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The decay of the 21.47-MeV stretched resonance in !3C, arising from p3/2 — ds;» nucleon excitation
coupled to maximum spin, was investigated in a (p, p’) experiment at 135 MeV proton bombarding
energy, performed at the Cyclotron Centre Bronowice (CCB) at IF] PAN in Krakow. First experimental
information on the proton and neutron decay branches from this state was obtained by using coincidence
measurement of protons inelastically scattered on a '3C target and y rays from daughter nuclei, namely,
12B (proton decay) and '2C (neutron decay). The main branches lead to the |7 = 2%, first-excited state at
Keywords: 0.953 MeV in 2B, and to the J™ =1, T =1 level at 15.110 MeV in '2C. The results were compared with
3¢ predictions from the Gamow Shell Model (GSM), which was used to describe the stretched resonance in
Nuclear structure terms of its energy, width, electromagnetic transition strengths and decay pattern. A very good agreement
Stretched resonance states was obtained between the measured and calculated properties of the 21.47-MeV stretched resonance in
Gamow Shell Model 13¢C, demonstrating the high-quality and precision of the GSM wave function calculations, which include
coupling to the resonant and non-resonant particle continuum.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Nuclei are quantum many-body systems with both bound and
unbound states, namely excitations located below and above the
lowest particle emission threshold, respectively. The latter are res-
onant states lying in the continuum, the understanding of which
goes beyond the traditional configuration interaction approaches in
the closed quantum system approximation, such as the standard
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nuclear Shell Model (SM) [1-3]. In this excitation energy regime,
the coupling to the decay channels and scattering continuum has
a direct impact on the structure of nuclear states and requires an
open quantum system (0OQS) description.

In light nuclei, while the low-lying bound structures can be
predicted by state-of-the-art ab initio as well as large-scale shell-
model calculations [4-8] a comprehensive description of bound,
unbound states and reaction observables, which are crucial for un-
derstanding stellar nucleosynthesis, is offered, for example, by the
GSM [9-15].

0370-2693/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
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Particular unbound excitations, named “stretched states”, of in-
terest here, are an excellent testing ground for the GSM, the pre-
dictive power of which has not been fully tested. These states
are single-particle excitations dominated by a single particle-hole
component, for which both the excited particle and the residual
hole occupy the highest angular-momentum orbitals j, and jj
in their respective shells, and couple t0 Jmax = jp + jn. Examples
of high-multipolarity transitions to stretched states are M4 tran-
sitions in 1p-shell nuclei (1p3/; — 1ds,2), and M6 transitions in
2s1d-shell nuclei (1ds;2 — 1f7/2) [16,17]. Due to the expected low
density of other one-particle-one-hole configurations of high angu-
lar momenta in the energy region where stretched states appear,
their configurations should be relatively simple. This feature makes
stretched states very attractive, as their theoretical analysis could
provide clean information about the role of continuum couplings
in stretched excitations, including details on isospin properties, ra-
dial overlap integrals, spectroscopic factors, transitions amplitudes
and densities [18].

The excitation of stretched states is enhanced in inelastic scat-
tering reactions at large momentum transfer. A few stretched con-
figurations have been identified in p-shell nuclei (such as C, N, 0)
by using this method [16,18,19]. The decay of stretched resonances
in light systems is expected to be dominated by the direct decay
of proton and neutron over the statistical (compound nucleus) de-
cay; however, the experimental information on this matter is still
largely missing.

In this work, we study the '3>C nucleus, which is one of
the very few odd-A nuclei for which compelling evidence for
inelastic excitations to stretched states was gathered. Here, the
states at 9.50, 16.08, and 21.47 MeV were identified as arising
from ps3;; — ds,» nucleon excitations into stretched configura-
tions, following inelastic pion [20,21], proton [22], and electron
scattering [23]. The 9.5-MeV and 16.08-MeV states (with width
of <5 keV and 150(15) keV, respectively) were suggested to
be a J® =9/2%, T =1/2 pure neutron excitation and a J% =
(7/2%), T = (1/2) excitation of mainly proton character, respec-
tively [23,20], while the study of (7, ') scattering cross sections
showed that the 21.47-MeV state contains both proton and neutron
components [20]. For this 21.47-MeV excitation (with a width of
270(20) keV), spin and isospin are uncertain, as J* = (7/2%,9/2%)
and T = (1/2,3/2) values are both possible. The isospin com-
position of this state was investigated by measuring its neutron
decay in the '2C(p, w1) reaction, with no conclusive results [24].
In our work, we concentrate on the 21.47-MeV M4 resonance,
which is the most strongly populated in (p, p’) reaction and is
well separated from other nearby excitations [22]. Decay branch-
ings to states in 2B and '2C daughter nuclei have been extracted
by measuring the succeeding decay y rays following the proton
and neutron emission, respectively. They have been compared with
predictions of GSM calculations, here performed for the first time
for a stretched state, resulting in a good description of the reso-
nance energy, width and decay pattern.

The 21.47-MeV stretched resonance in '3C was populated in the
proton inelastic scattering '3C(p, p’) reaction at the Cyclotron Cen-
tre Bronowice (CCB) at IF] PAN in Krakow. The 135-MeV proton
beam from the cyclotron Proteus C-235 was focused on a 13C tar-
get with thickness of 197 mg/cm?, while the KRATTA telescope
array [25], composed of six modules of charged-particle Csl triple
telescopes, was placed at around 36° with respect to the beam
axis. At this angle the angular distribution of the scattered pro-
tons, associated with the population of the 21.47-MeV state in
13¢, should reach its maximum [22]. The y rays from the reac-
tion products were measured by four LaBr3 detectors [26] and two
clusters of the PARIS scintillator array [27]. Part of the data were
also taken with a thin 1 mg/cm? 13C target, in order to detect light
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charged particles from the resonance decay using a 1.5 mm thick
position-sensitive double-sided silicon strip detector (DSSSD).

The excitation energy spectrum of '3C was constructed from
the measured energy of the scattered protons, as shown in
Fig. 1(b). The 21.47-MeV stretched resonance appears here as a
well-isolated peak in the spectrum. Next, proton (in KRATTA) and
y-coincidence data were sorted into a two-dimensional matrix
(E*,Ey), with the '3C excitation energy (E*) on the horizontal
and the y-ray energy (E,) on the vertical axis, respectively (see
Fig. 1(a)). Projections on the excitation-energy and gamma-energy
axes are presented on the top and on the right of Fig. 1(a).

As illustrated in Fig. 2, the decay of the M4 stretched state
at 2147 MeV in '3C may proceed via p, n, d, and « particle
emission to excited or ground states in 2B, 12C, !B, and °Be,
respectively. To access the branchings to the excited states, we
studied the y rays emitted from these products, in coincidence
with inelastically-scattered protons populating the 21.47-MeV res-
onance.

Because of the high proton separation energy in 13C (Sp =
17.533 MeV), one may expect population of only low-lying bound
states in '2B, namely the 0.953, 1.674, 2.621, and 2.723 MeV exci-
tations having spin-parity values 2+, 27, 17, and 0™, respectively.
The y decay from the 0.953-MeV state to the ground state (g.s.)
is clearly seen in the projection spectrum of Fig. 1(a), while the
y rays from the decay of the 1.674- and 2.621-MeV states, with
energies of 1.674 and 1.668 MeV, are seen as a peak at ~1.7 MeV.
They could not be separated due to the energy resolution (FWHM)
of the scintillator detectors of approximately 40 keV. A gate set
on the 0.953-MeV y ray in the '3C (E*, E;, ) matrix (Fig. 1(a)) dis-
plays a strong coincidence with the 21.47-MeV resonance, over a
background corresponding to the decay from other unbound states
above the proton-decay threshold (see Fig. 1(f)).

For the neutron-decay channel leading to 12C, y transitions
are expected from the 2% at 4.440 MeV and 1% at 15.110 MeV
states, which decay to the ground state via the 4.439- and 15.100-
MeV y rays, respectively. The spectrum gated on the 4.439-MeV
y ray (Fig. 1(d)) shows no evidence of the 21.47-MeV resonance.
The peak corresponding to the resonance is instead visible (over
a background from other unbound states) when a gate is set on
the 15.100-MeV y ray (Fig. 1(c)). We note that other neutron de-
cay branches from the 21.47-MeV resonance populate states in 12C
which decay primarily by low-energy protons, leading to the first-
excited state at 2.125 MeV and the ground state of !'B, or by o
particles populating the Be nucleus. In the case of !B, a gate
set on the 2.124-MeV y transition does not reveal any coinci-
dence with the 21.47-MeV resonance (see Fig. 1(e)), probably as
a consequence of the very small energy window for a sequential
neutron-proton decay (0.567 MeV for protons and 0.102 MeV for
neutrons). This observation also tells us that no deuteron emission
to the 2.125-MeV state in "B (with 0.666 MeV deuteron energy)
takes place. In the case of ®Be, there are no states emitting y rays
which can be populated by the 21.47-MeV resonance decay. There-
fore, this route of decay cannot be traced by y rays. For a similar
reason, the «-decay channel of the 21.47-MeV resonance leading
to °Be cannot be detected by measuring y rays.

A quantitative analysis of the decay branches from the 21.47-
MeV resonance, discussed above, resulted in the following relative
yields (assuming 100 for the total yield of the decays observed via
y emission): 69(6) for the population of the 0.953-MeV !B state,
7(2) distributed between the 2.621-MeV or 1.674-MeV 1B states,
and 24(5) for the population of the 17 state at 15.110 MeV in 2C.

To estimate the decay branches from the 21.47-MeV resonance
to ground states or excited states of daughter nuclei, not fol-
lowed by y decay, data on light charged particles collected with
the thin 13C target and the DSSSD detector were used. Particle-
identification matrices were constructed employing the risetime
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Fig. 1. (a) Two-dimensional matrix showing the energy of the y rays detected in the scintillator detectors vs. 13C excitation energy reconstructed from the energy of scattered
protons. Projections on the x axis (excitation energy) and y axis (y energy) are shown on the top and on the right, respectively. Particle emission thresholds for neutron
and proton are given, as well as the location of the 21.47-MeV stretched resonance and of the groups of excited states at 3.7 and 11.9 MeV in 3C, which are followed by
y decays. Labels on the y spectrum (on the right) point to y rays from excited states in '213C and !?B. (b) 13C excitation energy spectrum constructed from the energy
of scattered protons measured as singles (no coincidence with y rays required). (c)-(f) '>C excitation energy spectra obtained by gating on the y transitions from '2C and

11128 daughter nuclei, as given in the legends.
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Fig. 2. The experimental decay scheme of the 21.47-MeV stretched resonance in 3C
associated with the detection of y rays from daughter nuclei. Relative intensities of
the decay branches are obtained summing to 100 the relative yields of the decays
observed via y emission (see text for details).

difference technique [28]. Fig. 3(a) displays data collected by one
strip in the thick-target run in single mode, while the inset shows
the same matrix for events in coincidence with scattered protons
detected in the KRATTA array. Only a very small fraction of events
comes from « particles, due to absorption in the thick target.

Fig. 3(b) shows the energy spectrum of protons in DSSSD in
coincidence with scattered protons in KRATTA, populating the

21.47-MeV resonance. A peak, observed at 3 MeV, very likely cor-
responds to the direct population of the first-excited state in 2B
from the 21.47-MeV resonance. This is consistent with the y-ray
analysis which gave a large relative yield of 69(6)% for this branch
(see Fig. 2). A direct branch to the 2B ground state would pro-
duce a peak at 4 MeV, which is not observed here. Considering the
acquired statistics in the DSSSD proton spectrum, which is very
limited, the upper limit for the decay branch leading to the ground
state of 12B is estimated to be 1/3 of the first-excited state popu-
lation.

Concerning the a decay from the 21.47-MeV resonance in '3C,
one may expect direct branches to the excited particle unbound
states and the ground state of the Be daughter nucleus. In such
cases, the corresponding «-particle energies would be at most
10.8 MeV (direct ground-state population). However, no traces of
peaks which might be associated with o decay to specific states
were observed in the light-charged-particle energy spectrum. The
21.47-MeV resonance could also decay to the ground state of ''B
via emission of the 2.79-MeV deuteron, which is not visible.

An attempt to establish the part of the resonance decay which
is not associated with y-ray emission in daughter nuclei was un-
dertaken by using the single proton spectrum of Fig. 1(b), the effi-
ciency of the y-detection system and the acquisition-system dead
time. It resulted in an estimated decay fraction of 46(10)%, involv-
ing y -ray emission from daughter nuclei out of the total resonance
population.

Fig. 2 summarizes the decay scheme of the 21.47-MeV stretched
resonance in '3C resulting from the analysis of our experimental
data. As discussed above, most of the observed intensity of the
resonance decay is associated with the population via proton emis-
sion of the J™ = 2%, first-excited state in 1?B, while the neutron
decay feeds the 17, T =1 level at 15110 MeV in '2C, only. This
observation and the absence of the neutron-decay branch leading
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Fig. 3. (a) Particle identification matrix obtained from the thick target '>C(p, p’) ex-
periment at 135 MeV (representative example for one strip). The punch-through
energies for protons (Ep), deuterons (Eq4) and tritons (E;) are given by dashed lines.
The inset shows the same matrix, but displayed only for the events in coincidence
with the scattered proton detected in the KRATTA array. (b) In red, light-particle
energy spectrum from the decay of the 21.47-MeV stretched resonance in '3C,
without background subtraction (thin-target experiment). In blue, same spectrum,
background subtracted. The peak at ~3 MeV, corresponds to protons which popu-
late the 27 state at 0.953 MeV in 2B.

to the 2%, T =0 state, at 4.440 MeV, suggest that the decay of the
21.47-MeV stretched resonance in '3C is governed by the isospin
conservation rule, thus pointing to a T = 3/2 isospin assignment
for this highly-excited resonance state.

The structure of unbound stretched states, such as the reso-
nance at 2147 MeV in 13C, requires an open quantum system
description. The GSM [9-15] provides such a description with a
fully consistent calculation of the resonance energy and width and
their mutual relation [15,29]. Until now, the GSM has mostly been
used to describe low-lying states for which the decay modes are
rather simple, employing schematic or realistic two-body interac-
tions. This includes weakly-bound and unbound states in helium
nuclei, halo structures and tetraneutron configurations [30-33].

The high-lying 21.47-MeV stretched state in '3C, of interest
here, may look as being out-of-range for a GSM description, from
an energy point of view. However, its relatively narrow width
(270(20) keV) and simple dominant configuration make the GSM
approach possible, thus providing an excellent test for the GSM
description of the coupling to the different decay channels.

In the present GSM calculations, the interaction is made of two
parts: a Woods-Saxon potential with a spin-orbit and a Coulomb
term to model the effective “He core, and an effective finite-range
two-body potential based on the references [34,35]. This potential
has central, spin-orbit and tensor Gaussian terms with different
ranges to account for the low and high momentum components of
the nuclear interaction and has been proven to work on large-scale
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calculations in p-shell nuclei [36]. The description of '3C with
9 valence nucleons is very demanding computationally-wise due
to the continuum discretization. Multiple truncations were also
needed, to target the relatively simple stretched state.

The model space was chosen to be the psd+ f7/,2 space, built on
the single particle poles Op3/2, Op1/2, 1s1/2, 0ds/2, Od3/2 and their
associated continua discretized with ~ 25 Gauss-Legendre points
each. The f7,, continuum represented by 4 harmonic oscillator
shells was added to the model space to gauge any effect of the
f shells on the stretched state, e.g., a possible decay to the 1~
state of 2B, otherwise strictly forbidden. A maximum of three ef-
fective holes in the closed '2C shells was allowed, and additional
truncations on the number of particles in the different continua
based on energy considerations were performed. The 14 depths
(central + spin-orbit, neutron and proton) of the one-body Woods-
Saxon potential and the 7 parameters of the two-body interac-
tion were adjusted to 49 states belonging to the low-lying spectra
of 12B, 12:13.14c 12,1314 and 140. Following what was done in
Ref. [36], the optimization procedure was based on the Gauss-
Newton method coupled to the Singular Value Decomposition. The
Uncertainty Quantification model based on linear regression was
used to assess the statistical uncertainties here presented. The op-
timization yielded an r.m.s. deviation of ~397 keV (~207 keV for
the A =12, 13 nuclei).

Since the experimental spin-parity and isospin assignments for
the 21.47 MeV stretched resonance are J7 = (7/2%,9/2%) and T =
(1/2,3/2), we concentrated only on the calculated 7/2% and 9/2F
states. In the expected energy region between 16.5 and 26.5 MeV,
four candidates were found: three resonances 7/2% (indices 6, 7
and 8) and one resonance 9/2;. For each of these resonances, var-
ious properties were calculated to identify the experimental M4
state. For example, the 7/2;' at 22.1(8) MeV could be discarded be-
cause of the small percentage (~ 15%) of a particle-hole excitation
between the p3/; and the ds,; orbitals. On the contrary, the struc-
ture of the other three resonances, namely, 7/26+ at 19.9(5) MeV,
7/2F at 20.9(5) MeV and 9/27 at 21.8(7) MeV, involves significant
contribution (from 50% to 65%) of transitions from p3, to ds/,
as expected for the stretched resonance. The three states have an
isospin of respectively 1.44, 1.36 and 1.49, i.e., close to 3/2. For each
of these states, we have also calculated the spectroscopic factors
(S¢) [37]. Although the spectroscopic factors are not observables
in the strictest sense [38-40], they are a reasonable indicator of
the configuration mixing in the many-body wave function, and for
that matter they allow for the more instructive comparison also
in terms of decay pattern. The first general observation is that, for
all three states considered here, 7/2¢, 7/27 and 9/27, the isospin
mixing is relatively small and the calculated spectroscopic factors
to the T = 0 states are too small to give rise to any significant
branching to T =0 states, including the 27, T =0 state in 12C. In
consequence, we concentrate on the decay to T =1 states, only.

The spectroscopic factors reveal the differences between 7/2;L
(I' = 1500(200) keV) and 7/2;L (I' = 400(300) keV) resonances.
The 7/2¢ state is mostly built on the 1+ states of B (17 ® ds)2,
Sy =0.25) and '2C (17 ®ds/2, Sy = 0.58), while the 7/27 is built
on the 27 state in '>B and the 2] state in '2C (see Table 1 for
details). Considering that the experimental decay of the resonance
at Eexp = 21.47 MeV goes mostly to the 2% excitation in '2B, the
7/2¢ state is excluded.

The GSM also allows us to calculate partial widths [41], which
are given in Table 1 for the 7/27+ resonance, with the correspond-
ing branching ratios. The uncertainties appended to those values
are numerical uncertainties due to the lack of precision of the
calculated GSM wave functions at large distances from which the
asymptotic normalization constants and then the partial widths are
extracted. On the other hand, the uncertainty (AT’ =300 keV) of
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Table 1
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Top part: summary of the experimental properties of the 21.47-MeV stretched resonance in '3C (left), and of its
counterparts calculated by the GSM (right) for the 7/27+ and the 9/2;r states. Bottom part: experimental energies,
spin-parity and isospin values of the final states in '2B and !2C, and experimental branching ratios of the decay
to these states are given in columns 2-4. Equivalent calculated values are provided in columns 5-6. The calculated
branchings (for the 7/2;r states) are normalized to 100 summing over the same decay paths which were observed in
the experiment (i.e., without including the decay to 2; in 12C, which is unobserved). Calculated spectroscopic factors
and partial widths for the proton and neutron decays are provided in the last columns for both states.

J*=(7/2%,9/2%), T=(1/2,3/2)
Eexp = 21.47 MeV
Texp = 270(20) keV

JF=7/25,T=136
Ep = 20.9(5) MeV
'y = 400(300) keV

JF=9/2, T=1.49
Ewn =21.8(7) MeV
T'en = 150(200) keV

AZ  J5T  Eewp [MeV]  BRey  En [MeV]  BRe Sy T, [keV] S5 Tp [keV]
2g 171 2621 2.810 0(f7/2) 0 0 0 0
27:1 1674 720 1979 3(4)(p3/2) 0.01  13(6) 0 0
0(f72) 0 0 0 0
2t:1 0953 69(6)  0.867 60(13)(ds2)  0.19  221(48) 022  60(25)
7(4)(d3)2) 0.02  26(16) 0 0
11 00 <23 —0.030 7(5)(ds/2) 0.01  26(20) 0 0
2c 2t;1 16106 b 15.7 2(3)(ds)2) 0.47  6(10) 0.67  80(50)
12)(d3)2) 022 3(6) 0 0
17;1 15110 24(5) 148 23(9)(ds/2) 0.08  86(35) 0 0

2 Undivided branching ratio between 1~ and 2.
b Not measurable.

the total width I'yy, is of statistical character and arises from un-
certainties of the Hamiltonian parameters [36].

The decay pattern inferred from the calculated branchings for
the 7/2;r resonance is in a very good agreement with the ex-
perimental results reported in this paper. The calculated proton
emission to the 27, first-excited state in 2B, is the strongest chan-
nel with branching ratio of 67(10), which compares well with the
69(6) experimental value. The proton decay to the 2~ state in 2B
is predicted with relative intensity of 3(4). This result is in agree-
ment with the experimentally-measured relative intensity of 7(2)
for the cumulative population of the 2~ and 1~ states in 2B, not
resolved experimentally. A small decay branch of 7(5) to the 2B
ground state is also expected, which is in accordance with the ex-
perimental upper limit of 23. We also note that, the f shells do
not play a significant role in the decay path of the M4 resonance.

For the calculated neutron emission from the 7/2;r resonance,
two branches are found, feeding the T = 1 states. The branch-
ing ratio to the 1% state in '2C at 15.110 MeV is calculated
with a relative intensity of 23(9), comparable to the experimen-
tal value of 24(5). The GSM also sees a potential decay to the
2+ at 16.106 MeV with relative intensities of 2(3) and 1(2) re-
spectively with the partial waves ds;; and d3;;. Experimentally,
only the population of the 15.110-MeV state, with relative inten-
sity of 25(5), was observed, while the decay to the 16.106-MeV
state could not be detected, even if existed, due to its very weak
y-branch to the ground state (only 0.27% intensity). Furthermore,
the intense alpha-decay branch from the 16.106-MeV level (99.3%)
should produce a very broad distribution in the particle spectra,
with no peak structure [42], resulting in 1 to 3 counts distributed
in the 2-4-MeV energy range, which makes them not recognizable.
This is under the assumption of an alpha emission intensity com-
parable with the proton emission going to '2B.

In the same manner, partial widths for the 9/2§r state were cal-
culated and are given in Table 1. This state has a narrow width of
150(200) keV, but does not decay to the 17 state at 15.110 MeV
in 12C or to the negative parity states in '2B. Therefore, the ex-
perimental observation of the decay paths leading to the 1 state
in 12C and to the 1~ or 2~ states in 2B also excludes the 9/27
assignment to the 21.47-MeV resonance.

We would like to note that also in previous experiments per-
formed with the better energy resolution, like for example in the
(e,e’) experiment of Ref. [23], only one M4 resonance peak was ob-
served at this range of energy. This observation seemingly contra-
dicts the GSM result which predicts two stretched M4 resonances:

7/2% and 9/23 calculated at 20.9(5) MeV and 21.8(7) MeV ex-
citation energy, respectively. However, within the uncertainties of
the Hamiltonian parameters, these two resonances may overlap,
which may suggest a possible contribution of the 9/2;r M4 reso-
nance in the experimentally observed peak at 21.47 MeV. In such
a scenario the calculated branching ratios for the superposed res-
onances 7/27 and 9/25 would not differ much from that of the
7/2;' resonance alone. The only branch allowing to estimate the
fraction of the 9/2;“ state contribution to the peak at 21.47 MeV
would be the decay to the 23, T =1 state at 16.106 MeV in '2C,
as opposed to the case of the 7/2; resonance for which this decay
is negligibly small.

However, as it was stated above, the possible decay to the 2;
of 12C is not observable, by y-ray or alpha detection, both in the
present experiment and in future measurements with improved
statistics. Given the theoretical analyzes of the 21.47-MeV M4 state
in 13C and current and past experimental observations, the exis-
tence of 7/27 and 9/2% resonances at similar energy remains a
realistic option.

To conclude, the decay of the stretched resonance in 13C, lo-
cated at 21.47 MeV with a width of 270(20) keV, was investi-
gated in a (p,p’) experiment at 135 MeV. Information on the
proton and neutron decay of this state was obtained by measur-
ing particle-y coincidences between inelastically scattered protons
populating the stretched state, and y rays from 2B and '?C daugh-
ter nuclei. The detected decay, involving y rays in daughter nuclei,
amounts to 46(10)% of the total decay of the resonance.

The 21.47-MeV stretched resonance in 13C is an excellent exam-
ple of an 0OQS, where individual states couple to states in neighbor-
ing nuclei by various decays and captures. Its description requires
a full reconstruction of a complicate matrix of couplings between
the studied resonance and all states connected by its y and par-
ticle decays. Such a challenge can be taken by the GSM, which
allows for a rigorous treatment of bound and unbound nuclear ex-
citations, including coupling to a continuum of non-resonant par-
ticles. This approach, here applied for the first time to describe
stretched resonances at high excitation energies, provided excel-
lent agreement between the measured and calculated properties of
the 21.47-MeV resonance in '3C, which could originate from two
M4 states, closely-lying in energy, with parities 7/2% and 9/2%,
both with an isospin of T = 3/2. The detailed description of the
decay branching ratios, also obtained for the first time, proves the
high quality and precision of the GSM wave-function calculations.
Such accuracy is crucial for the correct modeling of the nuclear
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structure in the continuum and the understanding of the proper-
ties of multi-body states in nuclear OQS and their role in stellar
nucleosynthesis.

Further advances in the physics of OQSs require systematic
studies of low-lying resonances, including near-threshold states,
their complex pattern of decays and captures, and low-energy
reactions involving these states. Such investigations will strongly
profit from the high-selectivity of state-of-the-art y tracking ar-
rays, such as AGATA [43-45] and GRETINA [46,47] in tracing weak
y-branchings from near-threshold states.
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