
Physics Letters B 606 (2005) 288–294
www.elsevier.com/locate/physletb

Isotopic dependence of the pygmy dipole resonance
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Abstract

The isotopic dependence of the excitation energies of the pygmy dipole resonance (PDR) is analyzed in the framework of
the self-consistent relativistic Hartree–Bogoliubov (RHB) model and the relativistic quasiparticle random-phase approximation
(RQRPA). The DD-ME1 density-dependent meson-exchange interaction is used in the effective mean-field Lagrangian, and
pairing correlations are described by the pairing part of the finite-range Gogny interaction D1S. Model calculations reproduce
available experimental data on charge radii, the neutron skin, neutron separation energies, and excitation energies of isovector
giant dipole resonances in Ni, Sn and Pb nuclei. In all three isotopic chains the one-neutron separation energies decrease with
mass number much faster than the excitation energies of the PDR. As a result, already at moderate proton–neutron asymme-
try the PDR peak energy is calculated above the neutron emission threshold. This result has important implications for the
observation of the PDR in (γ, γ ′) experiments.
 2004 Elsevier B.V. All rights reserved.
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Studies of the structure and stability of nuclei with
extreme isospin values provide new insights into every
aspect of the nuclear many-body problem. In neutron-
rich nuclei far from the valley of β-stability, in par-
ticular, new shell structures occur as a result of the
modification of the effective nuclear potential. Neu-
tron density distributions become very diffuse and the
phenomenon of the evolution of the neutron skin and,
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in some cases, the neutron halo have been observed.
The weak binding of outermost neutrons gives rise
to soft excitation modes. In particular, the pygmy di-
pole resonance (PDR), i.e., the resonant oscillation of
the weakly-bound neutron mantle against the isospin
saturated proton–neutron core, has recently been the
subject of a number of theoretical and experimental
studies. Its structure, however, remains very much un-
der discussion. Properties of the PDR in neutron-rich
nuclei have important implications on theoretical pre-
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dictions of the radiative neutron capture rates in the
r-process nucleosynthesis, and consequently to the cal-
culated elemental abundance distribution [1–3]. Fur-
thermore, the detailed knowledge of the structure of
low-energymodes of excitation would also place strin-
gent constraints on the isovector channel of effective
nuclear interactions. An interesting problem is the iso-
topic dependence of the PDR, and especially the be-
havior of the PDR in the vicinity of major spherical
shell gaps. Already in a recent study of low-lying 2+

excitations in the region of the N = 82 magic neutron
number [4], it has been observed that the lowering of
the first excited 2+ state in neutron-rich Te isotopes is
accompanied by a reduction of the corresponding E2
strength, in contradiction with systematics and general
expectations about quadrupole collectivity. The anom-
alous behavior of the Te isotopes has been explained
by the weakening of neutron pairing above theN = 82
spherical gap [5].
A systematic analysis of the dipole response of

light exotic nuclei has been recently reported in the
experimental study of electromagnetic excitations
of oxygen isotopes in heavy-ion collisions [6]. For
neutron-rich oxygen isotopes the resulting photo-
neutron cross sections are characterized by a pro-
nounced concentration of low-lying E1 strength. The
onset of low-lying E1 strength has been observed not
only in exotic nuclei with a large neutron excess, but
also in stable nuclei with moderate proton–neutron
asymmetry. High resolution photon scattering has
been employed to measure low-lying dipole strength
distributions in Ca [7], Sn [8] and Pb [9,10] isotopes,
and in the N = 82 [11] isotone chain.
A number of theoretical approaches have been

employed in the investigation of the nature of the
low-lying dipole strength: the Steinwedel–Jensen hy-
drodynamical model [12], density functional theory
[13], large-scale shell-model calculations [14], the
self-consistent Skyrme Hartree–Fock + RPA model
[15], SkyrmeHartree–Fock+QRPAwith phonon cou-
pling [16], time-dependent density-matrix theory [17],
continuum linear response in the coordinate-space
Hartree–Fock–Bogoliubov formalism [18], the qua-
siparticle phonon model [9,10,19,20], the relativistic
RPA [21], and the relativistic QRPA in the canoni-
cal basis of the relativistic Hartree–Bogoliubov model
[22]. In general, the dipole response of very neutron-
rich isotopes is characterized by the fragmentation of

the strength distribution and its spreading into the low-
energy region, and by the mixing of isoscalar and
isovector modes. In relatively light nuclei the onset
of dipole strength in the low-energy region is due to
nonresonant independent single particle excitations of
the loosely bound neutrons. However, the structure of
the low-lying dipole strength changes with mass. As
we have shown in the RRPA analysis of Ref. [21], in
heavier nuclei low-lying dipole states appear that are
characterized by a more distributed structure of the
RRPA amplitude. Among several peaks characterized
by single particle transitions, a single collective dipole
state is identified below 10 MeV, and its amplitude
represents a coherent superposition of many neutron
particle–hole configurations.
In this work we use the relativistic quasiparti-

cle random phase approximation (RQRPA) based on
the canonical single-nucleon basis of the relativis-
tic Hartree–Bogoliubov (RHB) model, to analyze the
isotopic dependence of dipole pygmy resonances in
medium-heavy and heavy nuclei. The RHB model
provides a unified description of particle–hole (ph)
and particle–particle (pp) correlations. In the canon-
ical basis, in particular, the ground state of a nucleus
takes the form of a highly correlated BCS-state. By
definition, the canonical basis diagonalizes the density
matrix and is always localized. It describes both the
bound states and the positive-energy single-particle
continuum. The formulation of the RQRPA in the
canonical basis is particularly convenient because, in
order to describe transitions to low-lying excited states
in weakly bound nuclei, the two-quasiparticle config-
uration space must include states with both nucleons
in the discrete bound levels, states with one nucleon in
a bound level and one nucleon in the continuum, and
also states with both nucleons in the continuum.
The relativistic QRPA of Ref. [22] is fully self-

consistent. For the interaction in the particle–hole
channel effective Lagrangians with nonlinear me-
son self-interactions or density-dependent meson–
nucleon couplings are used, and pairing correlations
are described by the pairing part of the finite-range
Gogny interaction. Both in the ph and pp chan-
nels, the same interactions are used in the RHB
equations that determine the canonical quasiparticle
basis, and in the matrix equations of the RQRPA.
This feature is essential for the decoupling of the
zero-energy mode which corresponds to the spurious
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Fig. 1. Charge isotope shifts (left panel), and the differences between the radii of neutron and proton density distributions (right panel) for the
Sn isotopes, as functions of the mass number. The values calculated in the RHB model with the NL1, NL3 and DD-ME1 effective interactions,
are shown in comparison with empirical data [31–33].

center-of-mass motion. In addition to configurations
built from two-quasiparticle states of positive energy,
the RQRPA configuration space contains quasiparticle
excitations formed from the ground-state configura-
tions of fully or partially occupied states of positive
energy and the empty negative-energy states from the
Dirac sea.
The R(Q)RPA model has been successfully em-

ployed in analyses of low-lying quadrupole and di-
pole states [21,22], multipole giant resonances [23],
toroidal dipole resonances [24], isobaric analog and
Gamow–Teller resonances [25]. In Ref. [26] we have
extended the RRPA framework to include relativis-
tic effective mean-field interactions with density-
dependent meson–nucleon couplings. In a number
of recent studies it has been shown that, in compar-
ison with standard RMF effective interactions with
nonlinear meson-exchange terms, density-dependent
meson–nucleon interactions significantly improve the
description of asymmetric nuclear matter and isovec-
tor ground-state properties of finite nuclei. This is,
of course, very important for the extension of RMF-
based models to exotic nuclei far from β-stability. In
particular, one expects that the properties of pygmy
modes will be closely related to the size of the neutron
skin [19] and, therefore, in a quantitative analysis it is

important to use effective interactions that reproduce
available data on the neutron skin.
In the present study the density-dependent effective

interaction DD-ME1 [27] is employed in the RQRPA
calculation of the dipole response in the Sn, Ni and Pb
isotopic chains. In Fig. 1 we display the self-consistent
RHB model results for the charge isotope shifts and
the differences between the radii of the neutron and
proton density distributions of Sn isotopes. The Gogny
interaction D1S [28] is used in the pairing channel,
and the radii calculated with the DD-ME1 interaction,
and with two standard nonlinear effective interactions
NL1 [29] and NL3 [30], are shown in comparison
with available empirical data [31–33]. Although the
charge radii calculated with all three effective inter-
actions are in very good agreement with experimen-
tal data, only DD-ME1 quantitatively reproduces the
evolution of the neutron skin. Because of their high
asymmetry energy at saturation density, NL1 and NL3
predict much larger neutron radii. A high value of
the asymmetry energy characterizes all the standard
RMF forces with nonlinear meson-exchange terms
and, therefore, large neutron radii are obtained with
any of these interactions. In the following analysis we
employ the RHB + RQRPA model with the density-
dependent interaction DD-ME1 in the ph-channel,
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Fig. 2. The RHB + RQRPA isovector dipole strength distribution in 124Sn (left panel). The experimental IV GDR excitation energies for the
Sn isotopes are compared with the RHB+ RQRPA results calculated with the DD-ME1 effective interaction (right panel).

and with the finite range Gogny interaction D1S in the
pp-channel.
In Fig. 2 we display the isovector dipole strength

distribution in 124Sn. The calculation is fully self-
consistent, with the Gogny finite-range pairing in-
cluded both in the RHB ground state, and in the
RQRPA residual interaction. In addition to the char-
acteristic peak of the isovector giant dipole resonance
(IVGDR) at ≈ 15 MeV, among several dipole states in
the low-energy region between 7 MeV and 10 MeV
that are characterized by single particle transitions,
at ≈ 8.5 MeV a single pronounced peak is found
with a more distributed structure of the RQRPA am-
plitude, exhausting 3.3% of the TRK sum rule. As
we have shown in Ref. [22] by analyzing the cor-
responding transition densities, the dynamics of this
low-energy mode is very different from that of the
IVGDR: the proton and neutron transition densities
are in phase in the nuclear interior, there is almost
no contribution from the protons in the surface re-
gion, the isoscalar transition density dominates over
the isovector one in the interior, and the large neu-
tron component in the surface region contributes to
the formation of a node in the isoscalar transition den-
sity. The low-lying pygmy dipole resonance (PDR)
does not belong to statistical E1 excitations sitting

on the tail of the GDR, but represents a fundamen-
tal structure effect: the neutron skin oscillates against
the core. In the right panel of Fig. 2 we compare the
RQRPA results for the Sn isotopes with experimental
data on IVGDR excitation energies [34]. The energy
of the resonance EGDR is defined as the centroid en-
ergy Ē = m1/m0, calculated in the same energy win-
dow as the one used in the experimental analysis (13–
18 MeV). The GDR excitation energies decrease with
increasing mass number, but the mass dependence is
not monotonic. The calculation predicts an increase of
the GDR excitation energy at the N = 82 shell clo-
sure. We notice that for the four isotopes for which
data have been reported, the calculated energies of the
GDR are in excellent agreement with the experimental
values.
In Fig. 3 the calculated peak energies of the PDR in

Sn isotopes are plotted as function of the mass num-
ber. The RQRPA predicts a monotonic decrease of
the PDR with mass number, and only a small kink
in the calculated excitation energies is found at the
N = 82 shell closure. In the same plot we have also
included the calculated one-neutron separation ener-
gies, in comparison with the experimental data and
the extrapolated value from the compilation of Audi
and Wapstra [35]. The self-consistent RHB calcula-
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Fig. 3. The calculated PDR peak energies and the one-neutron separation energies for the sequence of Sn isotopes, as functions of the mass
number. The DD-ME1 effective interaction has been used in the RHB and RQRPA calculations. The RHB results for the neutron separation
energies are compared with the experimental and extrapolated values [35].

tion, with the DD-ME1 mean-field effective interac-
tion and the D1S Gogny pairing force, reproduces in
detail the one-neutron separation energies of the Sn
nuclei. We notice that the separation energies decrease
much faster than the calculated PDR excitation ener-
gies. At N = 82, in particular, the separation energies
display a sharp decrease, whereas the shell closure
produces only a weak effect on the PDR excitation en-
ergies. The important result here is that for A < 124
the PDR excitation energies are lower than the cor-
responding one-neutron separation energies, whereas
for A ! 124 the pygmy resonance is located above
the neutron emission threshold. This means, of course,
that in the latter case the observation of the PDR in
(γ, γ ′) experiments will be strongly hindered. One
would naively expect that, in a given isotopic chain,
the relative strength of the PDR increases monoton-
ically with the number of neutrons, at least within
a major shell. In Ref. [22] we have shown, however,
that in the case of Sn isotopes the PDR peak is most
pronounced in 124Sn. A combination of shell effects
and reduced pairing correlations, decrease the rela-
tive strength of the PDR in heavier Sn nuclei below
N = 82.
Besides being intrinsically interesting as an exotic

mode of excitation, the occurrence of the PDR might
have important implications for the r-process nucleo-

synthesis. Namely, although the E1 strength of the
PDR is small compared to the total dipole strength, if
located well below the neutron separation energy the
PDR can significantly enhance the radiative neutron
capture cross section on neutron-rich nuclei, as shown
in recent large-scale QRPA calculations of the E1
strength for the whole nuclear chart [2,3]. The results
of the present RHB + QRPA calculation show, how-
ever, that in very neutron-rich nuclei the PDR could
be located well above the neutron emission threshold
(see also Fig. 4).
It is, of course, interesting to explore other isotopic

chains of spherical nuclei where one expects, or has
already observed, the occurrence of the PDR in the E1
excitation spectrum. In Fig. 4 we plot the calculated
PDR excitation energies and the one-neutron separa-
tion energies for the Ni and Pb isotopic chains. As in
the case of Sn isotopes, in Pb nuclei the PDR strength
is always concentrated in one peak and we display the
corresponding peak energies. On the other hand, Ni
nuclei are much lighter and the PDR strength is frag-
mented over several states. Therefore, the excitation
energies shown in the left panel of Fig. 4 correspond
to the centroid energies of the PDR strength distri-
butions. The RHB results for the neutron separation
energies are compared with the experimental values
[35]. For both chains the RQRPA calculation predicts
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Fig. 4. Same as in Fig. 3, but for the Ni and Pb isotopic chains. The open square denotes the experimental position of the PDR in 208Pb [9].

a very weak mass dependence of the PDR excitation
energies. In the sequence of Ni isotopes the crossing
between the theoretical curves of one-neutron separa-
tion energies and PDR excitation energies is calculated
already at A = 64. In heavier, neutron-rich Ni nuclei
the PDR is expected to be located high above the neu-
tron emission threshold. Notice that for the Ni isotopic
chain the agreement between the calculated and ex-
perimental neutron separation energies is not as good
as for the Sn nuclei and, therefore, the actual point of
crossing between the PDR and the one-neutron sepa-
ration energy could occur for A < 64. The Ni isotopes
are not very rigid nuclei and, for a more quantitative
prediction, one would probably have to go beyond the
simple mean-field plus QRPA calculation and include
correlation effects. For the Pb isotopes the crossing
point is calculated at A = 208, in excellent agree-
ment with very recent experimental data on the PDR
in 208Pb [9]. Future (γ, γ ′) experiments on Pb nuclei
could confirm the predictions of the present analy-
sis.
In conclusion, we have employed the self-consis-

tent RHB model and the RQRPA in the analysis of the
isotopic dependence of the excitation energies of the
PDR in the Ni, Sn, and Pb isotopic chains. By using
the density-dependent DD-ME1 meson-exchange ef-
fective interaction, which reproduces available data on

the charge radii, the neutron skin, and neutron sepa-
ration energies, we have shown that the RQRPA re-
sults for the excitation energies of the isovector gi-
ant dipole resonances are in excellent agreement with
data in Sn nuclei. We have then compared the iso-
topic dependence of the excitation energies of the PDR
with that of the corresponding one-neutron separa-
tion energies. The separation energies decrease much
faster with mass number. Especially at shell closures
the one-neutron separation energies display a sharp
decrease, whereas only a weak discontinuity is pre-
dicted for the PDR peak energies. In all three isotopic
chains the RQRPA predicts a crossing between the
curves of neutron separation energies and PDR ex-
citation energies already at moderate proton–neutron
asymmetry. For the heavier isotopes the PDR is cal-
culated above the neutron emission threshold, and
this will effectively preclude the observation of the
PDR in (γ, γ ′) experiments on very neutron-rich nu-
clei.
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