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The microscopic structure of the low-energy electric dipole response, commonly denoted as pygmy

dipole resonance (PDR), was studied for '2°Sn in a ''°Sn(d, py)'*’Sn experiment. Unprecedented access to

the single-particle structure of excited 1~ states below and around the neutron-separation threshold was

obtained by comparing experimental data to predictions from a novel theoretical approach. The novel

approach combines detailed structure input from energy-density functional plus quasiparticle-phonon

model theory with reaction theory to obtain a consistent description of both the structure and reaction

aspects of the process. The presented results show that the understanding of one-particle—one-hole

structures of the 1~ states in the PDR region is crucial to reliably predict properties of the PDR and its

contribution to nucleosynthesis processes.
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The first joint detection of gravitational and electromag-
netic radiation from a single source, the binary neutron star
merger GW170817 [1], provided a new window into
heavy-element nucleosynthesis. Triggered by the electro-
magnetic signals from the optical transient [2,3], neutron
star mergers are now again heavily discussed as one of the
main sites of the r process [4].

Nuclear physics plays a crucial role in the interpretation
of the observables, in particular, of the final isotope
abundance patterns. Different nuclear physics inputs like
masses, f-decay half-lives, f-delayed neutron emission
probabilities, fission properties of heavy nuclei, and neu-
tron-capture rates shape the final abundance pattern [4,5].
Their importance varies depending on the environment
where the r-process nucleosynthesis occurs. One possible
scenario is the hot r process, where an equilibrium between
neutron capture and the inverse photodissociation reactions
is generally assumed. Here, the reaction flow would be
largely driven by nuclear masses. But even in the hot r
process, individual (n, y) rates can become important at late
times, once the (n,y)<=(y,n) equilibrium is broken [6],
and the (n,y) reactions start to compete against the other
processes. To correctly model neutron capture and the
inverse photodissociation reactions, it is crucial to under-
stand nuclear structure and the details of the photoresponse
near the neutron-separation threshold S, since both can
have a crucial impact in the entrance and decay channels.
Especially for the photodissociation reactions, the photo-
response becomes important due to the exponentially
decreasing Planck distribution of photons from heated
stellar objects. The interaction of photons with atomic
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nuclei is generally a key ingredient for nucleosynthesis
processes, not only for the r process. For example, the high
86Kr/%Kr ratios measured in large star dust SiC grains
have been explained by the increase of the 3°Kr(n, y)3°Kr
reaction rate for the s-process branching point nucleus 3Kr
due to the presence of additional low-energy electric dipole
(E1) strength around S, [7].

It has been shown that many nuclei show a concentration
of E1 strength close to and above §,, which is usually
referred to as the pygmy dipole resonance (PDR) [8,9]. The
PDR has attracted a lot of interest during the past two
decades, partly due to its possible sensitivity to certain
parameters of the nuclear equation of state [10-12], also
describing neutron stars [13-18], and its implications for
nucleosynthesis processes [6,19-21].

In this Letter, we refer to the PDR as a concentration
of excited J* = 1~ states around and below S, without
implying any specific structure such as the macroscopic,
dipole-type neutron-skin oscillation often discussed in
literature and first introduced in Ref. [22]. We want to
stress that in the PDR region states with different isospin
character have already been identified by comparing
experimental data obtained with hadronic probes at inter-
mediate energies and real-photon scattering [9,23-35]. In
heavier nuclei, two distinct groups were observed, sug-
gesting a splitting of the PDR into at least two groups of
different isospin character and underlining the presence of
different structures [23,25,30].

One of the missing pieces in understanding the structures
present in the PDR region is systematic studies of the
one-particle—one-hole (1 p-14) components contributing to
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the overall structure of the 17 states. The neutron 1p-1h
components are of special importance as they have been
identified as possible doorway states shared between neutron
and y channels in (7, y) reactions [36]. As doorway states, the
1~ states of the PDR are expected to strongly influence (7, y)
cross sections and, thus, to impact isotope production in
explosive stellar environments. A recent >%Pb(d, p) study
showed how neutron 1p-1#h structures could be accessed in
the PDR region [37]. A comparison of the experimental
observables to theoretical predictions enabled a detailed study
of the single-particle character of the 1~ states. Because of its
doubly magic character, 2®Pb is, however, a special case with
arather small number of 1~ states below the particle-emission
threshold making detailed spectroscopy in general more
feasible. For most nuclei relevant for the r process, the level
density around the threshold could be much higher, calling for
a yet missing test of theoretical models.

In this Letter, we report on results from a
119Sn(d, py)'?°Sn experiment performed at the University
of Cologne with the combined SONIC@HORUS setup for
coincident particle-y spectroscopy to study the PDR in an
open-shell nucleus with much higher level density. The new
experimental approach combines the modest in-beam
particle energy resolution of passivated implanted planar
silicon (PIPS) detectors and the excellent in-beam y-ray
energy resolution obtained from high-purity germanium
(HPGe) detectors with the (d, p) reaction’s selectivity to
neutron 1 p-1h excitations to study the 1~ states via their E'1
decays to the ground state. The selection of ground-state
decays largely enhances the selectivity to 1~ states and, in
general, provides access to PDR states in regions of high
level density, i.e., where (d, p) would populate several
states with different spins and parity quantum numbers.
Thus, (d, py) with HPGe detectors holds great promise to
resolve the PDR states even in nuclei with high level
density. In addition, we present a novel theoretical
approach combining structure input from energy-density
functional (EDF) plus quasiparticle-phonon model (QPM)
theory with reaction theory, which consistently integrates
the structure into the reaction part for calculating the
differential (d, p) cross sections. The same observables
as in the (d, py) experiment are accessed since the y-decay
behavior to the ground state of '2°Sn can be accounted for in
the QPM on a state-by-state basis. It will be shown that
understanding the specific structure of the 1~ states in the
PDR region is crucial to correctly model their population in
nuclear reactions and their subsequent decay. The observed
population of only the lower group of 1~ states questions
the applicability of statistical approaches for (n,7) in the
region of the PDR even for nuclei with high level density
around the separation threshold.

Setup and experiment.—The experiment was perfor-
med at the 10 MV FN Tandem accelerator laboratory
of the University of Cologne with a deuteron beam of
E; = 8.5 MeV, impinging on a self-supporting and
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FIG. 1. Ground-state y-decay spectrum for excited states in

120Sn, Because of selective gates, the spectrum is free of any
contaminants. Marked are ground-state decays from several
known states in !>°Sn and the neutron separation energy S,.
The inset shows the energy region of interest, where the low-
energy dipole response is concentrated. Note the clear gap
between the discrete transitions at lower energies and the
resonancelike structure starting at around 6 MeV possibly
corresponding to the gap between the 3A® and 4A® harmonic
oscillator shells.

enriched ''°Sn target (0.39 mg/cm?, 93.2% enrichment).
The SONIC@HORUS setup [38] consisted of four AE — E
PIPS telescope detectors mounted under backward angles
of ®, =122, 131° and 14 HPGe detectors surrounding
the target chamber. The AE — E detectors were used to
identify the (d, p) reaction in the off-line analysis, and the
energies of coincidently detected y rays were corrected for
the Doppler shift depending on the angle between the
recoiling nucleus and the emitted y ray. Direct y decays to
the ground state of '?°Sn could be investigated by demand-
ing that the excitation energy E, is equal to the y-ray energy
E, + 100 keV. The y-ray spectrum shown in Fig. 1 was
obtained by applying a time-background correction, gating
on residual protons, and selecting y decays to the ground
state. The Doppler corrected and gated y-ray spectrum has
been recalibrated using known J =1 states from a recent
(7,7') measurement [39]. In total, 64 of the 80 discrete lines
found in the region above E, = 4.5 MeV correspond to
known states with a spin of J = 1 and assumed negative
parity. We want to stress that, due to the conditions applied
to the data, the spectrum is free from any contaminants.
Thus, an unambiguous analysis could be performed.

The granularity of the setup allows for the identification
of dipole transitions via proton-y angular correlations.
Examples for resolved transitions and continuous distri-
butions can be found in Supplemental Material [40]. For
excitation energies below 8 MeV, dipole-type y-ray ground-
state decays do clearly dominate in the PDR region. Above
8 MeV, the angular correlations become more isotropic,
possibly indicating either contributions from other multi-
polarities or a decreasing alignment after the reaction. The
M1 contribution is negligibly small below 8§ MeV as shown
in Ref. [41]. Up to 8 MeV, the ground-state y decays stem
predominantly from J” = 1~ states populated in the (d, py)
experiment.
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FIG. 2. (a) Relative y-ray yields from '°Sn(d, py) and (b) en-

ergy-integrated cross sections /g for '2°Sn(y,y’) adopted from
Ref. [39]. All transitions shown in (a) were also observed in the
NRF experiment. Sensitivity limits are based on a maximum error
on the peak area of 30%. (c) Relative ''°Sn(d, py) yields from the
QPM + reaction formalism and (d) predicted energy-integrated
cross sections, both taking into account y-decay branching
predicted by the QPM. 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. a.u. stands for artificial units.

The experimental relative (d, py) yields and the energy-
integrated nuclear resonance fluorescnence (NRF) cross
sections I ¢ from Ref. [39] are shown in Figs. 2(a) and 2(b).
Strikingly, only the lower group of 1~ states with excitation
energies E, <8 MeV is observed in the (d, py) reaction
with the ground-state y-decay channel gate applied [see
Fig. 2(a)]. The two groups feature states which are equally
strongly populated in (y,y’), but not in (d, py). With the
(d, py) sensitivity limit not being the limiting factor
[compare Fig. 2(a)], neutron 1p-1k structure differences
might, thus, explain the rather prominent experimental
result of only observing the lower group of states in the
ground-state y-decay channel after the (d, p) reaction. To
further test this hypothesis, EDF + QPM structure calcu-
lations were performed.

Theoretical approach.—In this novel approach, the
nuclear excitations are expressed in terms of quasiparti-
cle-random-phase-approximation (QRPA) phonons,

0 =5 SWAALUT) = oAl (1)

il

where the set of quantum numbers j = (nljmz) labels
single-nucleon states, and AL and A s are the time-forward
and time-backward two-quasiparticle operators, creating or
annihilating two quasiparticles coupled to a total angular

momentum A with projection y [42]. The excitation energies
of the phonons and the time-forward and time-backward
amplitudes y/’}fl and go“ j, in Eq. (1) are determined by
solving QRPA equations [42]. The present QPM calculations
follow the model approach and methodology described in
Ref. [43]. The wave functions ¥, of the excited QPM
1~ states v of an even-even nucleus contain contributions
from one-, two-, and three-phonon configurations,
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where the R, P, and T coefficients are the one-, two-, and
three-phonon amplitudes, respectively, and ¥, is the ground-
state wave function of the even-even nucleus '2°Sn (phonon
vacuum). The QPM model space includes two- and three-
phonon configurations resulting from the coupling of J* =
1* — 6= QRPA phonons up to E, = 9 MeV. For the dipole
excitations, one-phonon states up to £, = 35 MeV are taken
into account, so that the isovector giant dipole resonance
core polarization contributions to the E1 transitions of the
low-lying 1~ states are taken into account explicitly and
without effective charges. Since ground-state correlations are
predicted to be small, i.e., the QRPA backward amplitudes
are small, the ''Sn target is assumed to be a pure 3s, /, hole
relative to the '2°Sn “core” Experimental data from
118Sn(¢, d)'1°Sn support that the ground state of '°Sn is
indeed dominated by a hole (particle) in the neutron
351/, orbital [44,45]. Within this approximation, the
19Sn(d, p)'*°Sn reaction populates QPM 1~ states that
contain 3p;/, and 3p3/, one-quasiparticle states, i.e., states
with neutron (3s1,5)7'(3p1/2)*" and (3s1/2)7'(3p30) "
1p-1h components. The corresponding angular differential
cross section populating a QPM 1~ state v in a one-step
process results from the coherent contribution of these two
components:

dGl, ,utﬂf
0 —
a9 = (27h?)? k

3p;
+ Usp, ), R3I’3/2 (y)y/%% v Tﬂs/z (9)

‘ 3P1/7R3P1/2 (U)l//‘ {)]/ZTpl/z <9)

; (3)

2

where 6 is the deflection angle, y1;, u; are the reduced masses
in the incident and outgoing channels, k;, k; are
the respective momenta, and u3,, > Usp,, are the one-
quasiparticle occupation numbers obtained by solving BCS
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equations [42]. 7, » and 7, P

approximation (d, p) T matrices (see, e.g., Ref. [46]) pop-
ulating the corresponding p; /, and ps/, states, calculated by
using global optical potentials taken from Refs. [47,48]. Note
that two-phonon and three-phonon components could only
be excited in multistep processes, which are not considered
here. No multistep contributions were, however, observed in
the 2'Pb(d, p)**®Pb experiment [37].

Taking into account the ground-state y-decay branching,
which can be calculated in the QPM on a state-to-state basis
[49,50], the theoretical (d, p) cross sections as well as the
predicted reduced B(E1) transition strengths can be con-
verted into relative (d, py) yields and energy-integrated
NRF cross sections Ig. The theoretical results for these
quantities are presented in Figs. 2(c) and 2(d).

The EDF + QPM approach also allows access to the
details of the wave functions. The squared one-phonon
amplitudes R?> are shown in Fig. 3(a). Several 1p-1h
components contribute to the structure of the 17 states
with comparably large amplitudes below an excitation
energy of about 7.5 MeV. However, as mentioned earlier,
only the (3s51/5)7' (3p1/2)"™" and (3s51/5)' (3p3/2)™" com-
ponents as part of the QRPA 1~ phonons contributing to the
QPM states will be populated in ''°Sn(d, p). They are
highlighted separately in Fig. 3(a) and dominate the one-
phonon structure for a number of excited 1~ states. Since
1208, in contrast to 2%Pb, is an open-neutron-shell nucleus
(N =170), two- and three-phonon configurations already
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FIG. 3. (a) Summed squared one-phonon R amplitudes for each

QPM state, representing the contribution of a given configuration to
the final wave function. Individual contributions of neutron 1p-1h
configurations accessible in ''°Sn(d, p) are shown in dark blue and
green, respectively. Distributions of all configurations can be found
in Supplemental Material [40]. (b) Relative 1Ph and 2Ph + 3Ph
contributions C!%" = S~ R?/ S7(R? + P2 + T?) and CH3Ph =
S(P?+T?)/ S (R? + P? + T?) to the QPM wave function, as
given in Eq. (2). (c) y-decay branching to the ground state and to the
two lowest-lying excited 2 states in '2°Sn, averaged over all states
in a window of 500 keV. a.u. stands for artificial units.

contribute at lower energies [compare Fig. 3(b)]. Below
7 MeV, one-phonon configurations dominate the picture
though. Above 7 MeV, two-phonon and three-phonon
contributions begin to contribute significantly to the spec-
tral distribution. The y-decay branching to the ground state
and to the two lowest-lying states is shown in Fig. 3(c).

Discussion.—Besides reproducing the large number of
1~ states observed in the recent (y, ") experiment [39], the
QPM + reaction formalism correctly predicts that only the
lower group of 1~ states is populated in (d, py) and in
the (d, p) reaction in general. Given the high level density
and even though the details of the strength fragmentation
are different, this in itself is a significant result showing that
the EDF 4+ QPM approach does not only correctly predict
the approximate location of the relevant single-particle
levels around 2°®Pb but also in the region of the Sn isotopes,
while correctly fragmenting the spectroscopic strength to
the lower group of states. We, thus, want to stress again
that single-particle energies were neither determined from
nor adjusted to data. Instead, they were directly obtained at
the mean-field level from the EDF [43], maintaining the
predictive power of this approach.

The experimental centroid energy determined in the
ground-state y-decay channel, including both 3ps3/,, and
3p1/2,18 6.49 MeV. The QPM + reaction approach predicts
the corresponding centroid energy at 6.32 MeV, in excellent
agreement with experiment. The importance of these
orbitals for direct-semidirect neutron capture near the
N = 82 shell closure has been pointed out in Ref. [51].

In addition, very good agreement is obtained for the
energy-integrated NRF cross sections for discrete states
that are also observed in (d, py). Experimentally, a
summed energy-integrated cross section of > I§RF =
337(21) keV fm? is determined from the NRF data. The
weakest relative yields still observed in the (d, py) experi-
ment were on the order of 1%. The QPM predicts a
summed energy-integrated cross section of I?PM =

243 keV fm? and > IT™ = 360 keV fm? for states with
a theoretical relative (d, py) yield larger than 1% and 0.5%,
respectively.

We want to briefly comment on the discrepancy pre-
viously observed between B(E1) strengths determined in
NRF [39,52] and two (p, p’) experiments performed near
0° and at 300 MeV [41,53], which was most pronounced
above 6.5 MeV. It was speculated that one possible source
contributing to this discrepancy could be y-decay branching
not observed in NRF [39]. As seen in Figs. 3(b) and 3(c),
the y-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 in this Letter by
limiting the comparison to configurations selectively popu-
lated in (d, p), ground-state y decays, and comparing the
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true experimental NRF observable to the consistently
calculated QPM quantity. The selective population of only
the lower group of states in (d, py) shows the importance of
a consistent description of structure and reaction theory,
and the need to thoroughly test the PDR wave functions.

Conclusion.—The PDR has been studied in a
119Sn(d, py)'?°Sn coincidence experiment. Employing the
capabilities of the SONIC@HORUS setup, the reaction
channel could be unambiguously selected, eliminating any
contaminations in the y-ray spectra. The excellent energy
resolution of the HPGe detectors and the consecutive
Doppler correction allowed for the detailed study of the
(d, py) strength distribution for excited J” = 1~ states in
the ground-state y-decay channel. By combining EDF +
QPM with reaction theory, the same degree of fragmenta-
tion of the spectroscopic strength resulting from the
(3512)7'(3p1j2) ™" and (3s1/2) 7' (3p3/2) ™" 1p-1h compo-
nents could be observed. In addition to the 2®Pb region, the
EDF 4+ QPM approach does, thus, also reproduce the
position of the relevant single-particle levels in the Sn
region. The centroid energies were found in excellent
agreement. The [/ =1 orbitals are expected to dominate
direct-semidirect neutron capture cross sections around
N = 82 atlow neutron energies [51]. The energy-integrated
NRF cross sections were also found in very good agree-
ment for states with these two specific structures, support-
ing the accuracy of the QPM wave functions. Careful
analysis of the QPM results revealed that the currently
debated structural change throughout the PDR region,
partly causing the discrepancy between (p,p’) and
(y,7') experiments, is indeed predicted by the QPM.
Most significantly, the observed splitting of the spectro-
scopic strength into two groups is intriguing as it closely
resembles the isospin splitting observed in '?/Sn [29,54].
The neutron 1p-1h character of the observed states may
have significant impact on the prediction of direct-semi-
direct neutron capture rates [51], especially if the splitting
can be observed in even more neutron-rich nuclei. The
presented results question the applicability of statistical
approaches for the PDR in (n, y) reactions, since they show
that, at least in the PDR region, not the entire y-ray strength
function might play a role as a group of 1~ states is not
populated. Employing (d, py) and the QPM + reaction
method for more nuclei and in different mass regions will
allow thorough testing of the EDF + QPM calculations on
a microscopic level and extend the predictive power for
modeling neutron capture in unstable neutron-rich nuclei
[51]. The present work underlines that structure plays a
significant role for the low-energy E1 strength in neutron-
rich nuclei not only for generating enhanced B(E1)
strengths but also in populating the states in nuclear
reactions.
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