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Statistical properties and photon strength functions of the ''>'Sn isotopes
below the neutron separation threshold
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Here we report on the measurements of the y-ray strength functions and nuclear level densities of ''>!'4Sn
performed for the first time at the 9-MV Tandem accelerator facilities at Horia Hulubei Institute for Physics and
Nuclear Engineering using the Oslo method. We extract thermodynamic properties and gross and fine properties
of the pygmy dipole resonance for systematic comparison in the chain of Sn isotopes. The results are compared
with microscopic models implemented in the TALYS reaction code and the fully microscopic quasiparticle-
phonon model for the underlying nuclear structure of the dipole strength in '>!Sn. The quasiparticle-phonon
model results show the importance of complex configurations to the low-energy dipole response in the pygmy
dipole resonance energy region. The experimental data are further included in the cross section and reaction rate
calculations for the (n, ) reaction of the p-process nuclei ''>!"*Sn showing a significant increase in reaction
rates at high temperatures compared to existing nuclear databases.

DOI: 10.1103/91g8-3hpj

I. INTRODUCTION

The concept of y-ray strength function (ySFs) is one of
the critical components both in understanding the collective
behavior of atomic nuclei and calculating reaction rates in
nuclear astrophysics [1,2]. In the statistical regime, the ySF
describes the average probability for an internal nuclear decay
for a given y-ray energy. This function is almost entirely
dominated by the giant dipole-resonance (GDR), commonly
visualized as a collective vibration of the bulk protons against
the bulk neutrons, exhausting almost the full electric dipole
strength, with a width of typically I'gpr = 2.5-5 MeV, and
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a centroid of, typically, Egpr = 13-20 MeV [3]. Additional
structures are commonly observed on the low-energy tail
of the GDR. These include, for example, an observed fine
structure of the GDR [4], the magnetic dipole modes: Scis-
sors mode [5] and spin-flip giant resonance, the low-energy
upbend [6], and also additional low-energy electric dipole re-
sponse (LEDR) around the neutron separation threshold. This
LEDR is sometimes referred to, in general, as being a pygmy
dipole resonance (PDR), while sometimes the term PDR de-
scribes a specific interpretation of the LEDR as neutron skin
oscillations against the bulk protons and neutrons [7-10]. The
exact nature of the LEDR, and its relation to and nature of the
PDR, is a current topic for debate in the scientific community,
where some recent experiments [11,12] have inspected the
single-particle content of the low-lying strength relative to the
typical collective motion picture.

For measuring y SFs and nuclear level densities (NLDs)
below the neutron separation threshold, the Oslo method
[13—-16] has been used extensively over the years. In fact, to
our knowledge, it has been the only measurement approach

Published by the American Physical Society


https://orcid.org/0000-0002-9504-2814
https://orcid.org/0000-0002-7984-2854
https://orcid.org/0000-0001-8216-2377
https://orcid.org/0000-0003-4782-5563
https://orcid.org/0000-0002-7950-3342
https://orcid.org/0000-0003-2940-014X
https://orcid.org/0009-0007-3265-0533
https://orcid.org/0000-0001-5328-720X
https://orcid.org/0000-0002-8824-1778
https://orcid.org/0000-0003-1284-1213
https://orcid.org/0000-0002-9806-6395
https://orcid.org/0000-0002-5253-099X
https://orcid.org/0000-0002-2550-450X
https://orcid.org/0000-0001-7066-9787
https://orcid.org/0000-0003-1103-1534
https://orcid.org/0000-0002-2809-7946
https://orcid.org/0000-0002-4651-4707
https://orcid.org/0000-0001-6192-4280
https://orcid.org/0009-0002-2758-5419
https://orcid.org/0000-0003-3193-5311
https://orcid.org/0000-0001-5335-1558
https://orcid.org/0000-0002-4486-8579
https://orcid.org/0000-0002-0442-7189
https://orcid.org/0000-0002-1997-0336
https://orcid.org/0000-0002-0843-4941
https://ror.org/048m5jb39
https://ror.org/00d3pnh21
https://ror.org/01xtthb56
https://ror.org/03a5qrr21
https://ror.org/00wjc7c48
https://ror.org/04w4m6z96
https://ror.org/01n78t774
https://ror.org/03kqpb082
https://crossmark.crossref.org/dialog/?doi=10.1103/9lg8-3hpj&domain=pdf&date_stamp=2025-08-25
https://doi.org/10.1103/9lg8-3hpj
https://creativecommons.org/licenses/by/4.0/

P.-A. SODERSTROM et al.

PHYSICAL REVIEW C 112, 024327 (2025)

to simultaneously determine ySFs and NLDs. In particular,
the results reported in this work serve as a continuation of
the work in Oslo to measure the Sn chain of isotopes [17-24],
where !H1-113.116-122.124gy haye been presented. While mainly
used at the Oslo Cyclotron Laboratory (OCL) in its original
form, extensions have been developed like the inverse Oslo
method for unstable nuclei [25,26] and B-Oslo method for
constraining the statistical neutron-capture cross sections on
short-lived nuclei via 8 decay [27]. Also, other approaches to
the LEDR are under development, like the neutron pick-up
from (d, p) reactions, tested recently on '?’Sn [12], where
the single-particle nature can be highlighted. With the pro-
jected y-ray beams at Extreme Light Infrastructure — Nuclear
Physics (ELI-NP) [28-32], that is expected to provide users
with narrow bandwidth y rays for photoexcitation and decay
studies, there will be new opportunities to measure the y SFs
directly, as, for example, has been done at the High Intensity
y-ray Source facility at the Triangle Universities Nuclear Lab-
oratory using the (¥, y’'y”) technique [33], meaning inelastic
scattering of incoming polarized photons, y, with a two-step
decay as y’ and y".

In the case of the future y-ray beam at ELI-NP, de-
tailed studies of the GDR and PDR will be the focus of the
ELI Gamma Above Neutron Threshold (ELIGANT) family
of instruments. In particular, the ELIGANT Gamma Neu-
tron (ELIGANT-GN) setup [34-36] is optimized for detailed
investigations of the nuclear structure of these excitation
modes via neutron and y-ray decay branchings, while the
general cross-section measurements will be performed using
the ELIGANT Thermal Neutron moderated neutron counter
[37]. A primary motivation for these measurements is un-
derstanding the production of p nuclei [28,38]. However, for
cross sections in stellar environments [39—43], complemen-
tary measurements of ySFs and NLDs will be necessary
to understand how the reaction rates impact the p process.
For the work reported here, we chose the 12,1145 puclei
partially for their nature as exclusively p-process nuclei. In
particular, the '''Sn(n, y) ''?Sn reaction has been discussed
as a key reaction in Type Ia supernova regions with densities
0.4-1 x 10° gcm’3 [44]. Another reason is for the recent
wealth of information that has been published on the Sn iso-
topes [21-24] making them an ideal case for completing the
systematic investigation of the Sn isotopic chain.

II. EXPERIMENTAL SETUP

The experiment reported here was carried out the at the
9-MV Tandem accelerator at the Horia Hulubei Institute
for Physics and Nuclear Engineering (IFIN-HH) using the
special version of the ROmanian array for SPectroscopy
in HEavy ion REactions (ROSPHERE) setup [45] com-
prising 21 LaBr; : Ce and CeBrs detectors from ELI-NP,
in particular from ELIGANT-GN [34,36] and two detec-
tors from the beam diagnostics [46] setups for the ELI-NP
y-ray beam system. This special version of ROSPHERE
have been used for detailed studies of light nuclei and
high-energy resonant states [47-50] and is detailed in
Ref. [51]. However, the geometry in this experiment differed
slightly from what was reported in Ref. [51], with the exact

location of the detector types at different positions. The total
angular coverage of the scintillators in this configuration was
11.95% of the solid angle.

In addition to the y-ray detectors, the setup included a
AE-E telescope consisting of two annular double-sided sil-
icon strip detector in the backward direction. These detectors
were of the type Micron S7 with thicknesses of 65 and 1000
um, respectively, placed at a distance of 28 mm from the
target for the thin detector and 44 mm from the target for
the thick detector. This provided us with an angular coverage
of 122°-136° where both detectors were in the line-of-sight
from the target. Due to the limited feed-throughs in the target
chamber, the AE detector was only read out from the 16 sec-
tors. The readout from the E detector consisted of 64 channels
with 16 sectors and 48 rings for reconstructing the scattering
angle required to obtain the nuclear excitation energy.

The data acquisition system employed in this experiment
was fully digital with the LaBr; : Ce and CeBr; detectors
read out using CAEN V1730 digitizers running Digital Pulse
Processing for Charge Integration and Pulse Shape Discrim-
ination firmware and the silicon detectors as well as the
high-purity germanium detectors read out by CAEN V1725
digitizers running Digital Pulse Processing for Pulse Height
Analysis firmware. The y-ray detectors were individually cal-
ibrated using a '*’Cs source for low energies and calibrated at
high energies using the 4.44- and 9-MeV transitions from an
isotopic plutonium-beryllium source [52] and a special sphere
for neutron capture in nickel [53] for the highest energy. The
silicon detectors were aligned using a standard three-o source
consisting of 2*Pu, 2*! Am, and ***Cm, and the absolute cali-
bration was obtained from the elastic scattering of the protons
using the in-beam data.

We used thin, self-supporting tin targets in the center of
the array for this experiment. The two targets were made
of !2Sn with an isotopic purity of 99.6% and a thickness of
1.7mg/cm?, and ''*Sn with an isotopic purity of 87.1% and a
thickness of 1.8 mg/cm?. The main isotopic contaminants in
the '>Sn target were ''*Sn with 0.3% and ''°Sn with 0.1%,
while for ''*Sn the main contaminants were '°>Sn with 6.5%,
280 with 4.6%, '*°Sn with 1.3%, ''°Sn with 1.1%, and '"*Sn
with 0.4%.

The experiment was performed using a proton energy of
12.7 MeV and a typical beam current of 0.5 nA. The data were
collected for 68 h for ''2Sn and 70 h for !'*Sn. The trigger rate
in the silicon detectors was about 1.1 kHz total rate for each
detector, and around 10 kHz on average from the LaBr; : Ce
and CeBrj detectors.

III. ANALYSIS

To make sure that only good events, with unambiguous
excitation energy of the nucleus, were kept in the analysis,
events were selected in the silicon detectors if they had a
multiplicity of precisely one in the AE detector, a multiplicity
of exactly one in the sectors of the E detectors, and had a
multiplicity of either one or two in the rings of the E detec-
tor. If the multiplicity was two in the rings, then additional
constraints were put in that the two rings had to be neighbors
and that the sum of energies in the two rings had to equal
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FIG. 1. Total energy deposition (AE + E) versus the energy de-
posited in the first silicon layer AE. The structures corresponding to
the protons and o particles have been labeled. The gate used to select
protons is shown as a black outline. Note that due to reflections in one
of the connectors, the low-energy region exhibits a shadow double
of the main proton band that has been excluded from the analysis.
Pile-up events can be seen as diagonal structures extending above
the proton band.

the energy recorded in the sector. Furthermore, the AE and
E sectors had to have a geometric overlap for the event to
be accepted. With these events selected, we can create a two-
dimensional histogram based on the standard AE-E method,
shown in Fig. 1, of the energy in the AE detector versus the
total energy recorded in both detectors.Here the inelastically
scattered protons appear clearly as a continuous band, with
isolated regions corresponding to the scattering of the low-
est excited discrete states and elastically scattered protons in
the bottom right edge of the distribution. A significant back-
ground above this region, noticeable above the discrete peaks,
was identified as originating from a pileup in the AE detector,
which unfortunately did not allow for the identification of
deuterons. However, at the highest silicon energies, we can
see a clear distribution corresponding to « particles produced
in '"2Sn(p, «) '»In reactions. For each event, the excitation
energy was calculated from the beam energy, the scattering
angle, the energy deposited in the silicon detectors, and the
associated y-rays, as measured by the LaBrj; : Ce and CeBrs
detectors, were plotted against the excitation energy in a so-
called E,-E, matrix, as shown in Fig. 2, where each energy E|

has its own associated measured y-ray distribution vector S.
Each element in S corresponds to the number of counts in the
associated energy bin.

To obtain the actual emitted distribution of all y rays emit-
ted in a reaction, Ai we need to remove the detector response
from S. For this purpose, the detector response was simu-
lated in GEANT4 [54] using an in-house developed software,
GEANT4 and ROOT Object-Oriented Toolkit [55], providing a

detector response matrix, R. For details about the simulations,
see Ref. [51]. The raw matrices were unfolded using the itera-
tive unfolding method using a response matrix R, as discussed
in Ref. [14] and evaluated for these particular detectors in
Ref. [56]. The main algorithm behind this procedure is the
successive folding of a starting guess spectrum, A';, iterating
over i and a refolded spectrum §';. The starting guess was
chosen as the spectrum itself A’y = §. This gives the first step
of the procedure as

§'o = RA’y = RS, (1
where the next starting guess was modified as
A=Ay + =5, 2
and the procedure is repeated for each iteration i
A=A+ -5,
§'i=RA,, (3)

until convergence. Tens of iterations were typically required to
reach a Kolmogorov-Smirnof similarity of 1 — ags = 107°.
The unfolded matrices are shown in Fig. 2, and a specific
example of a projected spectrum is shown in Fig. 3. As the
unfolding procedure inevitably introduces a small number of
positive-negative oscillations in the output, the spectra are
partially smoothed by redistributing positive-value bins into
negative-value bins within a Gaussian window defined by the
detector resolution.

As seen in the raw matrices, there are three significant
contaminants in the measured data that correspond to the
presence of trace amounts of '2C and '°0 in the target. While
these contaminants stretch out over the entire y-ray energy
range, they become well located at their specific energies in
the unfolding procedure. Thus, a simple fit can subtract them
from the unfolded matrix. These fits were performed using a
Gaussian function along the diagonals of the data, where the
underlying background was estimated from the neighboring
region. This procedure is illustrated in Fig. 4.

While the unfolded spectrum contains all the y rays orig-
inating from a specific excited state, the strength functions
only relate to each cascade’s first y ray. These y rays are
typically called the first-generation y rays. The spectra need to
be separated into the first-generation spectrum, F (E, ), and the
spectrum of the later generation of y rays, A(Ey) —F (E)).

Here we will outline the procedure to obtain the first gen-
eration, closely following the description in Ref. [16], which
goes deeper into detail. In general, to obtain F(E,) from
A(E,), one needs to subtract all the contributions to A(E,)
from all the possible states in the cascade below E,, as

i<x

F(E,) = A(E) = Y m(EwiEDA(E), )

using an appropriate choice of weight vectors w(E,) and
normalization vectors 7(E,), where each element n;(E,) cor-
respond to the relative population cross section between the
state at £, and E; where (E, — E;) = E,,, making sure that
the subtraction in Eq. (4) is always carried out on the same
number of cascades. Several methods exist to obtain 7 [16].
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FIG. 2. Raw (left), unfolded (middle) and first generation (right) matrices for !'>Sn (top) and '*Sn (bottom). The area selected for further

analysis of the first-generation matrices is shown as a black outline.
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FIG. 3. Projected raw, unfolded, and first-generation spectra
from '"’Sn in the excitation energy range 5.7-6.2 MeV, high-
lighting the impact on the transitions to the 0" and 2% states.
The low-energy cutoff for the analysis is marked with a dashed
line, below which discrete transitions and the risk of oversub-
traction may impact the result. The peak associated with the
2t — 07 transition and the ete~ annihilation peak are labeled
to highlight the performance of the unfolding and first-generation
procedures.

Here we have used the multiplicity normalization. In short,
this means that for a given excitation energy, E,, the average
y-ray multiplicity, (M, ), can be obtained from the average
y-ray energy, (E,), as (M,) = E,/(E, ). Following this, the
normalization between two different excitation energies can
be obtained from

> AN ED (M) (E)

(Ey) = .
M) = S B M, ) Ey)

&)

This can be easily understood as that the total number of y
rays at a given energy divided by the average y-ray multiplic-
ity equals the total number of excitations at that energy, and
the ratio between the total number of excitations at two dif-
ferent energies correspond to the ratio of the population cross
sections. The weight function w(E,) is simply the normalized
probability to decay from the excited state E, to E;,

W(E) = = 7> (6

which directly contains the F(E,) we are looking for. Thus,
we can use an appropriate starting guess of w(E;) and iter-
atively solve Eq. (4). The resulting first-generation matrices
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FIG. 4. Part of the unfolded matrix, expanded to highlight the

region with contaminants, from !'?Sn before (top) and after (bottom)

the subtraction of the contaminant peaks. The fitting region for one

160 contaminant is marked with a solid line, and the region used for
background estimation is marked with a dashed line.

are shown in Fig. 2, and a specific example of a projected
spectrum is shown in Fig. 3.

Note that, here, a critical assumption has been made: The
decay of the state is independent of the formation mechanism,
such that the decay of a set of states with an energy E, is the
same if they were populated directly by (p, p’) or by y-ray
feeding from above. For a discussion on this assumption, see
Ref. [16].

The area in the E, and E, matrix selected for further
analysis is shown in Fig. 2. The lower and higher limits of
E, were selected to contain the quasicontinuum region above
the discrete excited states, where we assume the criterion dis-
cussed above is expected to hold but below the energy where
the neutron-separation threshold starts to reduce the statistics.
The lower energy limit of E,, was selected such that artefacts
from under- and oversubtracting low-energy transitions will
be minimal, further illustrated in Fig. 3.

The Oslo method

The process of extracting the level densities and the gamma
strength functions from the first-generation matrix is well de-
scribed in Refs. [13—-16]. Here we will provide a brief outline
but refer to the previous references for an in-depth descrip-
tion. If we denote the normalized first-generation matrix as
P(E,, E, ), then the element with an excitation energy E, cor-
responds to the probability for a nucleus with that excitation
energy to decay with a y-ray energy of E, . If we know the
level densities, p(Ey), and the transition probabilities, 7 (E, ),

PE,E)

E, (MeV)

E, (MeV)

T

2 3 4 5 6 7

PRI B
8
E, (MeV)

FIG. 5. Experimental (top), best fit (middle), and projection (bot-
tom) of the probability matrix. The longest consecutive projections
of p(E, — E,) and T (E, ) have been highlighted in the experimental
matrix. The number of data bins in these regions corresponds to
the number of free parameters for calculating the reduced x2. The
bottom panel shows the projection of the best fit (red line) com-
pared with the experimental data (black circles) in the energy range
6-6.2 MeV. The error bars include both statistical uncertainties and
systematic uncertainties evaluated for the reduced x2/NDF = 1.

then this matrix can be calculated from
:O(Ex - Ey )T(Ey )
ZEV :O(Ex - Ey )T(Ey) '

and given any combination of p(E,) and 7 (E, ), the probabil-
ity P(E,, E, )p, can be compared with the measured P(E,, E, )
and the best solutions can be selected from a x2 test. A
comparison between the experimental first-generation matrix
and the best fit is shown in Fig. 5. At this point, we evaluate
the systematic uncertainties from the reduced x? by taking
the number of degrees of freedom (NDF) into account such
that x2/NDF = 1 and also include these uncertainties in the
analysis in addition to the statistical uncertainties. Here one
critical assumption is being introduced: that the generalized
Brink-Axel hypothesis [57,58] is valid. This hypothesis states

P(E,, Ey)lh = @)
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FIG. 6. Nuclear level density of '2Sn (left) and !'*Sn (right) using a constant-temperature (CT) model fit compared with the results on '12Sn
from the Oslo group [23]. The left shaded region shows the range for fitting to known spectroscopic states, and the right shaded region shows
the range for fitting with the CT model. The transparent bands correspond to the statistical and systematic uncertainties. Three microscopic

models implemented in TALYS are shown for comparison.

that the ySFs, directly proportional to the transmission co-
efficients, are independent of the excitation energy in the
statistical region and only depend on the energy difference
between the initial and final states. This hypothesis has been
tested recently for '1%120:1245 [21].

While there are an infinite number of solutions that sat-
isfy Eq. (7). It has been shown [15] that if one solution of
Eq. (7) is found, one can generally construct all possible
solutions. Furthermore, it has been mathematically shown in
Appendix A of Ref. [15] that these solutions must be related
via a differential equation, with an exponential solution, and
that these solutions, p(E,) and 7~'(Ey), only depend on three
parameters as

P(E; — Ey) = Ao expla(Ex — Ey Np(E, — Ey)’ (8)
T(E,) = Byexp(aE, )T (E,). 9)

These parameters, Ag, By, and o, can be constrained by com-
plementary information available and define unique, physical
solutions for the level densities and y SFs. The most common
complementary data that is typically used to constrain Egs. (8)
and (9) are from neutron-capture experiments using s-wave
neutrons on the A — 1 isotopes. In particular, the level density
at the neutron threshold, p(S,) can be estimated from the
neutron resonance spacings Dy, as

20%(S,) , + 1)?
o(S,) = D—|:(Jt + Dexp <_202—(Sn)>
G\
cree(-gi)] "

Here J; is the spin of the target for neutron capture, in the
case of ''Sn (J; = 7/2) and in the case of ''*Sn (J, = 1/2).
The spin cut-off parameter, 0%(S,), was obtained from

Ref. [59], as

S, —E
o%(S,) = 0.0888a, | “——L A3, (11)
a

where E| is an energy back-shift parameter and a a level
density parameter, with a~! proportional to the single-particle
level spacing. See the discussion in Ref. [23] for details on
these relations. The Ag and « can be determined from the
complete spectroscopy of low-lying states and the systematic
resonance density at the neutron threshold. While fitting
to the first of these is straightforward, our data stops well
before the neutron threshold, and we need to perform
an extrapolation to these energies, which will introduce
some model dependency into the results from here onward.
We have decided to keep with the constant temperature
model [59],

E 1 E,—Ey n
po( x)—TeXP( T ) 12)
with the parameters T being the nuclear temperature and E
being the constant temperature energy shift for consistency
between this data and previous measurements in the Sn
region [21-24]. The results of these fits are shown in
Fig. 6, and the parameters used for normalization are listed
in Table I.

The average experimental total radiative width, (I", (S,)),
can be used to normalize the By parameter of the ySFs
[Eq. (9)]. For the neutron capture we need to take the spin
distribution of the A — 1 nucleus into account, as both ''2Sn
and '"Sn has their spin-parity as J* = 0% in their ground
states, while !''Sn and ''3Sn have J* = 7/2% and J™ = 1/2*,
respectively. In this normalization procedure, we do not make
any difference between positive-parity and negative-parity
levels but assume that they are distributed with equal density
in the statistical regime or that the level densities of positive-
parity states and negative-parity states are exactly half of the
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TABLE L. Parameters used in the Oslo method analysis for 1?Sn and ''*Sn. S, corresponds to the neutron separation energy, D, the neutron
resonance spacing at the neutron threshold for s-wave neutrons [60], a is the level density parameter at the neutron separation energy, E; is
the Fermi-gas shift parameter, o (S,) the spin cutoff at the neutron threshold, T' the temperature parameter, E, the constant temperature shift
parameter, and (I, ) the average y-ray decay width at the neutron threshold [60]. Note that the Dy and p(S,) parameters for 1128 are extracted

from systematics as described in Ref. [23], and (T", ) is the reduced value as extracted in the same reference.

S, Dy a E, o (S,) p(Sn) T Ey (ry)

(MeV) (eV) MeV™) (MeV) MeV™) (MeV) (MeV) (meV)

128p 10.788 3.32 12.53 1.12 4.765 2.5(8) x 10° 0.695 0.813 87.42
1148n 10.3029 17.7 12.05 1.12 4.676 1.35(29) x 10° 0.705 0.598 133

total level density, respectively [16]. Given these assumptions
of dipole-dominated radiation and of parity-independent level

J

1 Sn

1
ry=—-——
T = S a 172 £ =

where the spin distribution function g(E, J) is [16,59,62]

2
8(E,J)~ (14)

202 202

J+1 [ (J+1/2)2}
exp | — .

In order to make the transmission coefficients 7 continuous
in the full range from zero to the neutron separation energy,
the average decay width at the neutron threshold also needs to
be extrapolated from the highest and lowest y -ray energy data.
This extrapolation was done by fitting an exponential function
at high energies, 7 = exp(aE, + b), as well as to extrapolate
the low-energy region towards E, = 0,as 7 = E; exp(cE, +
d), as described in Ref. [16] and shown in Fig. 7. From here,
the conversion from the transition probabilities, 7 to the ¥ SF,

112gp
—— ELI-NP/IFIN-HH data
10-3] — Extrapolation
—— Goriely T-dependent HFB
—— Gogny D1M HFB+QRPA
Ju) IAEA-CRP SMLO 2019 Tables
= 10—4
@
O
E
[
o
2 -5
_5 10
wn
9
€
2
© 10-¢
=
1077
0 2 4 6 8 10

y-ray energy E, (MeV)

density, the expression for the radiative decay width from Ref.
[61] can be simplified [16] into

1

OEﬁf(Ey)p(Sn —E,)dE, Z g8, —Ey, Jy £1/241), (13)
J=—1
[
Sfxr is via the relation,
T(E,)
JxL(Ey) = an—yzZH, (15)

where we, in the remaining part of this paper, will assume
complete dipole domination, thus, 2L 4+ 1 = 3.

Thus, with these relations, we have information to com-
pletely constrain the parameters of Egs. (8) and (9).

To verify the results from these fits, the low-energy y SFs
for ''2Sn and ''*Sn are compared with the high-energy total
excitation strength obtained from high-energy (p, p’) scat-
tering at very forward angles performed at the Research
Center for Nuclear Physics (RCNP), Osaka University, and
analyzed and published by Technische Universitit Darmstadt
(TU Darmstadt) [63]. As shown in Fig. 8, the overlap in
terms of absolute values for both !'2Sn and !'*Sn between the

114gp
—— ELI-NP/IFIN-HH data
10-3] — Extrapolation

—— Goriely T-dependent HFB

—— Gogny D1M HFB+QRPA
1) IAEA-CRP SMLO 2019 Tables
[=4 10—4
Q@
o
£ /S
(9
o
ht =5
g1
wn
0
€
2
© 10-°
[

1077
0 2 4 6 8 10

y-ray energy E, (MeV)

FIG. 7. Transmission coefficients as a function of y-ray energy for ''?Sn (left) and ''*Sn (right). The shaded regions show the regions for
the low-energy and high-energy fits to the data, and the solid lines show the extrapolation to high and low energies. For comparison, three
typical parametrizations as implemented in the TALYS code are shown.
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FIG. 8. Experimental y-ray strength functions of 12Sn (left) and !'*Sn (right) obtained from this work (ELI-NP/IFIN-HH), Ref. [23]
(Oslo), and Ref. [63] (TU Darmstadt/RCNP). The ELI-NP/IFIN-HH and Oslo data represent the total dipole strength function, and the
TU Darmstadt/RCNP data are separated into the electric and magnetic dipole strengths. For comparison, three typical parametrizations
implemented in the TALYS code are shown as solid lines for electric dipole strength and dashed lines for magnetic dipole strength.

different datasets; our data, the Oslo data, and the TU Darm-
stadt data are very close, suggesting that the normalization
procedures are sound. Due to the rapid cross-section varia-
tion at small angles, the zero-degree type scattering makes it
possible to perform multipole decomposition analysis (MDA)
on the RCNP data [64], to separate the E1 and M1 strength,
showing the significant electric dominance of the structures in
the LEDR region. For comparison, we also include a compar-
ison to some of the frequently used global parametrizations
of the ySFs, especially for systematic astrophysical rate cal-
culations and similar, as implemented in the TALYS [65,66]
code. While several different ySF models exist to choose
from in this code, we have here limited the comparison
to some recommended models. These ySF models include
two microscopic approaches via the temperature dependent
Hartree-Fock-Bogolyubov (HFB) by Goriely and HFB and
quasiparticle random phase approximation (QRPA) calcula-
tions with the Gogny DIM interaction. In addition, the recent
Coordinated Research Projects by the International Atomic
Energy Agency on photoneutron reaction cross sections has
provided recommended parametrizations of the GDR using
the simplified version of the modified Lorentzian function
[1,2], and these parametrizations are also included for com-
parison.

IV. DISCUSSION

Here we will go through the implications of the measured
ySFs for how to interpret the behavior of nuclear matter in
the specific cases of ''2Sn and of ''*Sn. We will investigate
these results in three different approaches: the general gross
properties of the ySFs, in particular concerning the LEDR,
the microscopic picture of the LEDR and how the different
properties of the strength can be interpreted from a funda-
mental picture, and the impact of the measured y SFs in terms
of nucleosynthesis and the astrophysical reaction rates for p
nuclei.

A. Data comparison

With the gross properties of the GDRs, in general, having
been thoroughly investigated in the past, it is particularly in-
teresting to investigate the systematics of the additional LEDR
from the extracted ySFs. To extract the gross features of
the y SFs, we fitted the available data simultaneously using a
combination of functions to describe the different components
of the total dipole strength function. To describe the GDR part
of the strength function, an enhanced generalized Lorentzian
function was adopted as

SGprR _ 1
3(mhc)? 3(mhc)?
Crme(Ey, Tr)
X EV 2 _ 2 2 212
(Ey EGpr) +EVFKMF(EV’ Ty)
I'kmr(Ey, Ty = 0)
E;

FGDR = oGprI'GprR

+0.7

(16)

with 'kmr being the Kadmenskii-Markushev-Furman (KMF)
width [67], defined as

r
Tkme = —ao (E2 — 4m°TP), (17)
EGDR

where T represents the temperature of the final states. As
the methods used in extracting these data do not differenti-
ate between E1 and M1 transition strength, the M1 strength
has been explicitly included from RCNP data from Ref. [63]
where it has been extracted using the MDA methods. The M1
strength was modelled as a simple Lorentzian-type distribu-
tion, namely

1 E},F,%,,]
T 3her M 2 2 o
(EV_EMI) +EVFM1

Sui (18)

The LEDR was included as a Gaussian function with centroid
energy of Eyppr, a Gaussian width of Wi gpr, and a total
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FIG. 9. Experimental y-ray strength functions as in Fig. 8, including also the evaluated (y, n) data from Ref. [68]. The details of the fitted
functions to parameterize the data are described in detail in the text and Table II. The TU Darmstadt/RCNP data have been separated into E1
and M1 components for these fits, while the Oslo and ELI-NP/IFIN-HH data have been included in the fit as a sum of E'1 + M 1.

integral strength of o1 gpr. As the exact nature of the LEDR is
still an open topic, this choice was made to provide the sim-
plest, symmetrical function that reproduces the experimental
data best. In addition, a similar parametrization was used in
the previous analyses of the Oslo data [24], and it is, thus,
suitable for a systematic comparison of the new !'>!4Sn and
the earlier published data. The total fits are shown in Fig. 9.

In the comparison of these data, we, for completeness, also
include the (y, n) data compiled in Ref. [68]. This compila-
tion is based on the only direct experimental data available
for ''2Sn and ''*Sn, and was obtained from Bremsstrahlung
experiments [69,70], using BF3 detectors. We want to stress
that in the ''*Sn case, the target had an isotopic purity of only
65.1% and the full cross-section curves were not extracted
in the original publications but as derived data in Ref. [68],
based on the theoretical modeling of cross-section ratios. The
agreement, however, is very good with the (p, p’) data from
RCNP in Ref. [63]. Here we use the conversion between
photonuclear cross section and y SF as

OE1/M1

EH)=01—"—,
Seym(Ey) 3E(he)?

19)

where the extra factor of 0.1 is from converting from fm? to
mb. In the case of M1 transitions, the cross section, oy, is

related to the microscopic strength function, Sy, as [71]

1673E
omi(Ey) = ———Sy1(Ey).

9%ic (20)

The minimization was done using the x> method with the
Minuit package from the ROOT [72,73] framework and the
best parameters from the fits are listed in Table II.

For both '2Sn and ''#Sn, the distribution could be de-
scribed with a single Gaussian using only the RCNP [63],
Oslo [23], and present data, with similar results as reported
in Ref. [24]. We omitted the (y, n) data in these fits but show
them also for comparison, as the data in Ref. [68] are, as
discussed above, not direct measurements but based on de-
rived data. To put the evolution of the LEDR into a systematic
context, we compare the results obtained in this work with
those published in Refs. [19,20] and reanalyzed in Ref. [24].
In the first analysis [19,20], the systematics of the heavier tin
isotopes showed an increasing trend in the LEDR centroids
with increasing neutron number. This correlation was, how-
ever, barely outside of the quoted uncertainties. One of the
more remarkable aspects of those results was, however, that,
despite showing just a weak correlation, they went completely
against theoretical expectations. For example, the QRPA cal-
culations from Ref. [74], which predicted significantly lower

TABLE II. Fit parameters for the y-ray strength functions where E, I', and o correspond to the Lorentzian mean energy, width, and cross

section, respectively, of the GDR and the M1 component. The temperature parameter of the KMF modification of the Lorentzian is listed as
Ty, and the LEDR strength is described as a Gaussian function with centroid E; gpr, width Wigpgr, and cross section opgpr. The last column
lists the fraction of the Thomas-Reiche-Kuhn (TRK) sum rule exhausted by the LEDR strength. These fits include only the present results, the
OCL data and the RCNP/TU Darmstadt data.

Ecpr Cepr OGDR Tj Em Can oMmi ELEpR WiLEDR OLEDR TRK

MeV) MeV) (mb) MeV) (MeV) (MeV) (mb) (MeV) MeV) (mb) (%)
128n [24] 16.14(9) 5.46(31) 265.9(95) 0.70(5) 10.45(43) 4.77(53) 1.77(21) 8.24(9) 1.22(8) 3.65(27) 1.81(15)
1128p 16.18(12) 5.30(12) 279(12) 0.718(20) 10.44(11) 4.76(17) 1.77(8) 8.32(8) 1.39(6) 4.2(4) 2.08(25)
14sn 15.81(12) 3.81(8) 318(14) 0.941(23) 11.15(12) 4.94(25) 2.22(10) 8.11(11) 1.20(7) 4.8(6) 2.15(29)
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FIG. 10. Systematics of the LEDR centroids as obtained
from Ref. [20] (M16-11%12L11280)  Ref. [23] ("''='13Sn), Ref. [24]
(-3 16-122.124G1y - and this work (1'%!'¥Sn). The empirical fit
from Ref. [20] is shown as a dashed line, the QRPA calculations from
Ref. [74] and the RQTBA calculations from Ref. [75] are shown as
a solid lines.

average energy of the PDR states and a clear decreasing
trend for the energy concerning neutron number. Following
these results, new data on '!:1121138n were published in Ref.
[23], which showed very similar values for the centroids,
contradicting the picture of a linear trend in Refs. [19,20]. In-
stead, a picture of a relatively constant value across the entire
tin chain started to emerge, which, however, still did not agree
with the relatively significant decrease obtained from the
QRPA. A reanalysis of the data from Refs. [19,20] reported
in Ref. [24], however, shows a subtle splitting of the LEDR
into two separate components at higher masses. This splitting
into a lower-energy and a higher-energy distribution stays
rather constant as a function of neutron number for N > 66, as
shown in Fig. 10. In the recently published relativistic quasi-
particle time-blocking approximation (RQTBA) calculations
[75], a similar splitting was identified, with the resonant-like
structures located at ~7.5-7.8 MeV and ~8.8-8.9 MeV in
116.118.1209  The latter group of states was suggested to be
structurally different from resonant states at lower energies:
The higher-energy part is dominated by the intruder RQTBA
components with prevailing proton contribution and enhanced
probability of decay to excited states, while the lower-energy
part is dominated by neutron oscillations and characterized
by larger ground-state branching ratios. Thus, the experi-
mentally observed splitting could be considered consisting of
PDR-like states decreasing gradually in energy and increasing
in strength with increasing N, appearing under a constant
strength distribution of different origin, which would be con-
sistent with the pictures from both the QRPA and RQTBA
calculations.

By keeping the GDR and M1 parameter fixed from the
fits with a single Gaussian for the LEDR, we can force a
fit with a double Gaussian as the only free parameters and
estimate a limit on the evolution of the LEDR splitting towards

lower neutron numbers. In this case, we get the cross-sections
o LEDR = 0.1(4) mb and o LEDR = 0.5(11) mb for '>Sn
and !'*Sn, respectively, giving upper limits of this component
as ¢LEDR < 0.5 mb for ''?Sn and 0 LEDR < 1.6 mb for
114Sn. This is consistent with the results from Ref. [24], where
the fraction of the Thomas-Reiche-Kuhn (TRK) [76-78] sum
rule strength in the lower-lying component varies from around
0.2% for '8Sn to around 0.5% for '2*Sn.

The TRK sum rule is one of the energy-weighted sum
rules (EWSRs) in nuclear physics, describing in a model-
independent way the energy absorbed by a nucleus from an
external dipole field, F, as

orws = Y E|(n|F|0)]%, @1

summing over all possible states, n, and which can be evalu-
ated from
NZ

OTRK = 607 (22)

The fraction of the TRK sum-rule strength that appears in
the LEDR region is listed in Table II and is consistent with
the entire known tin chain [24] around 2-3% without any
apparent systematic increase or decrease.

B. Thermodynamic properties

Another interesting macroscopic property is the thermo-
dynamic properties of the micro-canonical ensembles that
correspond to the nuclear matter. A simplified way to describe
the nuclear entropy in terms of NLDs is outlined in Ref. [23]
based on [17,79-81], and can be summarized as

S(Ey) = kg In Q(E,), (23)

with kp being the Boltzmann constant and Q(E,) being the
number of accessible states. Here, due to the large uncertainty
in the spin distribution function, the simplifications that have
been carried out include the omission of the dependence on
the average spin as a function of excitation energy,

El
QE) = p(ENQUEN + 1) ~ 2 (po ) 4

by introducing a constant, py, that normalizes the entropy to
S(0) = 0. This approach, unfortunately, makes the absolute
normalization uncertain as the contribution from the degen-
eracy of magnetic substates is ignored. However, the relative
behavior of the entropy curves should be reliable to the first
order.

The role of entropy of thermally excited particles in hot
nuclei has been extensively discussed in Ref. [79]. One of
the main conclusions from that work is that the odd-particle
entropy in hot nuclei is ~1.7 kg and that it stays remarkably
constant over a mass region ranging from A = 20 to A = 250
and is independent of the ground state spin for midshell nuclei.
However, it is also argued that this picture breaks down for
very light nuclei and nuclei around closed shells due to the
more significant level spacing of those cases.

The odd-particle entropy is extracted from the experimen-
tal NLDs obtained in this work, compared to the experimental
NLDs of '*Sn from Ref. [23] and '"*Sn from Ref. [81]. The
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FIG. 11. Examples of entropy difference between the neigh-
boring even-A and odd-A nuclei H213gy,  13.114G, - apd H4115gy,
The data for the even-A nuclei shown here are from this work,
while the ''*Sn data is from Reference [23] and the ''"Sn data are
from Ref. [81].

1580 experiment was carried out with a different method-
ology at the Variable Energy Cyclotron Centre in Kolkata
using the '"*In(p, n) !'3Sn reaction and the neutron evapora-
tion spectra measured by liquid scintillators [81]. The level
density of ''>Sn was obtained by comparing the experimen-
tal neutron differential cross section with that obtained from
Hartree-Fock (HF) calculations. Thus, this level density also
has some model dependency, which, unfortunately, is com-
mon in this type of data.

Another sensitive quantity in this estimation is the choice
of experimental level density in the ground state, po.

Some of the results of these evaluations are shown in
Fig. 11 for 138h and '15Sn, which shows the discrete states
at low excitation energy followed by a relatively constant
AS(E,) above 2 MeV. It is worth noting here that while the
NLDs for '*Sn and ''*Sn were extracted using the constant
temperature model and, thus, naturally exhibit a relatively
flat behavior concerning the excitation energy, ''>Sn, was
extracted with a different approach that does not inherently
include that type of model dependency. Still, the behavior
of "3Sn is also constant, within error bars, even if a slow
increase of AS(E,) with increasing E, can be sensed. A more
in-depth picture of these more subtle aspects of the odd-
particle entropy complementary experiments with alternative
approaches and lower systematic and statistical uncertainties
would be desired.The systematic evolution of the odd-particle
entropy is listed in Table III.

Given the discussion of the nuclear entropy, we can also
calculate the microcanonical temperature, 7 (E,) as

aS(E»)‘

JE, 25)

T(E,) = (
illustrated in Fig. 12. This temperature allows us to highlight
possible structural changes in the nuclei as a function of
excitation energy. In particular, with the nucleus being a small

TABLE III. Estimated single-particle entropy (AS) from differ-
ent combinations of datasets. J” is the spin and parity of the ground
state and, if applicable, low-lying isomeric states. The configuration
shows how the single-particle entropy originates from the even-A
nucleus compared to a neutron particle (v) or hole (v).

Jr AS Configuration Reference
(ks)
gn 7/2F 1.48(*3) '2Snev! [23]
1Bsn 1/2+,7/2%  1.47(2) 128n @v [23]
BSn 1/2%,7/2t  1.47(2) "2Sn®v  This work, Ref. [23]
Bsn 1/2+,7/2t 1.449(22) '“Sn®v~! This work, Ref. [23]
1158n 1/2* 1.45(9) 4Sn®@v  This work, Ref. [81]
7sn 1/2+,11/2=  =1.6 11650 @v [17]
sn 172+, 11/2=  1.7(2) 18Sn @u [19]
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FIG. 12. Nuclear temperature as a function of excitation energy
for ''2Sn (top) from this work and Ref. [23], and ''*Sn from this work
(bottom). The shaded region corresponds to the region of discrete
excited states where the entropy and temperature discussion is not
applicable. For comparison, the same analysis has been performed
on a selection of microscopic strength functions as implemented in
the TALYS code.
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system that, furthermore, partially consists of an inert core and
is not in contact with a constant-temperature heat bath, oscil-
lations in the temperature with increasing excitation energy,
E,, are expected [17]. However, T (E,) has some significant
features. In ''2Sn, a clear structure appears at around 3.8
MeV, which is consistent with the work from Ref. [23] where
it was argued that a similar structure could originate from
the breaking of a single Cooper pair in the nucleus, also at
3.8 MeV. A similar structure in ''*Sn appears at a lower
energy, around 2.6 MeV. Similarly, in work from Reference
[17], a single Cooper-pair breaking is observed for ''°Sn at an
energy of around 2.6 MeV.

Another way to view this quantity is via the inverse re-
lation, or the probability of finding the nucleus at a certain
energy eigenstate, E, given a critical temperature of the sys-
tem, 7 [82], as

exp(—kf—n)
P(EE,T.) = Q(E)W

with Z(T') being the partition function of the microcanonical
ensemble,

, (26)

zwq:/wgwww<—E,>wh 27)
0

kBTC

This form of representing the data is very close to the ap-
proach of von Helmholtz [83], describing the free energy at
the critical temperature, F;, of a system

F. = —kgT.InZ. (28)

For the entropy, the relation

E
S=kglnZ+ —, (29)
T.
can be combined straightforwardly to an expression of the
critical Helmholtz free energy of the system in terms of ex-
perimentally accessible quantities as

Here F, corresponds to the linearized Helmholtz free energy
at the critical temperature, T, the excitation energy E, corre-
sponding to the internal energy of the system, and S(E,) the
entropy of the system as previously defined. It has been shown
[84,85] that a function A(E, T,) = —In P(E, T,) can highlight
phase transitions of physical systems around the critical tem-
perature when A(E;, T.) = A(E,, T;) for two energies E; and
E,. From the relations (26)—(30), it follows that this relation is
equivalent to the same condition in the linearized free energy
F.(E\,T.) = F.(E,, T.). For both nuclei, the linearized free
energy, F., is shown for the respective critical temperatures,
when the free energy is mostly flat, in Fig. 13.

What we can observe in the F, distributions are, besides the
flat behavior at higher energies, corresponding to a smooth
evolution in the nuclear structure, two distinct features in
the energy regions between 2.5 and 4.5 MeV. As mentioned
earlier, such features have been shown to be associated with
first-order phase transitions [84,85]. In the particular type of
case discussed here, the nature of the phase transition has been
suggested to be due to the transition from the paired phase

11250 T, = 0.724 MeV

2.00
—— Oslo data
1.75 ---- Skyrme, Goriely
---- Skyrme, Hilarie
Gogny, Hilarie
150 —— ELI-NP/IFIN-HH data
—— Fp=0.50 MeV

Linearised Free Energy F. (MeV)
-
o
o

0.75 o
0.50
0.25
0.00
0 2 4 6 8
Excitation energy E (MeV)
11450 T, = 0.75 MeV
---- Skyrme, Goriely
1.50 ---- Skyrme, Hilarie
Gogny, Hilarie
= —— ELI-NP/IFIN-HH data
g —— F0=0.25 MeV
o
> 1.00
<
1)
C N,
w075
[ N,
o
[
3 050 2 //
0 A \:
© N s
i} ‘\A__J:\\ PO
g //
0.00
\ //’
e
-0.25
0 2 4 6 8

Excitation energy E (MeV)

FIG. 13. Linearized Helmholtz free energy (F,) as a function of
excitation energy for !'2Sn (top) from this work and Ref. [23], and
11481 from this work (bottom). the solid line shows the minimum
energy, which has an arbitrary offset as listed in the legend. The
critical temperature, 7, used for obtaining F,, is shown in the title of
each panel. Dotted lines mark the location of the minima in F, around
the phase transition region. For comparison, the same analysis has
been performed on a selection of microscopic strength functions as
implemented in the TALYS code.

to the unpaired phase with the breaking of a single neutron
pair [82], with a pairing energy of 2A, = 27, AS. In our case
this would correspond to 2A,, = 2.13(10) MeV for ''2Sn and
2A, = 1.95(10) MeV for ''¥Sn. A summary of the extracted
parameters, compared with Ref. [17], is listed in Table I'V.
Some interesting features to note in the extracted F, is that
the structure between 2.5 and 4.5 MeV does not consist of
a single broad feature like in Ref. [17]. Instead, it appears
that the structure is composed of two separated features that
together cover almost an identical energy range with the same
potential barrier, AF,, as the data from ''°Sn. The prominence
of these structures depend on the instrumental energy reso-
lution, in particular of the charged particle detectors, which
in Ref. [23] was around 400 keV at E, = 4 MeV excitation
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TABLE IV. Parameters extracted from the linearized Helmholtz
free energy (F;) from this work for 11281 and ''"*Sn, and as losted
in Ref. [17] for '%Sn. T, is the critical temperature used for
the calculation of F., E;, and E, the lower and upper limits of
the one-pair breaking phase transition regions, respectively, AF, the
height of the potential energy barrier, and 2A,, is twice the extracted
neutron-pairing energy.

T, E, E, AF, 2A,

(kp) MeV) (MeV) (MeV) (MeV) Reference

280 0.724(*33 2.6 3.6 021(4) 2.13(10) This work

3.6 44 0287
14sn  0.75(4) 24 3.6 0.39(8) 2.18(12) This work
3.6 44 02709
1165n  0.58(2) 2.4 42 025 1.856 [17]

enegy, while in this measurement around 180 keV full width
at half maximum at E, = 4 MeV. Another interesting aspect
to note is that the depression between the two features is
slightly smaller in the ''*Sn case compared to the !'2Sn case.
This could signal that a merging of the two structures with
increasing N is indeed happening. At the same time, as listed
in Table III, there is a structural evolution in the low-lying
states of the odd-A nuclei in the Sn chain. This evolution
consists of a transition from a 7/2% orbital neutron in ''!'Sn
to two close-lying 1/2% and 7/2% orbitals in '*Sn giving
rise to a long-lived isomer, to a 1/2% ground state in ''>Sn,
and further to a 1/2% and 11/2~ isomeric pair in the heavier
isotopes. However, further data are needed to understand these
structures’ nature and possible origin.

C. The quasiparticle-phonon model

We have pointed out that one of the main problems with
the QRPA methods is that the calculated low-energy dipole
strength does not uniquely correspond to the neutron PDR
mode but contains an admixture of the low-energy tail of the
GDR, mixed configurations between these and contributions
related to the coupling between higher-angular-momentum
multipoles. In this context, it is important in these stud-
ies to apply a theory capable of consistently accounting for
these low-energy electric dipole spectra features. The energy
density functional (EDF) theory and the three-phonon quasi-
particle phonon model (QPM) theory [86,87] is an advanced
theoretical method used in studies of the structure of elec-
tric and magnetic nuclear excitations in the PDR region and
proved to be very successful in describing the low-energy y
strength functions and, in particular, the PDR [11,12,87,88].
An important advantage of the EDF + QPM approach, which
we here call EQPM for short, is the description of nuclear ex-
citations in terms of QRPA phonons as building blocks of the
three-phonon QPM model [89,90], which provides a micro-
scopic way to mix multiparticle configurations. Thus, EQPM
allows for sufficiently large configuration spaces, which are
necessary for a uniform description of low-energy single- and
multiparticle states, and also the GDR. The current EQPM
calculations include a model configuration space consisting
of QRPA states with J* = 1%, 2%, 3% 4% 5+ taking into

account one-phonon 17 states up to E, = 30 MeV, which
explicitly allows the consideration of GDR and nuclear po-
larization contributions to the low-energy 1~ state transitions.
The multiphonon constituents include two-phonon configu-
rations with excitation energies up to E, ~ 11 MeV, which
covers the experimental energy range and is effective for
accounting for the gross properties of the dipole strength
function below and around the neutron threshold. Choosing
the EQPM configuration space allows us to perform our cal-
culations without dynamical effective charges [74]. EQPM
results for the dipole response below the neutron threshold
in "2114Sp are shown in Fig. 14. Our focus is specifically on
E1 strength, located between E, ~ 6—-8 MeV, which resembles
a resonance structure known as PDR in neutron-excess tin
isotopes [74,87]. From the analysis of the QRPA calculations
discussed in these studies, it appears that the 1~ states at
E, ~7-8 MeV in '">11Sn have a predominantly neutron
structure associated with one or two major single-particle
configurations and their transition densities behave as neu-
tron oscillations along an isospin symmetric nuclear core and
can be associated with PDR modes. In our EQPM studies,
we relate the PDR to coherent excitations of a sequence of
low-energy 1~ neutron single-particle states with very similar
spectroscopic properties (see, for example, Refs. [74,86,87]).
The total E1 strength of the PDR, EQPM PDR in Figs. 14
and 15, is calculated as the sum of the individual E'1 strengths
of these 17 states, is typically less than 1% of the TRK sum
rule, which is almost completely exhausted by the GDR. In
addition, there exists a direct relation between the amount
of the observed total PDR strength and the neutron excess
expressed in terms of the neutron-to-proton (N/Z) ratio of the
nucleus, which is also expressed by the neutron-skin thickness
defined in our Refs. [74,86,87]. Considering that the N/Z
ratio in ''>Sn (N/Z = 1.24) and "'*Sn (N/Z = 1.28) is close
to 1, the theoretically obtained PDR strength is relatively
small. However, the observed total E1 strength at low energies
contains additional counterparts due to coupling with more
complex configurations and the GDR, EQPM GDR in Figs.
14 and 15. The full EQPM theory in Figs. 14 and 15 explicitly
accounts for multiconfiguration mixing in terms of interac-
tions between quasiparticle and phonon states. This allows us
to account for the fragmentation of single-particle strength on
a microscopic basis and anharmonicity effects, shifting some
of the GDR’s higher-lying E1 strength to lower energies.
The EQPM calculations of the E1 spectral distributions up
to GDR energies can currently quantitatively predict the fine
and coarse properties of the total dipole strength. They can
be directly compared with experimental data in ''?Sn and
114Sn, which assures us of the reliability of our theoretical
interpretation.

In both ''>14Sn isotopes, three-phonon EQPM calcula-
tions show that in the E, < 8 MeV energy range, about 80%
of the total one-phonon strength of the PDR is depleted.

The experimental energy-weighted strength evaluation has
been performed based on the fitted functions parametrized in
Table II,

S,

Sepr(Ey )EGprdE,, (31)

E OexpEn = oLEDRELEDR +
32

n
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FIG. 14. Qualitative comparison of the experimental y-ray strength functions of ''2Sn (left) and '"*Sn (right), including also the data
reported in this work (red) as well as the data collected at RCNP by TU Darmstadt [63] (green) together with the calculated strengths from the
QRPA (brown) and EQPM (black, blue). The QRPA calculations have been smeared with a width of I'), = 2 MeV, and the EQPM calculations
have been smeared with a width of ", = 0.2 MeV. For the QRPA results, only states with an energy larger than E; = 14 MeV are included, and
for the EQPM results, only states with an energy less than E; = 14 MeV are included. Note that the theoretical results have been renormalized
for comparison to account for the long tails introduced during the Lorentzian smearing. Also, note that the theoretical and TU Darmstadt
results are for excitation strength (1), while our data is for the decay strength ({).

and does not include fragmentation of states; thus, it should
be considered an approximate value. The total strength
fraction of the TRK sum rule from the EQPM is 7.67% for
11280 and 6.37% for ''*Sn, including PDR-GDR interference
terms, multiphonon contributions as well as interference
terms between multiphonon and single phonon states. The
calculated total EQPM dipole strength below the neutron
separation threshold is Zn orgpm(E1)E, = 127.3 mbMeV
in '"’Sn and Y, opoem(E1)E, = 107.3mbMeV  in
114Sn, which is very close to the experimentally fitted

1125n
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strength, Y, Oexp(E1)E, = 110(8)mbMeV in '"?Sn and
>, Oexp(EDE, = 91(8) mbMeV in ''*Sn, respectively. This
strength is distributed as 4.38 mbMeV (0.26% of the TRK
EWSR) from the PDR and 129.34 mbMeV (7.79% of the
TRK EWSR) from the GDR in ''?>Sn between 3.2 MeV and
S,. The experimental total strength, including both LEDR
and the tail of the GDR, in this energy region, is 6.65%
of the TRK EWSR. The corresponding values for ''Sn is
4.70 mb MeV (0.28% of the TRK EWSR) from the PDR and
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FIG. 15. Qualitative comparison of the experimental y-ray strength functions of ''?Sn (left) and ''*Sn (right), including also the data
reported in this work (red) as well as the data collected at RCNP by TU Darmstadt [63] (green) together with the calculated strengths from the
EQPM (black, blue). The EQPM calculations have been smeared with a width of I', = 0.02 MeV and reduced by 10 for easier comparison.
Note that the theoretical results have been renormalized for comparison to account for the long tails introduced during the Lorentzian smearing.
Also, note that the theoretical and TU Darmstadt results are for excitation strength (1), while our data is for the decay strength (|).
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94.30mbMeV (5.60% of the TRK EWSR) from the GDR
compared to the experimental total value of 5.4% of the
TRK EWSR.

From here, we see that the total dipole strength below
the neutron threshold is smaller in '?Sn than it is in ''#Sn,
while we would expect the opposite from a picture of the
LEDR originating from a PDR based on excess neutron ex-
citations. However, from the EQPM calculations, we also see
the importance of taking the composition of several compo-
nents and their interferences into account when discussing
the total dipole strength. These components are related to
the PDR, the core polarization effects, and the GDR. If we
calculate the integrated pure PDR peak from the EQPM, then
we see that the total PDR strength does indeed increase with
increasing neutron number, from 4.38to 4.70 mbMeV, as
expected, while the total LEDR is decreasing due to the ad-
mixture of more complex configurations.

The good overall agreement between the EQPM calcula-
tions and the experiment in ''>!"Sn suggests that in these
nuclei, the properties of the low-energy dipole spectra and, in
particular, of the PDR are well determined. A similar conclu-
sion was reached in our previous EQPM calculations in >*Sn
and other tin isotopes [74,87]. We should also emphasize that
the coupling of nuclear excitations located in the quasicon-
tinuum region, also associated with the low-energy tail of
GDR, and low-energy 1~ excited states can have a substantial
impact on the dipole strength below the neutron threshold.
The effect becomes increasingly important in nuclei where the
neutron threshold is higher and therefore approaches GDR,
such as in the lighter Sn isotopes like ''>!1*Sn, where the
strength of PDR is very close to the neutron threshold. The
role of the quasicontinuum coupling was studied in detail in
our investigations of dipole response of 2**Pb [91]. Such a
situation requires much larger model spaces. This is a numer-
ically difficult task due to the huge increase in level densities,
particularly in the nuclei far from the shell closure.

D. Astrophysical aspects

The role of the NLDs and the y SFs in the nucleosynthe-
sis can easily be illustrated with a schematic picture of the
neutron-capture process, summarized in the Hauser-Feshbach
model for radiative neutron capture [92,93],

o) Y [ Tullp(EdmdE,. (2

JT XL

where Tx (E, ) is directly proportional to the y SF with appro-
priate energy weighting, as of Eq. (15) previously discussed.
Thus, only these two quantities should determine the neutron-
capture rate directly.

To evaluate the impact of the measurements presented
here, the cross section was calculated for the 1! '3Sn(n, Y)
reactions using the TALYS [65,66] code version 1.95. The
maximum y-ray multipolarity was set to £ = 4. For the level
densities, the constant temperature + Fermi gas model was
used with the level density parameter at the neutron separa-
tion energy for ''?Sn as 12.530 MeV~!, the temperature of
the Gilbert-Cameron formula as 0.695 MeV, and the back-
shift energy of the four-component formula as 0.813 MeV.
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FIG. 16. Radiative neutron-capture cross sections calculated
from the experimental y strength functions and constant temperature
parameters adjusted to the nuclear level densities presented in this
work, compared to the recommended values and uncertainties from
10 models in the TENDL-2023 library. The experimental uncertain-
ties only contain the statistical uncertainties from the y SF.

An extra pairing shift to adjust the Fermi gas level density
was manually introduced as —1.906 MeV instead of being
automatically calculated by TALYS. The preequilibrium re-
action mechanism was enabled for all incident energies. The
upper limit for including the transmission coefficients in the
Hauser-Feshbach calculations was reduced to 1071, and also
the upper limit for considering cross sections in the calculation
was reduced to 107! mb, to increase the precision in the
output. Reaction cross sections were calculated for 33 incident
energies between 0.001 and 20 MeV in the laboratory frame
of reference, and the results are shown in Fig. 16 together with
the TALYS-based Evaluated Nuclear Data Library (TENDL)
2023 recommendations [94,95].The calculations were per-
formed for the weighted average of the experimental data that
has been presented in this work and the RCNP data.
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FIG. 17. Reaction rates for the radiative neutron capture calcu-
lated from the experimental data, compared to the astrophysical data
library BRUSLIB, and the recommended values and uncertainties
from 10 models in the TENDL-2023 library. The experimental un-
certainties only contain the statistical uncertainties from the y SF.

From the neutron capture cross section, we can calculate
the neutron-capture reaction rate Ny (o v)(T') using

Nalov)(T) = /OO o*(E)D(E, T)dE, (33)
0

with o*(E) being the neutron-capture cross sections and
®(E, T) the Maxwell-Boltzmann energy distribution [93].
The resulting Nj(ov)(T) rates are shown in Fig. 17 to-

gether with the compilations from BRUSsels Nuclear LIBrary
(BRUSLIB) [96,97] and for TENDL-astro [95]. While the
1138n(n, y) ''*Sn reaction rates using the experimental y SF
are still rather close to the TENDL and BRUSLIB recommen-
dations, while for the the '''Sn(n, ¥) 11281 reaction the rates
using the experimental y SF are significantly higher.

V. CONCLUSIONS

We have performed the first measurements of NLDs and
ySFs at the 9-MV facilities at IFIN-HH, combining the
ELIGANT-GN large volume LaBr; : Ce and CeBrj; detectors
with the ROSPHERE array. In the case of ''’Sn we have
shown that we can reproduce the results from the Oslo Cy-
clotron Laboratory. The NLD and y SF data have been further
extended to ''*Sn that wqas measured for the first time, com-
pleting the data on the even-even stable tin isotopic chain.
We compare the obtained data to high-energy (p,p’) scatter-
ing at zero degrees from the RCNP facilities in Osaka, as
well as to statistical model calculations and fully microscopic
quasiparticle-phonon model calculations. Lastly, we investi-
gate the impact of these new data on the reaction rates in
astrophysical p-process environments, showing an increased
reaction rate for (n, y) neutron capture reactions compared to
existing astrophysical libraries.
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