the proton
sponse, whereas at energies corresponding to the GDR
ratio is about 1.6 or roughlyN/Z.

The phenomenon of low-lying isovector dipole streng
was already studied almost thirty years ago in the framew
of the three-fluid hydrodynamical model@6#. By using a gen-
eralization of the Steinwedel-Jensen model@22# to three flu-
ids: the protons, the neutrons in the same orbitals as prot
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BRIEF REPORTS PHYSICAL REVIEW C 63 047301
and the excess neutrons, two normal modes of dipole vi
tions were identified:~i! vibrations of the protons against th
two types of neutrons and~ii ! the vibration of the exces
neutrons against the proton-neutron core. In the case
neutron-rich nuclei, the latter mode corresponds to pyg
resonances. For208Pb, in addition to the GDR state at 13
MeV, a low-lying pygmy state at 4.4 MeV excitation energ
was found in the analysis of Ref.@6#. The dipole strength of
this state, however, was negligible~two orders of magnitude!
compared to the GDR state.

In Fig. 2 we plot the transition densities to the two sta
at 7.29 and 12.95 MeV. The contributions of the excess n
trons (82,N<126) ~solid!, and of the proton-neutron cor
(Z,N<82) ~dashed! are displayed separately. By comparin
with the transition densities shown in Fig. 1, we notice th
there is practically no contribution from the core neutro
(N<82). The reason is, of course, that thep-h configura-
tions which involve core neutrons have much higher exc
tion energies. For the GDR state at 12.95 MeV the transi
densities of the excess neutrons and the core have the
sign in the interior (r ,3 fm!, and opposite phases in th
surface region. The overall radial dependence is, howe
very similar. The two transition densities have the same s
for the state at 7.29 MeV. The core contribution, howev
vanishes for larger and only oscillations of the excess ne
trons are observed on the surface of208Pb.

The difference in the collective dynamics of the tw
modes is also exemplified in the study of transition curren
In Figs. 3 and 4 we plot the velocity fields for the peaks
7.29 and 12.95 MeV, respectively. The velocity distributio
are derived from the corresponding transition currents,
lowing the procedure described in Ref.@23#. In both figures
the velocity field of the proton-neutron core (Z,N<82) ~left
panel!, is separated from the contribution of the excess n

FIG. 2. Isovector dipole transition densities to the 7.29 a
12.95 MeV RRPA states in208Pb. The contributions of the exces
neutrons (82,N<126) ~solid!, and of the proton-neutron cor
(Z,N<82) ~dashed! are displayed separately. The transition den
ties are multiplied byr 2.
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trons (82,N<126) ~right panel!. To the largest velocity in
Figs. 3 and 4 a vector of unit length is assigned. All the oth
velocity vectors are normalized accordingly. We notice th
both the core and the excess neutrons contribute to the
locity field of the giant resonance state~Fig. 4!, though the
largest velocities correspond to the vibrations of the exc
neutrons in the surface region. For the state at 7.29 MeV
the other hand, the core velocities are much smaller t
those of the excess neutrons on the surface. The velo
fields in Fig. 3 corroborate the picture of dipole pygmy res
nances as oscillations of the excess neutrons against the
core of protons and neutrons in the same shell model or
als.

In conclusion, we have used a fully self-consistent re
tivistic random phase approximation to analyze the isovec

d

-

FIG. 3. Velocity distributions for the RRPA state at 7.29 Me
in 208Pb. The velocity field of the proton-neutron core (Z,N<82)
~left panel! is separated from the contribution of the excess neutr
(82,N<126) ~right panel!.

FIG. 4. Same as in Fig. 3, but for the RRPA state at 12.95 M
in 208Pb.
1-3
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BRIEF REPORTS PHYSICAL REVIEW C 63 047301
dipole resonance structure in208Pb. In particular, we have
investigated the relationship between the neutron parti
hole excitations at low energy and the onset of dipole pyg
resonances. For the effective interaction we have used th
of nonlinear parameters NL3. This interaction has been u
in many recent applications of the relativistic mean fie
model, both in stable nuclei and in nuclei far from the vall
of b stability, including drip-line systems. In the particul
case studied in this paper, model calculations reproduce
excitation energy of the isovector giant dipole resonance
208Pb. In addition, low-lyingE1 peaks are calculated in th
energy region between 7 and 11 MeV . While some of th
represent the fine structure of the giant resonance, a co
tive state has been identified whose dynamics correspon
that of a dipole pygmy resonance. By analyzing transit
cl.

h

v.

ys
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densities and velocity distributions, we have related the on
of pygmy resonance at 7.29 MeV to the vibration of t
excess neutrons against the inert core composed of pro
and neutrons in the same shell model orbitals. Experime
information on the fragmentation ofE1 strength in208Pb is,
however, only available in the energy window 8–12 Me
@11–13#, and below 6.5 MeV@14#. In order to test the pre-
dictions of the present analysis, it would be important
obtain experimental data also in the energy region betwee
and 8 MeV.
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