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Abstract. An advanced microscopic approach based on energy-density func-
tional theory and the quasiparticle-phonon model has been used to study nu-
clear excitations up to giant dipole resonance energies. In addition, our nuclear
structure model has been extended to include reaction theory. The theoretical
spectral distributions compared with experimental data performed with differ-
ent probes and techniques are able to provide us with information about the
microscopic structure of the pygmy dipole resonance as well as its collectivity.
Evaluations of electric dipole (E1) transition strengths and branching ratios at
low energy reveal different properties of the nuclear excitations and the effect
of quasi-continuum coupling. The present studies will support above-neutron-
threshold γ experiments at ELI-NP targeting γ decays of giant and pygmy res-
onances, as well as studies on multi-step γ decays by low-lying states.

1 Introduction

At nuclear excitation energies below the neutron separation energy, excitation modes of dif-
ferent origins exist, making the interpretation of low-energy nuclear spectra a difficult task. In
recent years, new nuclear excitation modes closely related to skin phenomena in atomic nu-
clei, called pygmy dipole resonance (PDR) [1–10] and its natural extension at higher multipo-
larities - the pygmy quadrupole resonance (PQR) [11–13] have been theoretically and exper-
imentally observed and investigated. These studies show that understanding low-energy nu-
clear spectra, and in particular pygmy resonances, requires the application of various probes
and experimental techniques, as well as advanced microscopic theoretical methods. In ad-
dition, pygmy resonances have been found to be important for understanding fundamental
properties of the nucleus and nuclear matter such as nuclear skin thickness and symmetry
energy, as well as for nuclear astrophysics and the nucleosynthesis of heavier elements in the
Universe [14–17]. We must emphasize that there is currently no direct method for experi-
mentally determining neutron skin thickness from nuclear spectral measurements. However,
the distinction between pygmy and other modes can be made theoretically, and the derived
pygmy dipole strengths can be used to quantify the neutron skin thickness [5, 14, 18].
In this manuscript, we report our recent theoretical studies of the nuclear electric dipole re-
sponse in magic and semi-magic nuclei from different nuclear mass regions, which are par-
ticularly important to understand the fine and coarse spectral features of low-energy dipole
spectra and the observed relationship between the PDR and neutron skin thickness [3, 6, 19].
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The theoretical results are obtained within the framework of the Energy-Density Functional
(EDF) and Quasiparticle-Phonon Model (QPM) approach [5, 6, 19, 20]. A common obser-
vation in these studies is, that the quasiparticle-random-phase-approximation (QRPA) is not
sufficient to describe the nuclear excitations below the neutron threshold [5, 6, 21]. The sys-
tematic comparison in various nuclei between EDF+QRPA (EQRPA) and the three-phonon
EDF+QPM (EQPM) calculations shows that the behavior of the low-energy dipole strength
is influenced by the competition between static and dynamical effects. The first one is related
to the mean-field (MF) and the PDR associated with neutron skin oscillations, while the sec-
ond one represents the coupling of the single-particle states with a more complex excitations
related to core polarization and giant dipole resonance (GDR) [14, 21]. These effects lead to
the redistribution and fragmentation of the low-energy dipole strength. We should emphasize
that the neutron 1p − 1h components of the dipole spectral distributions are of particular im-
portance, since they have been identified as possible doorway states shared between neutron
and γ channels in (n, γ) reactions [22]. As doorway states, the 1− states of the PDR, which are
mostly of 1p − 1h neutron character, are expected to strongly influence (n, γ) cross sections
and thereby affect isotope production in explosive stellar environments [17]. In this context,
we will present our recent study on 208Pb(d, p) and 120Sn(d, pγ) reactions, which explains the
population mechanism of the neutron 1p − 1h components entering the state vectors of the
PDR 1− states [22, 23].
Furthermore, the electric dipole strength below the neutron separation energy can be strongly
influenced by contributions from the fragmented dipole strength of 1− excited states in the
quasicontinuum region, which can greatly increase the electric dipole strength below the
neutron threshold. Our theoretical results in 204Pb observed a strong influence of the quasi-
continuum to the total electric dipole strength below the neutron threshold [24].
Another interesting case that we recently investigated is the neutron-rich 206Pb (N/Z=1.51)
nucleus which is expected to have a robust neutron skin and, as a consequence, an additional
low-energy dipole strength associated with skin dynamics. Furthermore, the presence of the
PDR mode in 206Pb can significantly affect the 205Pb radiative neutron capture cross section,
a reaction associated with the synthesis of 206Pb during s-process [14]. The role of PDR for
the nucleosynthesis of heavier elements related to the s-process of nucleosynthesis we have
also been systematically investigated in the N=50 isotones [17].

2 Theoretical approach: EQPM and Reaction Theory

Recently, we have developed a novel approach that combines the EQPM theory [6, 19, 20]
with a nuclear reaction model (EQPM + Reaction). The method successively integrates
the nuclear structure in the reaction theory to calculate the differential (d, p), (d, pγ) and
(α, α′γ) cross sections, and γ-decay branchings and energy-integrated (γ,γ′) cross-sections
[22, 23, 31]. Our studies of the 207Pb(d,p)208Pb and 119Sn(d, pγ)120Sn reaction cross sections
show the population of only selected 1− states with a specific microscopic structure that are
located in a limited energy range below the neutron threshold. Furthermore, our observations
indicate that the understanding of the microscopic structure of the 1− states at low energies
is crucial for correctly modeling their population in nuclear reactions and their subsequent
decay, which in turn raises questions about the applicability of statistical approaches to (n, γ)
reactions in the PDR region.
In the last years the method was implemented in studies of the properties of nuclear electric
and magnetic excitations in the PDR region and it was found very successful for description
of the low-energy γ-strength functions and more particularly of the PDR [6, 8, 25]. An im-
portant advantage of the EQPM approach is the description of the nuclear excitations in terms
of QRPA phonons as a building blocks of the three-phonon QPM model space [26, 27] which
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provides a microscopic way to multi-configuration mixing. Thus, the EQPM allows for suf-
ficiently large configuration 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) theory described in [6, 28]. The pure HFB picture is in fact extended
beyond MF by dynamical self-energies, hence incorporating a more detailed spectral de-
scription of nuclear 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 [5] and available experimental data [6, 28].

The nuclear excited states are calculated with a residual interaction which is based on the
QPM formalism [26]:

Hres = Hph
M + Hph

S M + Hpp
M , (2)

where effective interactions are implemented to account for the interaction between the quasi-
particles. The terms Hph

M , Hph
S M and Hpp

M are taken as a sum of isoscalar and isovector separable
multipole and spin-multipole interactions in the particle-hole (p − h) and multipole pairing
interaction in the particle-particle (p − p) channels, respectively [26]. The model parameters
are fixed empirically in such a way that the properties of the lowest-lying collective states
and giant resonances are described accurately [20]. An exception is the isovector spin-dipole
coupling constant, which is obtained from fully self-consistent QRPA calculations using the
microscopic EDF of Ref. [28].

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 [26].

The QRPA phonons are defined with the equation

Q+λµi =
1
2

τ=n,p∑
j1 j2

(
ψ
λµi
j1 j2

A+λµ( j1 j2) − φλµij1 j2
Ãλµ( j1 j2)

)
(3)

where j ≡ (nl j) is a single-particle proton or neutron state with a magnetic quan-
tum number m and an isospin τ, A+λµ( j1 j2) =

[
α+j1α

+
j2

]
λµ

and the time reversed operator

Ãλµ = (−)λ−µAλ−µ, where Aλµ( j1 j2) =
[
α j1α j2

]
λµ

, are (bare) two-quasiparticle creation and
annihilation operators defined by coupling of two one-quasiparticle operators to total angular
momentum λ with projection µ: [α+j1α

+
j2

]λµ =
∑

m1m2
Cλµj1m1 j2m2

α+j1m1
α+j2m2

. The quasiparticle
creation α+jm and annihilation α jm operators are defined with the canonical Bogolyubov trans-
formation of nucleon creation a+jm and annihilation a jm operators, taken in standard form
a jm = u jα jm + (−1) j−mv jα

+
j−m, where u j and v j are nucleon occupation probabilites [26].

The QRPA operators obey the equation of motion

[
H,Q+α

]
= EαQ+α , (4)

which solves the eigenvalue problem, giving the excitation energies Eα and the time-forward
and time-backward amplitudes ψλij1 j2

and φλij1 j2
, respectively.

The QPM phonon operators satisfy exact commutation relations between phonons and
quasiparticles which preserve the fermion structure of the phonon operators [20, 29].

,

,

,
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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 [20, 27]:

Ψν(JM) =



∑
i

Ri(Jν)Q+JMi +
∑
λ1i1
λ2i2

Pλ1i1
λ2i2

(Jν)
[
Q+λ1µ1i1 × Q+λ2µ2i2

]
JM

+
∑
λ1 i1λ2 i2
λ3 i3 I

T λ1i1λ2i2I
λ3i3

(Jν)
[[

Q+λ1µ1i1 ⊗ Q+λ2µ2i2

]
IK
⊗ Q+λ3µ3i3

]
JM


Ψ0

(5)

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 in-

cluding the interaction of quasiparticles and phonons [29] where exact commutation relations
are implemented which is a necessary condition in order to satisfy the Pauli principle.
The nuclear spectroscopic information obtained within the framework of the EQPM theory
such as occupation numbers, quasiparticle and phonon amplitudes, spectroscopic factors,
transition densities and spectral functions [26] can be further implemented into a nuclear re-
action model (EQPM + Reaction) to consistently derive the different nuclear reaction cross
sections [6, 17, 22, 23, 31, 32].

3 Discussion

3.1 Microscopic structure of the Pygmy Dipole Resonance in 208Pb

The first detailed investigation of the one-particle character of the PDR in 208Pb based on new
experimental data and its theoretical explanation is discussed in Ref. [22]. Theoretical pre-
dictions from EQPM and Large-Scale-Shell-Model (LSSM) are compared with novel data
from (d,p) and resonant proton scattering experiments performed at the Q3D spectrograph
of Maier-Leibnitz-Laboratory in Garching, Germany. Two different transfer configurations
through which 1− states of 208Pb can be populated from the Jπ=1/2− ground state of 207Pb
have been distinguished; namely (3p1/2)−1(4s1/2)+1 (l=0), and (3p1/2)−1(3d3/2)+1 (l=2). The
measured angular distributions are found in excellent agreement with Distorted-Wave-Born-
Approximation (DWBA) model calculations [22]. In addition, the detailed, high-resolution
(d,p) experimental study of the PDR in 208Pb is supplemented with available experimental
data to discuss the microscopic structure of the PDR by comparing it to the state-the-art the-
oretical models: EQPM and LSSM [22]. The neutron 1p − 1h configurations that contribute
to the formation of the PDR are accessed from (d,p) data up to the proton separation en-
ergy Sp and for a limited number of states from the results of resonant proton scattering via
isobaric analog resonances (p,p’)IAR, which probes components that could not be populated
in the selective one-neutron transfer reaction [22]. The model-independent, angle-integrated
(d,p) cross-sections and CLJl j amplitudes from (p,p’)IAR are shown in Fig.1 in comparison to
a selection of other experimental data on the PDR in 208Pb [22]. The (d,p) strength pattern
[Fig. 1(a)] is dominated by the two strongly populated 1− states at 5292 and 5947 keV, corre-
sponding to the major fragments of the (3p1/2)−1(4s1/2)+1 [S=0.77(4)] and (3p1/2)−1(3d3/2)+1

[S=0.66(4)] neutron 1p − 1h strength, respectively. Figures 1(c,d,e,f) present the results of
EQPM and LSSM calculations [22]. The differential cross-sections dσ/dΩ, predicted theo-
retical spectroscopic factors, i.e., the overlap of the 207Pb ground state with excited 1− states in
208Pb when adding a neutron, were combined with the DWBA calculations. Unprecedented
access to the theoretical wave functions demonstrating the 1p − 1h neutron origin of the
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Figure 1. (Color online) (a) Angle-integrated (d,p) cross-sections σ(d,p). (b) CLJl j amplitudes from
(p, p′)IAR. (c) σ(d,p) predicted by combining LSSM spectroscopic factors with DWBA calculations.
(d) Decomposition of the LSSM wave functions into neutron 1p − 1h components relative to the total
wave function Ψtotal.(e), (f) same as (c), (d) but for EQPM [22].

PDR in 208Pb has been achieved. In particular, EQPM predicts a dominant (3p1/2)−1(4s1/2)+1

[S5.32MeV=0.92] fragment and in agreement with experiment, the (3p1/2)−1(3d3/2)+1 strength
to be mainly concentrated in one state [S6.12MeV=0.68]. The total (d,p) cross-section value,
obtained from the EQPM theory is Σσ(d,p)(QPM)= 1676 µb. It is found in very good agree-
ment with the total experimental (d,p) cross-section value which can be taken as a sum of∑
≤S n
σ(d,p)(exp.)= 1524(17) µb below and

∑
≥S n
σ(d,p)(exp.)= 254(9) above the neutron thresh-

old Sn, respectively. However, also the QPM does not fragment the l=0 and l=2 strength
sufficiently to describe the strength above Sn.

3.2 Microscopic structure of the Pygmy Dipole Resonance in 120Sn

The one-particle character of the PDR in semi-magic 120Sn based on EQPM+Reaction ap-
proach and novel measurements of the 119Sn(d,pγ)120Sn reaction cross section, performed at
the University of Cologne with the combined SONIC@HORUS setup for coincident particle-
spectroscopy, is discussed in [23]. In contrast to the case of the double-magic 208Pb nucleus
[22], the PDR in an open-shell nucleus 120Sn is characterized by a much higher level den-
sity. In order to describe the observed fragmentation pattern of the PDR mode in semi-magic
nucleus 120Sn, one must go beyond QRPA and to take into account the interaction between
quasiparticles and phonons. That is achieved by the three-phonon QPM approach. The theo-
retical results of (d,pγ) yields, and energy-integrated (γ, γ′) cross-sections in 120Sn obtained
from the three-phonon QPM calculations are shown in Fig.2. Below 7 MeV, one-phonon
PDR configurations dominate the spectral distributions, while above 7 MeV, GDR and more
complex configurations predominate. The theoretical observations are found in very good
agreement with the novel (d,pγ) experiment from Ref. [23]. The theoretical (d,pγ) strength is
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Figure 2. (Color online.) (a) relative γ-ray yields from 119S n(d, pγ) and (b) energy integrated cross sec-
tions IS for 120S n(γ, γ′). All transitions shown in panel (a) were also observed in the NRF experiment.
Sensitivity limits are based on a maximum error on the peak area of 30%. (c) relative 119S n(d, pγ)
yields from the EQPM+Reaction formalism and (d) predicted energy integrated cross sections, both
taking into account γ-decay branching predicted by the EQPM. Theoretical (d, p) cross sections were
calculated at scattering angles identical to the experiment. Experimental and theoretical yields were
normalized to the strongest transition, respectively [23].

Figure 3. Summed squared one-phonon R amplitudes for each QPM state, representing the contribution
of a given configuration to the QPM wave function (5). Individual contributions of neutron 1p − 1h
configurations accessible in 119S n(d, p) are shown in dark blue and green, respectively. (b) shows the
ratio Crel=

∑
R2

PDR/
∑

(R2
PDR + R2

GDR). (c) γ-decay branching to the ground state and to the two lowest-
lying excited 2+ states in 119Sn, averaged over all states in a window of 500 keV.

fragmented at lower energies and it reproduces the experimental centroid energy of 6.49 MeV
as well as summed (γ,γ′) cross-sections for states excited with both probes:

∑
IQPM
S =243 keV

fm2 and
∑

IQPM
S =360 keV fm2 for states with a theoretical relative (d,pγ) yield larger than

1% and 0.5%, respectively. Experimentally, a summed energy-integrated cross section of∑
INRF
S =337 keV fm2 [23].

A careful analysis of the EQPM results which are shown in Fig. 3 revealed that the currently
discussed structural change in the entire PDR region, which partially causes the discrepancy
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S =360 keV fm2 for states with a theoretical relative (d,pγ) yield larger than

1% and 0.5%, respectively. Experimentally, a summed energy-integrated cross section of∑
INRF
S =337 keV fm2 [23].

A careful analysis of the EQPM results which are shown in Fig. 3 revealed that the currently
discussed structural change in the entire PDR region, which partially causes the discrepancy

120Sn(α,α'γ)
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Figure 4. Top: Experimental 120Sn(α, α′γ) integrated ground-state decay cross sections in 500 keV
bins between 5 MeV and 9 MeV. Error bars indicate statistical errors only. Bottom: EQPM+Reaction
calculations [31]. For a consistent comparison between experiment and theory, absolute differential
cross sections dσ

dΩα
integrated over the spectrometer solid angle Ωα and folded with the ground-state

decay branching-ratio b0, were extracted from the EQPM calculations [30, 31].

between (p, p′) and (γ, γ′) experiments, is actually predicted by the EQPM [23]. As seen in
Fig. 3 (b) and (c), the γ-decay behavior of the 1− states does indeed change as the states’
structure becomes more complex with the average ground-state branching ratio decreasing
and the average ratios to excited states increasing. This underlines the need for comparing
experimental data and theoretical calculations on the same footing as done here by limit-
ing the comparison to configurations selectively populated in (d, p), ground-state γ decays,
and comparing the true experimental NRF observable to the consistently calculated EQPM
quantity. The selective population of only the lower group of states in (d, pγ) shows the im-
portance of a consistent description of structure and reaction theory.
To investigate the structure of the PDR in more detail, further experiments with comple-
mentary probes are necessary. The (α, α′γ) reaction at intermediate energies is an excellent
tool for studying low-spin states and E1 strength, similar to NRF [1]. Fig. 4 shows theo-
retical calculations carried out in the EQPM+Reaction theory that allow one to distinguish
between isoscalar and isovector contributions to each 1− state based on the proton and neutron
transition densities derived from the EQPM [5, 31]. Integrated theoretical and experimental
(α, α′γ) cross sections are found in good agreement [30, 31].

4 Conclusions

The presented EQPM+Reaction studies have proved the neutron single-particle origin of
PDR in the magic 208Pb and semi-magic 120Sn nucleus, which was confirmed by compar-
ison with novel experimental data. Furthermore, the obtained results established (d,p), (d,pγ)
and (α, α′γ) reactions as additional, valuable experimental probes to study the microscopic
structure of PDR, its isospin content and collectivity. This is achieved through unprece-
dented access to theoretical wave functions. Our theoretical studies of branching ratios and
E1 spectral distributions in 120Sn, 204Pb and other nuclei show a strong influence of the qua-
sicontinuum on the total electric dipole strength below the neutron threshold. This finding is
important in explaining the long-standing controversy between inelastic γ and proton scat-
tering data for the observed dipole strength below the neutron threshold. Furthermore, the
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applications of EQPM approach in astrophysical studies confirmed that knowledge of the
microscopic structure PDR is important for accurately determining neutron capture reaction
rates for astrophysics.
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