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Abstract The dipole response of the proton-magic nucleus
1245n was previously investigated with electromagnetic and
hadronic probes. Different responses were observed reveal-
ing the so-called isospin splitting of the Pygmy Dipole Res-
onance (PDR). Here we present the results of a new study of
1245n using inelastic proton scattering at low energies to test
an additional probe possibly exciting states of the PDR. The
response to the new probe as well as the y-decay behavior
of excited states were studied. The '?#Sn(p,p’y) experiment
was performed at £, = 15 MeV using the combined spec-
troscopy setup SONIC@HORUS at the Tandem accelerator
of the University of Cologne. Proton-y coincidences were
recorded, enabling a state-to-state analysis due to the excel-
lent energy resolution for both particles and y rays. J = 1
states in the PDR region were populated in the present inelas-
tic proton scattering experiment. Many y-decay branching
ratios could be determined.

1 Introduction

In nuclear physics, different experimental probes and tech-
niques are utilized to investigate structure phenomena and
to understand their microscopic origins. This approach has
been applied to study the low-lying electric dipole strength —
often denoted as Pygmy Dipole Resonance (PDR) —in atomic
nuclei during the last two decades. This excitation mode is
located around and below the particle emission thresholds
[1,2].

Although the PDR exhausts only a marginal fraction of the
isovector dipole energy-weighted sum rule in stable or mod-
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estly neutron-rich nuclei, its strength is important to precisely
determine the electric dipole polarizability «p. The value of
ap has been shown to be correlated with different isovector
properties related to the nuclear equation of state, e.g., the
neutron-skin thickness. The precise determination of these
properties is crucial to also describe highly asymmetric mat-
ter such as neutron stars [3—8]. The PDR strength itself might
also strongly correlate with the neutron-skin thickness which
might be understood in terms of the macroscopic interpre-
tation of this mode as originating from a dipole-type oscil-
lation of the neutron skin against the proton-neutron core
[1-3,6,9,10].

Due to its selectivity to E1 excitations, the isovector PDR
strength is studied intensively via the nuclear resonance fluo-
rescence (NRF) method using quasi mono-energetic photon
beams and/or bremsstrahlung [1,2,11]. However, the contin-
uous beam profile of bremsstrahlung and the strongly increas-
ing background at lower energies complicates the investi-
gation of y-decay branchings [12]. The B(E1) transition
strengths extracted from such experiments need to be cor-
rected for unobserved y-decay branchings which are typi-
cally studied using mono-energetic y-ray beams.

To gain structural insights, probes where the hadronic
interaction dominates (“hadronic probes”) such as o par-
ticles, 70 and protons at intermediate energies of around
20 MeV/A to 80 MeV/A are used. The comparison of the
responses to the different probes revealed a possible isospin
splitting in '?#Sn [13,14], among the N=82 isotones '“°Ce
[15-17] and '3¥Ba [15,16]. The isospin splitting is not com-
pletely understood. Current explanations include different
isospin characters of the states as well as different radial
transition densities at the nuclear surface [2,14,18].

To understand the PDR in !2*Sn in more detail, an
inelastic proton scattering experiment at low energies of
E, = 15 MeV was performed at the Institute for Nuclear
Physics of the University of Cologne. Up to now, the PDR
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in 124Sn was investigated via « particles (E, = 136 MeV)
[13,14], 170 (E17o = 340 MeV) [19] and bremsstrahlung
(E,- = 7.5,7.8,10 MeV) [20,21]. Furthermore, a (p,p’)
Coulomb excitation experiment, performed at the RCNP in
Osaka with £, = 295 MeV, was recently published by Bas-
sauer et al. [22,23].

In this paper, dipole excitations observed in the PDR
region in our experiment will be presented and compared
to existing experimental data on '2*Sn with special regard to
the isospin splitting. y-decay branchings of lower energetic
states to excited states below about 5 MeV, were investigated
and the results compared to already existing values, obtained
from (n,n’y) [24-26] and (o,a’y) [27] experiments as well
as from studies of the 8 decay of 12415 [28].

2 Experimental setup

The '**Sn(p,p’y) experiment was performed at the Insti-
tute for Nuclear Physics of the University of Cologne. The
15 MeV proton beam was provided by the 10 MV FN Tan-
dem accelerator and directed to the combined spectroscopy
setup SONIC@HORUS [29].

The 24Sn target, enriched to 95.3%, was positioned at
the center of the SONIC array, which also acts as target
chamber. To detect the scattered protons, twelve PIPS (Pas-
sivated Implanted Planar Silicon) detectors were mounted
inside the SONIC chamber using a modular holding frame.
Azimuthal angles of 45°, 135°, 225°, and 315° are covered
for polar angles of 107° and 145° while the azimuthal angles
of 0°, 90°, 180°, and 270° are covered for a polar angle of
123° [29]. For the present experiment, HORUS consisted of
thirteen high-purity germanium (HPGe) detectors of which
six were additionally equipped with BGO shields for active
Compton suppression. In addition, lead and copper absorbers
were installed at the entrance windows of all HPGe detec-
tors in order to reduce the contribution of y rays with ener-
gies below about 1 MeV. Out of the twelve mounted silicon
detectors, eleven were functioning properly, i.e., 143 proton-
y detector combinations could be analyzed. The data acqui-
sition combining the two spectroscopic systems, consisting
of DGF-4C Rev. F modules from XIA [29,30], recorded all
hits seen by the detectors, i.e., no trigger was applied. For
the analysis, the particle-y coincidence window was cho-
sen to be 250 ns which could be achieved after correcting the
timing data for time walk effects. For the determination of y -
decay branchings below excitation energies of 4 MeV, only
seven silicon detectors were taken into account. The silicon
detectors positioned at a polar angle of 145° have a shal-
lower thickness compared to the rest of the detectors. This
results in an incomplete energy deposition of the protons with
increasing energy [29]. According to calculations using LISE
[31], the energy deposition of the protons drops below 100%
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Fig. 1 The summed FEP efficiency for all detectors is shown in the
energy region of interest. In gray, the experimental data of the 2*Ra
and 7°Co measurements are displayed. The fit function corresponds to
the Wiedenhover function [32]

below excitation energies of approximately 3.3 MeV. Con-
sequently, the affected excitations are distorted and shifted
towards lower energies in the proton spectra resulting in a
worsened peak-to-background ratio in the y-ray spectra for
the given energy range while increasing the background in
the low-energy regime.

The full-energy peak (FEP) efficiencies of the HPGe
detectors were determined experimentally. For this, two radi-
ation sources, 22°Ra and °Co, were used. The summed effi-
ciency curve for y-ray energies below 4.5 MeV is shown
in Fig. 1 and is well described by a Wiedenhover func-
tion [32]. To determine the FEP efficiency at higher ener-
gies, the decay of 20Al was measured which was produced
via the 2°Mg(p,n) reaction. Further details on this method
can be gathered from Ref. [29]. The experimentally deter-
mined efficiencies were confirmed by GEANT4 [33-35] sim-
ulations. At £, = 1131.7 keV a summed FEP efficiency
of 1.26% was achieved. The resulting energy resolution
in the summed spectra, taking into account 143 detector
combinations, amounts to a full width at half maximum
(FWHM) of FWHM, = 2.6 keV at E,, = 1120 keV and
FWHM, =~ 90 keV. For the excitation/ proton spectra the
FW HM, does not alter significantly with energy. Besides
the Doppler correction, the events were also corrected for
differential non-linearities (DNL) representing inconsisten-
cies in the digital sampling of the incoming analog signal
within the analog-to-digital converters. As aresult, the energy
assignment of the signal is affected leading to a worse peak
shape and a decreased peak-to-background ratio. Since the
DNL occur at fixed channel numbers they can be identified,
and hence corrected as stated in Ref. [36].

3 Analysis

Starting from the p-y coincidence data, a time-background
subtraction was performed. The sorting of the proton-y coin-
cidences itself was performed with the computer program
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Fig. 2 p-y coincidence matrix of the >*Sn(p,p’y) experiment. Diag-
onal gates for y decays to the ground state and to the first excited 2%
state in '24Sn are highlighted by red and blue lines, respectively

SOCOV2 [37]. Figure 2 shows the resulting p-y coincidence
matrix. On the x axis, the excitation energy is displayed which
was derived from the proton energy deposited in the sili-
con detectors. The y-ray energy, i.e., transition energy is
depicted on the y axis and a Doppler correction has already
been performed. The diagonal band structures, highlighted
with colored lines in Fig. 2, correspond to y decays to differ-
ent final states. Furthermore, strong excitations at energies
around E, ~ 3 MeV and E, 2 7 MeV are visible. These
excitations can be assigned to the target contaminants '>C
and !0 which are shifted on the E, axis due to different
reaction kinematics. These contaminants contributed to the
overall count rate in the detectors, but did not significantly
affect the analysis of y decays to the first excited states of
124Sn (compare Fig. 2).

For the data analysis, diagonal and excitation-energy gates
were applied to the p-y coincidence matrix. While diagonal
gates fix the final state of the decay, excitation-energy gates
fix the excited state. The projections of the ground-state diag-
onal (red) and the ZTL-state diagonal (gray) onto the E, axis
are shown in Fig. 3. Note that the excitation energy and not the
transition energy is given on the x axis of Fig. 3. The neutron-
separation threshold, S, of 12481 Yies at 8489.33(239) keV
[38]. In the projected ground-state diagonal, the 27 states at
1132 keV, 2426 keV, 3214 keV, 4228 keV and 4605 keV
can be clearly identified. In the PDR region, between 5 MeV
and 8 MeV, an accumulation of resolved and unresolved
strength is visible (compare Fig. 3a, c). In the projected 21+—
state diagonal (Fig. 3b, d), many distinct peaks are observed
below 5.5 MeV. Between 2 MeV and 4.5 MeV, all observed
decays can be assigned to known states with a spin of J = 2
or higher in '>*Sn. The lines observed above 4.5 MeV exci-
tation energy seem to correspond to unknown excited states.
The broad peak structure around 8 MeV corresponds to the
3~ state in 'O which is shifted towards higher energies as
discussed earlier.
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Fig. 3 Projections of the p-y coincidence matrix onto the y -ray energy
axis. The red histograms a and ¢ show ground-state decays and the y
decays leading to the Zfr state are shown in blue b and d. Note that
instead of the y-ray energy (transition energy) the excitation energy

E.=FE,+ E,Z is given on the x axis, where E,Z =0keVorll32 keV,
respectively. Decays of states mentioned in the text are marked with an
asterisk

The number of detected y rays of energy E, is given by
the peak area A in the summed spectrum. To obtain y-ray
yields, the peak area has to be corrected for the efficiency €
of the setup, the dead time 7 of the detectors and possible
y-decay branchings. The y-ray yield / is then derived via:

A(Ey)

[=— 7
> i €ii (Ey)Tij

E r 1
) (1)

where €;; = €sji€ge; and T;; = Ts;; Tgej. The probability that
a proton tunnels through the Coulomb barrier after exciting
the target nucleus is given by &7 and is described in detail later
in this section. The last term considers y-decay branchings,
where I is the total decay width and [ is the partial decay
width with respect to the ground state. Proton-y angular cor-
relations were not considered. Since the beam current was
not measured during the experiment, no absolute differential
cross sections could be determined. Due to the comparably
low beam energy and the Coulomb barrier of approximately
Ve = 9.6 MeV, additional corrections have to be consid-
ered. The corresponding correction factor £7(E) (see Eq. 1)
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considers the tunneling of the ejectile through the Coulomb
barrier after populating an excited state. It is given by the
product of energy and the inverse Gamow factor [39]:

Er(E) = FE -exp2mn) = E - exp <0.99 . %) , 2)

where 7 is the Sommerfeld parameter and Z is the charge of
the target nucleus. Its dependency on E can be expressed as
E = Epeam — Ex for E;y < Vcand E = V¢ for E,; > V¢
where the latter is a constant used for normalization. Equation
2 has been adopted for protons as ejectiles. For simplicity,
the angular momentum barrier is neglected. The effect of the
decreasing tunneling probability will be discussed in Sect.
4.1. However, the tunneling correction cancels out for the
determination of branching ratios. Nevertheless, the proton
tunneling affects the detection of low-energetic protons and,
therefore, excitations above a certain excitation energy can-
not be analyzed. In general, the branching ratio of decays into
states 1 and 2 of energies Eq and E», respectively, is given
in terms of their transition widths I7;:

I A(E)) > €ij (EDTij
N AE) Y, e(E)m;

3

For unobserved transitions a sensitivity limit has been con-
sidered. According to Ref. [13], peaks of area A which fulfill
the following relation should be observed:

SIS )
_2[72 4p4 p2’

A
where B describes the background area below the peak. The
relative uncertainty p of the unobserved peak is fixed to 30%
or smaller in accordance with Ref. [13].

4 Results
4.1 Dipole excitations

In total, 44 tentative J = 1 states have been assigned from
the present experiment as shown in Fig. 4. Since no angu-
lar correlations are studied in this work only excitations that
were identified at the same energy as J = 1 states in NRF
experiments [13,20,21] were analyzed in the present (p,p’y)
experiment. Furthermore, J = 1 states of unknown parity are
assumed to be of negative parity. Figure 4 also presents the
effect of the Coulomb barrier which becomes significant for
excitation energies above 5378 keV, indicated by the gray
line. The lower panel shows the results without consider-
ing the tunneling of the protons through the Coulomb barrier
after excitation. Most of the excited states are observed in the
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the color code of the middle panel is adopted from Fig. 4
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in this work and the energy integrated cross section /s from NRF [20,
21], normalized to the state at 3490 keV. No clear relation can be seen
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energy region between 5.5 MeV and 7 MeV. According to
the sensitivity limit given by the solid line, only weak excita-
tions are missing for energies above 7 MeV. This appearance
changes when taking the influence of the Coulomb barrier
into account, as depicted in the upper panel of Fig. 4. At
energies below E,(Vc), the protons have enough energy to
overcome the barrier. However, protons with an energy lower
than V¢ have to tunnel through the barrier. This clearly lim-
its the experimental sensitivity at higher excitation energies.
The comparison of J = 1 states excited in the present work
with the differential cross section of PDR states observed
via (a,’y) [13,14] and the energy-integrated cross sec-
tion extracted from bremsstrahlung experiments [13,20] is
shown in Fig. 5. The unresolved strength has been deter-
mined by integrating over the ground-state decay spectrum
in bins of 100 keV after time background subtraction and
efficiency correction. To allow for a better comparison, both
the resolved and unresolved y -ray yields have been corrected
for the tunneling effect (see Eq. 1). The unresolved strength
is thus highly affected by low statistics at high energies and
does not provide a precise measure. Similar to the inelastic
a-particle scattering, most of the resolved excitation strength
is located below 7 MeV. In contrast to the (y,y’) measure-
ments, the intensity drops at higher energies, also visible in
the ground-state spectrum (cf. Fig. 3c), indicating a behav-
ior similar to the splitting observed in Ref. [13,14]. How-
ever, due to the decreasing tunneling probability, the exper-
imental sensitivity limit is strongly affected with increas-
ing excitation energy (cf. Fig. 5a). Thus, the present data do
not allow for detailed conclusions about a possible obser-
vation of the isospin splitting in '?*Sn. At lower energies,
the unresolved strength pattern resembles the (y,y ) pattern
more than the (¢, a’y) pattern. However, a close correla-
tion between I, ,,) and Is was not observed, as is shown
in Fig. 6. The ratio of the observed strengths varies by an
order of magnitude among the states and demonstrates how
the (p, p’y) reaction at low energies seems to be sensitive to
underlying structures in each of the excited states.

Recent results from high energy proton scattering on
several Sn isotopes show the importance of the complete
knowledge of the decay behavior [22]. The strong differ-
ence between the extracted dipole strengths from (y, y’)
using bremsstrahlung and (p, p’) using virtual photons was
explained by the strong decay branching to higher excited
states in the energy region above 7 MeV. A precise determi-
nation of the complete decay behavior is experimentally not
observable in (y, ') using bremsstrahlung. For the neigh-
boring isotope '2°Sn, a recent bremsstrahlung measurement
has been corrected for statistical y decay and unresolved
strength [40]. It was reported that the corrected strengths sud-
denly exceed the high energy (p, p’) data by approx. a factor
of two for higher excitation energies. This underlines the
importance of the complete knowledge of the decay behav-
ior when comparing these two types of measurements. In the
high energy (p, p’) experiment, virtual photons were used
to excite the target nuclei, similar to real-photon scattering,
and the measured excitation cross sections were then con-
verted to an electric dipole strength B(E'1, 1), independent
of the specific decay behavior. While the tunneling-corrected
y-ray yields determined in the present work do depend on
the individual y-decay behavior, similar to NRF, the ratios
shown in Fig. 6 indicate that also the excitation of individual
states depends strongly on the used probe and on the struc-
ture of the excited states. This results in the largely vary-
ing response to the low energy protons, being a dominantly
hadronic probe instead of a purely electromagnetic one. A
better understanding of the reaction mechanism and of the
nature of the individual states is needed to further investigate
the observed differences. An example can be found in Ref.
[41], where the single particle character of J = 1 states in
208ph was investigated via the excitation of isobaric analog
resonances with low energy protons in conjunction with a
(d, p) neutron-transfer reaction.

4.2 y-decay branching

The y -decay branching behavior of several low-energy states
in 12*Sn was also studied and compared to literature values
if available. Due to the increasing background at lower y -ray
energies, resulting from the missing energy deposition of the
protons, the entire statistics, i.e., 143 Si-HPGe detector com-
binations were investigated only for £, > 4 MeV. Unfortu-
nately, the investigation of branching ratios of higher-lying
states in the PDR region is hindered by decreasing sensitivity,
as discussed in the previous subsection.

The results are listed in the supplemental material. Fur-
thermore, literature values are listed that were obtained in
(n,n’y) [24-26] and («,&’y) [27] experiments and by the §
decay of '?*In [28]. Branching ratios that were preliminar-
ily introduced by Farber et al. [42] could not be confirmed
unambiguously, therefore they are not listed in the table. The

@ Springer
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Fig. 7 Projected excitation gates for E, = 3144 keV, E, =
3214 keV and E, = 4331 keV. In gray, expected transitions are
marked that were observed in (n,n’y) [24,25] and («, o’ y) [27] exper-
iments

uncertainties of the branching ratios were all determined via
the propagation of error. Most of the determined branching
ratios are in good agreement with the literature values. In
addition, some branching ratios could be further restricted
as, for example, the szr / F41+ ratio of the excited state at
3346 keV. However, discrepancies occur, which will be dis-
cussed in the following for a few excited states.

2875 keV and 2879 keV levels. The 27 states at the given
energies were observed in the experiment but could not be
clearly separated in the spectra. Hence, information on their
branching behavior is not listed in the supplemental material.
3144 keV level. The 4T state at E, = 3144 keV has two
known y-decay branchings of same strength leading to the
lower lying 2fr state and 2; state at 2426 keV. However,
the transition with £, = 718 keV to the 2; state was not
observed while the one leading to the ZT state was (cf. Fig. 7).
From the experiment’s point of view, this mismatch in inten-
sities cannot be understood since the detection efficiency of
the setup is determined to be higher for the unobserved than
for the observed transition due to the lower y-ray energy (cf.
Fig. 1).

An explanation might be found in the (67) (2819 keV) —
4fr (2101 keV) transition having the same energy as the tran-
sition from the 47 (3144 keV) state to the 27 state, namely
E, = 718 keV. The mentioned (67) state, introduced by
Bandyopadhyay et al. [26], has not been known by Demi-
dov and Mikhail, hence, a false assignment of this transition
cannot be excluded in their work.

3214 keV level. A similar observation was made for the
27(3214 keV) — 27 transition at E;, = 1085 keV. The
transition to the 21+ state with an energy E, = 2083 keV has

@ Springer

nearly the same branching ratio, but was observed while the
1085 keV transition was not (cf. Fig. 7).

3697 keV level. The J = 1 state at 3697 keV and its decay
to the ZT state at 1132 keV were investigated in the full
statistics data, including all eleven silicon detectors. Both
transitions could not be clearly resolved otherwise. Analysis
of full statistics yields a branching ratio of 41(9)%. Compared
to the expected value of 17(5)%, obtained by Demidov and
Mikhailov [24,25], the newly determined branching ratio is
larger by a factor of about 2.5.

4331 keV level. The y-decay branching to three lower-lying
excited states is known for the 27 state at 4331 keV. Transi-
tions going to the ground state and the ZT state were observed
and the branching ratios agree within the uncertainties with
literature values determined by Spieker et al. [27]. However,
the transition leading to the 2; state was not observed and
the branching ratio is estimated to be below 14%. This is in
contradiction to the literature value of 80(30)% [27]. Fur-
thermore, the missing observation of the transition cannot be
explained by experimental properties because the efficiency
of the setup is determined to be higher for the unobserved
transition as for the observed ones (cf. Fig. 1).

5 Summary and Conclusions

The proton-magic nucleus '?#Sn was investigated via inelas-
tic proton scattering and y spectroscopy at energies of £, =
15 MeV. A proton-y coincidence analysis was performed,
enabling a state-to-state analysis. Hence, excitation via pro-
tons and de-excitation via y rays could be investigated.

In total, 44 PDR candidates were observed, mainly below
7 MeV. Although similar states were excited as in the («,
a’y) experiment, the strength pattern of the present (p,p’y)
experiment rather resembles the dipole response extracted in
the (y,y’) measurements. Above 7 MeV, a comparison of
the (p,p’y) results with the dipole response observed in the
bremsstrahlung experiments is hindered due to the tremen-
dous influence of the decreasing probability of proton tun-
neling through the Coulomb barrier. Thus, it remains an open
question whether or not the isospin splitting found in inter-
mediate-energy o scattering can also be observed in low-
energy inelastic proton scattering on '>*Sn. In the present
experiment, y-decay branchings of low-lying excited states
could be determined. One hiterto unknown branching was
observed. Unobserved transitions are taken into account by
considering the sensitivity limit of the experiment, yielding
upper limits for the corresponding branching ratios. A good
agreement with the existing branching ratios was observed
in most cases. However, some discrepancies appear which
are partly not understood. A false assignment of the transi-
tion with an energy of 718 keV was identified. Instead of the
original assignment to the 47 state at 3144 keV it may be
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the 718 keV transition decaying from the J* = (6) state
at 2819 keV observed by Bandyopadhyay et al. [26].

The approach of determining branching ratios using
SONIC@HORUS as well as the excitation of PDR states was
successful. By choosing a higher beam energy, the proton tun-
neling can be shifted towards higher excitation energies such
that the dipole response can be investigated without loos-
ing too much sensitivity up to the neutron separation thresh-
old. Furthermore, the required coincidence between the scat-
tered proton and the y rays allowed to investigate even weak
y-decay branchings due to the better peak-to-background
ratio.
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