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Abstract. Systematic theoretical investigations of dipole response in neutron-rich nuclei of importance for
day-one photonuclear experiments at ELI-NP are presented. The calculations are performed in advanced mi-
croscopic theory based on energy-density functional and three-phonon quasiparticle-phonon model. The model
basis accounts for a large range of nuclear excitations with different spin and parity. In the focus of the studies
are electric and magnetic dipole modes with energies up to 25 MeV. Of special interest are pygmy dipole and
giant dipole resonances. The impact of different low-energy excitations and in particular of the PDR on radia-
tive neutron-capture reaction cross sections in nuclei of key importance for nucleosynthesis is investigated.The
obtained results are compared to available experimental data.

1 Introduction

Recently, new aspects of nuclear dynamics below and
around the neutron threshold in nuclei with small and
moderate neutron excess has been explored in our studies
of low-energy electric and magnetic dipole and quadrupole
excitations [1]. The dynamics of such nuclear systems is
very sensitive to the nuclear symmetry energy and its den-
sity dependence which on the other hand is imprinted in
a static mean-field observable - the neutron-skin thick-
ness [2–4]. Furthermore, the presence of a neutron skin
may influence nuclear response on external electromag-
netic fields. An observable which could be sensitive to
induced skin effects on nuclear excitations, especially at
low-energies, is the nuclear dipole polarizibality [2–4].
In the past years, new modes of nuclear excitation closely
connected with the skin phenomena in atomic nuclei- the
pygmy dipole resonance (PDR) [5–12] and its natural ex-
tension at higher multipolarities - the pygmy quadrupole
resonance (PQR) [13–15] have been observed and investi-
gated. Of our special interest is the description of fine and
gross spectral features of these new modes of nuclear ex-
citations and the relation between the pygmy resonances
and the neutron skin thickness [1].
Presently, a direct method to extract experimentally the
neutron skin thickness from the PDR does not exist. This
could be related to the fact that at excitation energies be-
low the neutron separation energy the pygmy resonances
of different multipolarity coexist with a variety of modes,
such as the tail of the giant resonances and multi-phonon
excitations. However, distinction between pygmy and
other modes could be obtained theoretically in our micro-
scopic theory [1, 4, 10, 16]. In this connection, we have
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studied recently theoretically and experimentally spectral
distributions of electric and magnetic dipole modes up to
giant resonance energies in 206Pb [4]. Such studies are able
to provide information on fine and gross microscopic fea-
tures of the nuclear γ-strength function as well as they
allow for precise determination of dipole polarizability
which could be further referred to the nuclear skin thick-
ness.
In these and other previous investigations we show the
importance of the PDR for understanding of fundamental
properties of the nucleus and nuclear matter such as nu-
clear skin thickness and symmetry energy as well as for
nuclear astrophysics and nucleosynthesis of heavier ele-
ments in the universe [4, 17–19]. In particular, our mi-
croscopically obtained γ-strength functions could be im-
plemented in a statistical reaction model [17] and used for
estimations of nuclear reaction rates and astrophysical ap-
plications [4, 18, 19]. Recently, we systematically inves-
tigated the contribution of the PDR to radiative capture
cross sections for 10÷100 keV incident neutrons in N = 50
isotones [18]. The results obtained within energy-density-
functional+quasiparticle-phonon-model (EDF+QPM) ap-
proach [18] indicate that they are correlated with the neu-
tron skin thickness. In particular, the largest PDR impact,
of the order of ≈50%, is observed for the 85Kr(n,γ)86Kr
reaction, where the target nucleus 85Kr has the largest neu-
tron excess in comparison with the other considered N=50
isotones. The effect smoothly decreases with the decrease
of the N/Z ratio towards 91Mo and its contribution to the
91Mo(n,γ )92Mo reaction cross section is of the order of
10%. Similar results are also found in the examination of
Maxwellian-averaged cross sections at the thermal energy
of kT = 30 keV [18].
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Furthermore, a common observation in these stud-
ies is, that the quasiparticle-random-phase-approximation
(QRPA) is not sufficient to describe the nuclear excita-
tions below the neutron threshold and hence, the radiative
capture cross sections at astrophysical energies. The sys-
tematic comparison between EDF + QRPA and the three-
phonon EDF+QPM calculations in N=50 nuclei shows
that the behavior of the low-energy dipole strength is influ-
enced by the competition between static and dynamical ef-
fects. The first one is related to the mean field and the pure
PDR associated with neutron skin oscillations, while the
second one represents the coupling of the single-particle
states with a more complex excitations related to core po-
larization and giant dipole resonance (GDR). These effects
lead to the redistribution and fragmentation of the low-
energy dipole strength. Consequently, the three-phonon
QPM calculations indicate that the obtained within the
QRPA radiative capture cross sections in N=50 isotones
are underestimated by a factor of about two.

It should be mentioned that N=50 nuclei are of great
importance for the nucleosynthesis and astrophysics. A
typical case is the nucleus 85Kr which is known as a
“branching-point” nucleus of the s-process of nucleosyn-
thesis and such nuclei are of particular interest because
they can provide information on the neutron flux and tem-
perature at the s-process site [18, 19].

Another interesting example is the neutron-rich 206Pb
(N/Z=1.51) nucleus. The latter is expected to have a ro-
bust neutron skin, and as a consequence additional low-
energy dipole strength correlated with the skin dynamics.
Furthermore, the presence of PDR mode in 206Pb might
affect the 205Pb radiative neutron capture cross section, a
reaction of relevance to the destruction of 205Pb during the
s-process [4]. It is well known that the radionuclide 205Pb
with a half-life of 15.3 Myr may be of significant cosmo-
chemical interest due to its pure s-process nature. Further-
more, it could provide key information on the formation of
the solar system [4].

In this manuscript, the role of the PDR for the 205Pb
neutron-capture process is examined and discussed in de-
tail. Furthermore, EDF+three-phonon QPM results on the
fine and gross spectral features of E1 and M1 excitations
up to GDR energies are presented and compared to exper-
imental data [4].

2 The theoretical approach

Our theoretical approach is based on EDF theory and
three-phonon QPM theory [6, 8]. In the last years the
method was implemented in the description of the struc-
ture of nuclear electric and magnetic excitations in the
PDR region and it was found very successful for descrip-
tion of the low-energy γ-strength functions and more par-
ticularly of the PDR [1]. An important advantage of the
EDF+QPM approach is the description of the nuclear ex-
citations in terms of QRPA phonons as a building blocks
of the three-phonon QPM model space [20, 21] which pro-
vides a microscopic way to multi-configuration mixing.
Thus, the EDF+QPM allows for sufficiently large config-
uration spaces which is required for a unified description

of low-energy single- and multi-particle states and also for
the GDR energy region.

The model Hamiltonian is given by

H = HMF + Hres , (1)

where HMF is a mean-field part and Hres stands for the
residual interaction.

The mean-field (MF) part HMF is treated by self-
consistent Skyrme Hartree-Fock-Bogoliubov (HFB) the-
ory described in [1, 22]. The pure HFB picture is in fact
extended beyond MF by dynamical self-energies, hence
incorporating a more detailed spectral description of nu-
clear spectra. The procedure allows us to account in a self-
consistent manner for nuclear binding energies and other
ground-state properties of nuclei like the charge radii and
the neutron skin thickness and to reproduce precisely the
results obtained from Skyrme SLy4HFB calculations [8]
and available experimental data [1, 22].

The nuclear excited states are calculated with a resid-
ual interaction which is based on the QPM formalism [20]:

Hres = Hph
M + Hph

S M + Hpp
M , (2)

where effective interactions are implemented to account
for the interaction between the quasiparticles. The terms
Hph

M , Hph
S M and Hpp

M are taken as a sum of isoscalar and
isovector separable multipole and spin-multipole interac-
tions in the particle-hole (p − h) and multipole pairing
interaction in the particle-particle (p − p) channels, re-
spectively [20]. The model parameters are fixed empiri-
cally in such a way that the properties of the lowest-lying
collective states and giant resonances are described ac-
curately [23]. An exception is the isovector spin-dipole
coupling constant, which is obtained from fully self-
consistent QRPA calculations using the microscopic EDF
of Ref. [22].

The QPM formalism allows for a further expansion
of QRPA p − h excitations to multi-particle-multi-hole
states in terms of coupling between quasiparticles and
phonons [20]. Thus, for spherical even-even nuclei the
model Hamiltonian is diagonalized on an orthonormal set
of wave functions constructed from one-, two- and three-
phonon configurations [21]:

Ψν(JM) =


∑

i

Ri(Jν)Q+JMi

+
∑
λ1i1
λ2i2

Pλ1i1
λ2i2

(Jν)
[
Q+λ1µ1i1 × Q+λ2µ2i2

]
JM

(3)

+
∑
λ1 i1λ2 i2
λ3 i3 I

T λ1i1λ2i2I
λ3i3

(Jν)
[[

Q+λ1µ1i1 ⊗ Q+λ2µ2i2

]
IK
⊗ Q+λ3µ3i3

]
JM


Ψ0 ,

where R, P and T are unknown amplitudes, and ν labels
the number of the excited states.

The electromagnetic transition matrix elements are
calculated for transition operators including the interaction
of quasiparticles and phonons [24] where exact commuta-
tion relations are implemented which is a necessary con-
dition in order to satisfy the Pauli principle.
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where R, P and T are unknown amplitudes, and ν labels
the number of the excited states.

The electromagnetic transition matrix elements are
calculated for transition operators including the interaction
of quasiparticles and phonons [24] where exact commuta-
tion relations are implemented which is a necessary con-
dition in order to satisfy the Pauli principle.

Table 1. Theoretical EDF+QPM results on neutron skin thickness δr, moments of the dipole photoabsorption cross section and the
dipole polarizability of 206Pb. Experimental data from (γ⃗,γ′) experiment at the HIγ⃗S facility [4] and measurements of the

photoabsorption cross section for Eγ>S 1n reported in Refs. [26, 27] are shown in the 1st and 2nd rows.

Nucleus δr Emax 60NZ/A σ0 σ−1 σ−2 αD Refs.
(fm) (MeV) (mb MeV) (mb MeV) (mb) (mb/MeV) (mb/MeV)

206Pb 26.4 2962 3544±294 241.0±17.4 17.6±1.4 122.2±9.7 [4, 26, 27]
3437 239.8 17.6 122 [28]

0.15 25.0 2962 3060 230.4 18.3 127.0 EDF+QPM

Figure 1. (Color online) Low-energy (a) electric dipole strength
and (b) magnetic dipole strength distributions of 206Pb related to
different counterparts of the transition matrix elements obtained
from three-phonon EDF+QPM approach.

3 Discussion

Recently, much attention has been given to the under-
standing of the PDR [5]. This phenomenon is found to
be a common feature in stable and unstable nuclei with
neutron excess. Typically, the PDR is of electric char-
acter [10] and it appears as an additional dipole strength
component around the neutron threshold sitting on top of
the low-energy tail of the GDR classically represented by
a Lorentzian shape [11, 25]. Theoretical investigations of
the dipole photoabsorption cross section σ0 of 206Pb are
performed in the frame of EDF+QRPA and EDF+QPM
theory [4]. In the calculations both, E1 and M1 strengths
up to 25 MeV in 206Pb are taken into account. The ob-
tained theoretical results of dipole photoabsorption cross
section σ0 and its higher moments σ−1 and σ−2 as well as
energy-weighted-sum-rules (EWSR) are presented in Ta-
ble 1. In addition to the dipole photoabsorption cross sec-
tion and its Lorentz extrapolation, a new low-energy struc-
ture of oscillating extra dipole strength at Eγ ≈ 5 − 8 MeV
in 206Pb is found. Similar structure in the energy range

Table 2. Summary of the theoretical EDF+QPM results and
data from (γ⃗,γ′) experiment at the HIγ⃗S facility on E1 and M1

strengths in 206Pb taken from Ref. [4]. The experimental
sensitivity limit for a single E1 transition is �5×10−4 e2 fm2 and

for a single M1 transition is ∼ ×10−2 µ2
N , respectively.

Parameter Present data EDF+QPM
Energy interval (MeV) 4.9 - 8.1 4.9 - 8.1
Number of E1 states:
Within the exp. sensitivity 100 94
Total 340
ΣB(E1) ↑ (e2fm2) 0.88 ± 0.17 0.935

Number of M1 states:
Within the exp. sensitivity 26 28
Total 170
ΣB(M1) ↑ (µ2

N) 8.25 ± 1.97 8.9

from about 7 to 11 MeV has also been observed in our
studies of N = 50 isotones [11]. The latter is related to
PDR which is observed as well in other neutron-rich nu-
clei. It is explained as a vibration of the excessive neutrons
against the symmetric N = Z system. As an additional con-
sequence, it is expected that the total PDR strength corre-
lates with the ratio N/Z [1].

Furthermore, from our EDF mean-field calculations
we derive that the 206Pb nucleus exhibits a neutron skin
with a thickness of δr = 0.15 fm defined as a differ-
ence between the neutron and proton rms radii δr =√
< r2 >n −

√
< r2 >p (see also in Table 1). Accordingly,

from EDF+QRPA calculations we observe a sequence of
low-energy QRPA 1− states of almost pure neutron two-
quasiparticle structure. The analysis of proton and neu-
tron transition densities confirm further the dominant pres-
ence of neutron skin oscillations. Taking into account
these considerations, the energy range below the neutron
threshold of 206Pb could be associated with a genuine PDR
mode.

Spectral distribution of low-energy E1 and M1
strengths below the neutron threshold in 206Pb (Sn = 8.087
MeV) are shown in Fig. 1. A summary of the obtained the-
oretical EDF+QPM E1 and M1 total strengths in compar-
ison with data from (γ⃗,γ′) experiment at the HIγ⃗S facility
are presented in Table 2. It is found that the fragmentation
of the E1 strength is due to the interaction of the QRPA
PDR states with those from the GDR tail and also with
multi-phonon configurations with different spin and pari-
ties. The detailed EDF+QPM analysis of the E1 transition
matrix elements strongly suggests that the PDR dominates
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the distribution of the dipole strength up to about 7 MeV,
at which point the tail of the GDR starts making an im-
portant contribution. Overall, the PDR and the GDR ac-
count for about 77% and 12% of the E1 strength below
the neutron separation energy in 206Pb, respectively. Also
significant is the impact from multi-phonon states to the
total E1 strength and to a lesser extent to the M1 strength.
From the individual transitions displayed in Fig. 1, one
may also compute experimental and theoretical cumula-
tive strengths below the neutron separation energy and to
visually assess the different spectral contribution to the
overall dipole transition strength.

The theoretical cumulative electric and magnetic
dipole strengths are compared to recent high-resolution
(γ⃗,γ⃗′) experiment from the HIγ⃗S facility in Fig. 2 which
is also discussed in Ref. [4].

However, taking into account that the PDR contribu-
tion to the dipole photoabsorption cross section σ0 is just
a minor part of the order of a few percents, a more robust
observable is the ’inverse-squared’ energy weighted sum
(σ−2). It can be defined with the relation [29]

αD =
1

2π2α

∫ ∞
0

σγ(E)
E2 dE =

σ−2

2π2α
= 6.942σ−2, (4)

where σ−2 is directly proportional to the electric
dipole polarizability αD (both given in mb/MeV). From
Eq. (4) we can calculate the total dipole polarizability
αD(206Pb)(EDF+QPM)= 127 mb/MeV= 18.3 fm3/e2. The
theoretical EDF+QPM values are compared with data [4]
in Table 1.

Further comparison of the αD value in 206Pb with the
one obtained in 208Pb [3] shows a decrease of 3% in 206Pb.
This is found correlated with the decrease of the neutron
skin thickness of 206Pb, which is 4% less than that of 208Pb.
It should be stressed that for the particular case of the
dipole polarizability, the contribution of the strength be-
yond ≈ 25 MeV is very small because of the 1/E2 weight-
ing of the photoabsorption cross section.

Needless to say, a proper description of the rich and
complex experimental spectrum depicted in Fig. 1 requires
a highly sophisticated theoretical treatment. A detailed
description of the elaborate multi-quasiparticle and multi-
phonon approach also the technical aspects of the model
could be found in Refs. [1, 6, 8, 10, 11, 13–16, 20].

The present analysis also shows that theoretical stan-
dard strength functions currently used for the calculation
of cross sections in codes based on statistical reaction
models do not describe the dipole strength distribution be-
low the (γ, n) threshold correctly and need to be improved
by taking into account the observed enhanced strength (see
also in Ref. [18]. In this aspect, the EDF+three-phonon
QPM approach could be successfully implemented in sta-
tistical reaction codes to investigate neutron-capture cross
sections of astrophysical importance [18, 19]. Such exam-
ple is the our recent result on the neutron-capture cross
section of the reaction 85Kr(n,γ)36Kr [19]. In these stud-
ies the microscopic EDF+QPM calculations are found in
very good agreement with the experimental data on the
one hand and the HFB+combinatorial results on the other
hand [19].

Figure 2. (Color online.) Cumulative B(E1) (top) and B(M1)
(bottom) strength in 206Pb obtained from integrating the cor-
responding distribution of strength up to an energy Eγ≤S 1n=

8.087 MeV presented in Ref. [4].
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Figure 3. (Color online.) Radiative capture cross section
205Pb(n,γ)206Pb using as input the experimental E1 and M1
dipole strength (red curve) or/and the three-phonon EDF+QPM
plus EDF+QRPA predictions (blue curve). The dotted line is
obtained with the EDF+QRPA strength excluding the PDR con-
tribution. See text and Ref. [4] for further details.

We now proceed to assess the impact of EDF+QPM
calculations and the measurement from Ref. [4] on the
neutron capture cross section in 206Pb, and possibly on the
stellar nucleosynthesis. The intensity and the energy dis-
tribution of the nuclear dipole response, including both the
low-energy PDR plus the contributions from core polariza-
tion below the neutron separation energy are fundamental
ingredients for the determination of the neutron-capture
rates [18]. To estimate the radiative neutron cross section
of 205Pb, statistical model calculations using the TALYS-
1.8 code [30] have been carried out. The obtained results
are displayed in Fig. 3 taken from our recent paper [4].
The “Recommended” curve corresponds to the radiative
cross section obtained with the measured E1 and M1 γ-
ray strengths from Ref. [4], complemented by EDF+QPM
predictions outside the experimental energy range. The
uncertainty band in Fig. 3 stems from the experimental un-
certainties affecting the γ-ray strength, but also due to the
use of different models to predict the nuclear level den-
sity [31, 32]. Finally, the recommended cross section is
obtained with the combinatorial model of Ref. [33]. As
shown in Fig. 3, the EDF+QPM model supplemented with
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205Pb(n,γ)206Pb using as input the experimental E1 and M1
dipole strength (red curve) or/and the three-phonon EDF+QPM
plus EDF+QRPA predictions (blue curve). The dotted line is
obtained with the EDF+QRPA strength excluding the PDR con-
tribution. See text and Ref. [4] for further details.

We now proceed to assess the impact of EDF+QPM
calculations and the measurement from Ref. [4] on the
neutron capture cross section in 206Pb, and possibly on the
stellar nucleosynthesis. The intensity and the energy dis-
tribution of the nuclear dipole response, including both the
low-energy PDR plus the contributions from core polariza-
tion below the neutron separation energy are fundamental
ingredients for the determination of the neutron-capture
rates [18]. To estimate the radiative neutron cross section
of 205Pb, statistical model calculations using the TALYS-
1.8 code [30] have been carried out. The obtained results
are displayed in Fig. 3 taken from our recent paper [4].
The “Recommended” curve corresponds to the radiative
cross section obtained with the measured E1 and M1 γ-
ray strengths from Ref. [4], complemented by EDF+QPM
predictions outside the experimental energy range. The
uncertainty band in Fig. 3 stems from the experimental un-
certainties affecting the γ-ray strength, but also due to the
use of different models to predict the nuclear level den-
sity [31, 32]. Finally, the recommended cross section is
obtained with the combinatorial model of Ref. [33]. As
shown in Fig. 3, the EDF+QPM model supplemented with

QRPA calculations generate a cross section that is in ex-
cellent agreement with the predictions based on the exper-
imental strength. The analysis of various individual con-
tributions to the cross section: M1, PDR, and core polar-
ization indicate a very strong impact of the PDR [4]. Fur-
thermore, we observe that whereas the M1 contribution is
rather insignificant (less than 5%), the combined PDR plus
core polarization contribution is crucial for a proper de-
scription of the cross section. Indeed, excluding the PDR
contribution, QRPA predictions by themselves yield neg-
ligible E1 strength below 6 MeV, leading to a cross sec-
tion about 5 times lower relative to the one involving the
combined contribution. Based on these results, the ex-
perimentally constrained Maxwellian-averaged cross sec-
tion at 30 keV discussed in Ref. [4] is estimated to be
130±25 mb — a value that is consistent with the predic-
tion of 125±22 mb estimated solely by theoretical means.
This latter value has been recommended in Ref. [34] and
has been traditionally used in s-process calculations. With
this updated cross section, the dynamics involved in the
survival and destruction of 205Pb in AGB stars is put on
much more solid ground [4].

In conclusion, EDF+QPM calculations and high res-
olution (γ⃗,γ′) experiment at the HIγ⃗S facility [4] are per-
formed in the investigation of the electromagnetic dipole
response of 206Pb. The theoretical analysis permits a sep-
aration of the PDR from the tail of the GDR and multi-
phonon excitations due to core polarization effects. Our
findings suggest that the low-energy dipole strength is pre-
dominantly electric in character and mainly due to a PDR
skin oscillation. However, a substantial contribution from
the low-energy tail of the GDR and multi-phonon states to
the total E1 strength is also observed that is responsible for
the fragmentation pattern of low-energy dipole states [4].
Moreover, the EDF+QPM theory successfully reproduces
the low-energy M1 spectral distribution suggesting that it
is mostly due to spin-flip excitations. The neutron-skin
thickness in both 206Pb and 208Pb are provided, with the
latter consistent with some recent analysis [3]. In the con-
text of stellar nucleosynthesis, an updated experimentally
constrained Maxwellian-averaged radiative capture cross
section 205Pb(n,γ)206Pb is obtained [4]. The obtained
theoretical results and the very good agreement with the
experiment confirm the predictive power of the involved
many-body theoretical method like the EDF+QPM ap-
proach for exploratory investigations of n-capture reaction
rates in hitherto experimentally inaccessible mass regions.
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