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The y decay of the elusive narrow, near-threshold proton resonance in !' B was investigated at Laboratori Nazionali
di Legnaro (INFN) in a particle-y coincidence experiment, using the °Li(°Li,py) fusion-evaporation reaction and
the GALILEO-GALTRACE setup. No clear signature was found for a possible E1 decay to the 1/27, first-excited
state of !'B, predicted by the Shell Model Embedded in the Continuum (SMEC) with a branching of 0.98*5 x 10~
with respect to the dominant particle-decaying modes. The statistical analysis of the y-ray spectrum provided an
average upper limit of 2.37 x 1073 for this y-ray branching, with a global significance of 5¢. On the other hand,

by imposing a global confidence level of 30, a significant excess of counts was observed for E, = 9300(20) keV,
corresponding to a resonance energy of 11429(20) keV (namely 200(20) keV above the proton separation energy
of 1'B) and a y-ray branching of 1.12(35) x 10~3. This result is compatible with the SMEC calculations, potentially
supporting the existence of a near-threshold proton resonance in ''B.

Atomic nuclei are open many-body quantum systems character-
ized by bound states and unbound resonances, located above particle-
separation energies [1-4]. In light nuclear systems, with a limited
number of nucleons (A < 20), narrow resonances may appear in the
proximity of particle-emission thresholds [5-9]. These near-threshold
states are relevant to understand the onset of collectivization and clus-
terization phenomena in light nuclei, as a consequence of the coupling
between bound and scattering states in the continuum [10]. Moreover,
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near-threshold states play a key role in nucleosynthesis reactions occur-
ring in stars. The most famous example is the Hoyle state in !2C, located
only 287 keV above the a-decay threshold [11], which boosts the burn-
ing of “He nuclei in stellar environments and explains the abundance
of 12C and heavier elements in the Universe. The existence of a near-
threshold state in the neighbouring ''B system, located just above the
proton separation energy, was postulated after the possible observation
of the f~—delayed proton emission process in the !!Be, one-neutron-
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Fig. 1. Partial level scheme of !'B showing the «, p and n decay thresholds,
and the ground state of !'Be, located at 8664, 11229, 11454, and 11509 keV
respectively, relative to the ground state of ''B. The 280-keV narrow window
available for proton emission after f~ decay of '! Be is indicated by grey arrows.
The location of the near-threshold resonance is displayed by the shaded bar,
with red arrows showing the expected dominant y-ray decays, with intensities
given by the SMEC calculations [19] (see text for details).

halo nucleus [12-14]. Proton emission is an unusual phenomenon in
neutron-rich nuclei as it carries the final system away from the val-
ley of stability, resulting in an extremely rare decay mechanism. Along
with !'Be, the f~—delayed proton emission is energetically allowed in
the neutron-rich '°C and 3! Ne halo nuclei only, where the decaying neu-
tron is quasi free [15]. Yet, L1 Be offers the most favourable condition for
observing this process. With a f~ Q-value of 11509 keV and a proton-
separation energy in ''B of 11229 keV, a 280-keV energy window is
available for the f~—delayed proton decay, as schematically illustrated
in Fig. 1. Due to the narrow phase space, theoretical calculations pre-
dict a f~—delayed proton emission branching of 3 x 1078 [15], which
is at odds with experimental results on the #~ decay of !!Be, report-
ing a proton-decay intensity of 1.3(3) X 1075 [121, 8.3(9) x 107° [13],
and < 2.2 x 1076 [14]. Despite the experimental discrepancies on the
strength of the #~—delayed proton decay of !'Be, the supposedly large
emission rate could be explained if the decay proceeds through a narrow
resonant state in ' ' B, located slightly above the proton-emission thresh-
old. Such a state should resemble the structure of the proton-decay
threshold, with a dominant (°Be ® p) core—proton coupled configura-
tion and negligible contributions from the other ("B ®n)and ("Li ® a)
decay channels, the thresholds of which are at 11454 keV and 8664 keV,
respectively (see Fig. 1).

In Ref. [12], the energy of the near-threshold proton resonance in lig
was originally proposed to be located 196(20) keV above the proton
separation energy, at E, = 11425(20) keV, with a proton emission width
', = 12(5) keV and spin-parity (1/2%,3/2%). More recently, the same
collaboration reported an energy E,,, = 11400(20) keV, hence 171(20)
keV above the proton threshold with J*=1/2% and I', = 4.5(11) keV,
as observed in a 1OBe(p,p’) experiment [16]. In the same work, a pos-
sible spin-parity J* = 3/2% was ruled out according to the data fit
results. At the same time, a near-threshold states was also reported in a
10Be(d,n) — 'Be+p experiment [17], with an energy E,,, = 11440(40)
keV, namely 211(40) keV above the proton threshold. The existence
and the structure of a near-threshold proton resonance in !B was the-
oretically predicted and described by the Shell Model Embedded in
the Continuum (SMEC) [10,18,19], which points to the appearance
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of near-threshold states as an universal phenomenon in light nuclei.
In this approach, atomic nuclei are treated as open quantum systems,
including couplings between bound and scattering states through an
energy-dependent effective Hamiltonian. In this context, near-threshold
resonances are expected to gain collectivity due to the mixing with
shell-model bound states. In !!B, the SMEC calculates the 1/2;r near-
threshold state to be located 142 keV above the proton separation
energy [18], with an E1 y-ray branching to the 1/27 state at 2125

keV of 0.98fég7><10‘3 with respect to the particle-decay modes [19].
The rather large y-decay branching predicted by the SMEC opens up
the possibility to probe the existence of the near-threshold proton res-
onance in !'B by searching for its y-ray decay, as a complementary
tool to particle-spectroscopy experiments [16,17]. In this work, for the
first time, the ~ 9300-keV, 1 /2;‘ - 1/21‘ y-ray transition, predicted by
the SMEC to dominate the electromagnetic decay of the near-threshold
state, was searched for.

The experiment was performed at Laboratori Nazionali di Legnaro
(INFN), using the 6Li(6Li,p)/) fusion-evaporation reaction and the
GALILEO HPGe array [20] coupled to the GALTRACE silicon detec-
tors [21]. The °Li beam was accelerated at 9 MeV by the TANDEM-XTU
and slowed down to 7 MeV by using a Ni degrader. The beam impinged
on a SLiF target 0.5-mg/cm? thick, evaporated onto a 150 pg/cm? Cu
backing. Boron-11 nuclei were populated by the evaporation of one
proton from the '2C compound nucleus, with a total cross section of
84 mb, estimated with the PACE code [22]. It is important to note
that the ®Li+ °Li, fusion-evaporation reaction was already employed in
Ref. [23] to populate the excitation energy region around 11 MeV in
1B, where the near-threshold proton resonance is expected to be lo-
cated. In this work, the selectivity on the reaction channel of interest
was achieved by detecting the emitted protons feeding states in !'B.
Protons originating from fusion-evaporation reactions on '°F nuclei,
present in the target, are suppressed by almost an order of magnitude,
being the °Li beam energy below the Coulomb Barrier for the °Li+ 1°F
system. Charged particles were identified with 3 GALTRACE detectors,
consisting of pixel-type silicon layers mounted in a AE-E telescopic con-
figuration. The thin AE detector had a thickness of 200 pm, while the
E detector was 1.5-mm thick. They were both divided into 60 pads,
4x4-mm? wide, for a total active area of 50x20 mm?. The GALTRACE
detectors were placed at ~ 5 cm from the target, covering an angular
range between 47° and 59° with respect to the beam direction. Pro-
tons were measured in coincidence with y rays de-exciting !'B nuclei
by the GALILEO setup, comprising 10 HPGe triple-cluster detectors [24]
at backward angles and 20 single, coaxial HPGe crystals [25] at forward
angles. All the HPGe detectors were equipped with BGO anti-Compton
shields.

Charged particles evaporated from the '2C compound nucleus and
punching through the first thin silicon layer were identified by using
the AE-E method, hence correlating the loss of energy measured in
the AE detector with the energy deposited in the thick E layer. This is
depicted in the panel a) of Fig. 2, where protons and deuterons are in-
dicated. On the other hand, low-energy charged particles stopped in the
AE layer were identified by Pulse Shape Analysis techniques, correlat-
ing the maximum derivative of the signal pulse (I,,,,) with the particle
energy [26,27]. This is shown in panel b) of Fig. 2, where protons,
deuterons and « particles can be distinguished. The high granularity of
the GALTRACE detectors enabled to measure the proton scattering an-
gles which, along with the measured energies, were used to reconstruct
the kinematics of the 6Li((’Li,py) reaction, on an event-by-event basis,
to obtain the excitation energy spectrum of '!B. The direction of the re-
coiling !B nuclei was also obtained and used to reconstruct the relative
angle between !'B products and the emitted y rays to achieve a bet-
ter Doppler correction of y-ray spectra. The Doppler-corrected-, y-ray
spectrum, measured in coincidence with protons punching through the
AE layer of GALTRACE, is shown in panel c) of Fig. 2. These events
correspond to a !'B excitation energy lower than =~ 10 MeV. The y-ray
transitions belonging to !B and connecting the states shown in Fig. 1
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Fig. 2. (a) Two-dimensional matrix correlating the particle energy loss in the AE
layer of GALTRACE with the energy E deposited in the thick layer. Identified
protons and deuterons are indicated. (b) Two-dimensional matrix correlating the
maximum derivative of the signal pulse (I,,,,) with the particle energy deposited
in the AE layer of GALTRACE [26,27]. Identified protons, deuterons and « par-
ticles are labelled accordingly. (c) Doppler-corrected y-ray spectrum measured
in coincidence with protons punching through the AE layer of GALTRACE. Iden-
tified transitions in ' B are marked. The 8917-keV y ray, depopulating the 5/27
resonance at 8921 keV (used in the analysis for cross section normalization) is
indicated in green. First-escape peaks are marked by stars. (d) Doppler-corrected
y-ray spectrum measured in coincidence with protons stopped in the AE layer
of GALTRACE. The 280-keV region of interest, where the y-decay of the near-
threshold proton resonance to the 1/27 state is expected, is shown in red (see
text for details).

are labelled accordingly. The 8917-keV transition, used as a reference
for the analysis presented in this work, is highlighted in green (see dis-
cussion below). On the other hand, protons feeding the excitation energy
region of !B around 11 MeV, where the near-threshold resonance state
is expected to be located, are emitted with energies below 5 MeV and
they are fully stopped in the AE detectors of GALTRACE (see panel b) of
Fig. 2). In this experiment, the y-ray decay of the possible near-threshold
state in !B was investigated by searching for a high-energy transition
deexciting a state located in the !B excitation energy range of 11229-
11509 keV, and feeding the 1/21‘, first excited state at 2125 keV (see
Fig. 2). The corresponding y-ray energy range (280-keV wide) would
be 9100-9380 keV, as shown in red in panel d) of Fig. 2, where the
Doppler-corrected y-ray spectrum gated on low-energy protons stopped
in the AE layers of GALTRACE is presented. Since no evidence of a clear
y-ray peak was found in the 280-keV region of interest (ROI) displayed
in panel d) of Fig. 2, the y-ray spectrum was analysed using the statisti-
cal method described by Gilmore [28], to search for a significant excess
of counts over the background. This method relies on the assumption of
a Gaussian distribution for background events. The ROI was sampled by
a 120-keV moving window, at steps of 20 keV between 9100 keV and
9400 keV. The width of the sampling window was chosen according to
the measured FWHM of the 8917-keV peak shown in green in panel c) of
Fig. 2, lying close to the energy of the ROI. The FWHM is 41 keV, corre-
sponding to oEwim) ~ 18 keV. Therefore, a conservative ogyy) = 20
keV was assumed in the ROI, and a +30 gy, moving window (equiv-
alent to 120 keV) was defined to account for the majority of the total
peak area. For each sampled region, the measured number of counts G
was compared with the one of the sum of the background regions B, se-
lected at the left and right sides of the moving window with a width of
60 keV each. The net counts C = G — B were considered significant if
larger than the critical limit L defined in Ref. [28] by

Le =kg\/[B(+n/2m)|, ¢))

where n and m are the number of bins of the sampling window and
background regions, respectively. The k, parameter of Eq. (1) is a prede-
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Fig. 3. Results obtained in the current experiments for the y-ray branching of the
near-threshold proton resonance in ''B to the 1/ 2] state, plotted as a function of
the measured resonance energy. Experimental values are obtained assuming the
same cross section for the population of the near-threshold state and the 5/27
state at 8921 keV (see text for details). The red line corresponds to upper limits
obtained with a global 5¢ significance. The blue point is the result for a global
3o confidence level, for which a significant excess of counts was found atE, =
9300(20) keV (E,,, =11429(20) keV). Upper limits with a global 3¢ significance
are shown by a blue line for the other energy regions sampled by the moving
window. The resonance energy predicted by the SMEC and the calculated y-ray
branching are shown by the green point [19]. The resonance energies proposed
in Refs. [16,17] are displayed by dashed orange and purple lines, respectively,
with errors indicated by shaded coloured areas.

termined level of confidence, corresponding to the number of standard
deviations o for a given probability interval a. In this work, a global
confidence level of 56 was imposed, which corresponds to a local con-
fidence level of 5.4¢ for each sampling window, as neither the energy
nor the intensity of the y ray of interest are known. The local confi-
dence level was established based on the Bonferroni correction, which
accounts for the so-called look-elsewhere effect [29]. Under this assump-
tion, no significant excess of counts was found in any of the energy
regions sampled by the moving window. As a consequence, upper limits
(Ly) for the y-ray decay in the ROI, defined in Ref. [28], were evaluated
by

Ly =C+kg\/[C+B+n/2m)|. (2)

The corresponding upper limits for the y-ray branching ratios were ob-
tained using Eq. (2) with respect to the measured number of counts in
the 8917-keV y-ray peak (see panel c) of Fig. 2), depopulating the 5/27
state in !B at 8921 keV with a y-ray branching of 95%, and considering
the same population cross section for the hypothetical resonance. Such
an assumption is based on the statistical character of the decay of the
compound nucleus formed in our 6Li(6Li,p) reaction. This is evidenced
by the results of Ref. [23] in which the same reaction was studied, ob-
taining similar cross sections for different excited states up to ~ 9 MeV
within a factor of 1.5-2.0 at most. It is important to stress that a differ-
ence in the population cross sections between the near-threshold state
and the 5/27 state at 8921 keV, if any, would result only in a linear
scaling of the obtained y-ray branching ratio, without affecting the sta-
tistical analysis presented in this work. The results are shown in Fig. 3
by a solid red line, where the y-ray branching ratio BR, is shown against
the energy of the resonant state E,,, obtained by

E,,=E, + E(1/2])+E,. 3

In Eq. (3), E, is the centroid of each sampling window, E(1/27) is the
energy of the 1/27 state at 2125 keV and E, =4 keV is the recoil en-
ergy of !B calculated by E? /2mc?. On average, for a global confidence

level of 55, an upper limit of 2.37x10~3 for the y-ray decay from the
near-threshold proton resonance region to the 1/27 state in 1B can
be then assumed with respect to the particle-decay branching. On the
other hand, by lowering the global significance down to 3¢, correspond-

ing to a local confidence level of 3.60, one region with net counts C
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larger than the critical limit L. was found for E, = 9300(20) keV.
This corresponds to an excitation energy E,., =11429(20) keV, obtained
by Eq. (3), lying 200(20) keV above the proton separation energy and
shown by the blue point in Fig. 3. The energy of the resonant state is con-
sistent with E,,; =11440(40) keV and E,,, =11400(20) keV, reported
in Refs. [16,17] and shown by orange and purple dot lines in Fig. 3,
respectively, with errors displayed by shaded coloured areas. The cor-
responding y-ray branching to the 1/27 state of 1B, obtained in this
work, is BR, = 1.12(35) x 1073, In the other energy regions sampled by
the moving window, no significant excess of counts was found with a
global 3o confidence level, and upper limits for the y-ray branching are
shown by a solid blue line in Fig. 3.

Our results are compared with SMEC calculations reported in Refs. [18,
19] and shown by the green point in Fig. 3. In these works, for 1/2 spin-
parity states, couplings to the [9Be(0") ® #(s 1 /2)] one-proton channel
and the [''B(31) ® n(ds /2)] one-neutron channel were considered. The
strongest collectivization induced by the mixing with shell-model states
was calculated for the 1/2;, near-threshold state at 142 keV above the
proton separation energy, éorresponding to aresonance energy of 11371
keV. Its wave function was found to be dominated by the (1°Be ® p)
core—proton coupled configuration, with only a little contribution from
the other particle-decaying channels located nearby. The calculated y-
decay width for this near-threshold resonance is 14.3241%2 eV only, with
the 81.7% of the strength carried by a ~#9300-keV, E1 decay to the 1/27,
first excited state of 1B at 2125 keV [19]. The latter corresponds to
a y-ray branching of 0.98J:ég7><10‘3 with respect to the particle-decay
modes, which is in good agreement with the experimental value ob-
tained in this work for a global 3¢ confidence level. The SMEC value
was obtained by tuning the effective Hamiltonian to the known elec-
tromagnetic properties of !B [19]. The other y-ray decays from the
near-threshold state are predicted by the SMEC calculations to be the
6405-keV, E1 transition to the 3/2; state at 5020 keV (11.2%) and the
11425-keV, El transition to the 3/27 ground state (5.6%) (see Fig. 1).

In summary, the y-ray decay of a possible near-threshold proton reso-
nance in !B was searched for in a dedicated experiment employing the
6Li(°Li,py) fusion-evaporation reaction and the GALILEO-GALTRACE y-
particle coincidence arrays at Laboratori Nazionali di Legnaro (INFN).
The statistical analysis of the y-ray spectrum of !'B provided upper
limits for the y-ray decay of the resonance to the 1/27, first excited
state, within the allowed 280-keV excitation energy region, considering
a global 5¢ and 3¢ confidence level. A significant excess of counts is
found only for a global 3¢ confidence level, for E, =9300(20) keV. This
corresponds to a resonance energy of 11429(20) keV, namely 200(20)
keV above the proton separation energy of ! B, in agreement with the lo-
cation recently proposed by particle-spectroscopy experiments [16,17].
In such a case, the measured y-ray branching is BR, = 1.12(35)x1073.
This result is consistent with calculations from the Shell Model Embed-
ded in the Continuum (SMEC) [19], therefore it potentially supports the
existence of a near-threshold proton resonance in '!'B, although, with
limited statistical confidence — with a global 5¢ confidence level, the
effect is not present. It follows that higher precision experimental data
are needed to firmly conclude on the existence of the near-threshold
resonance on the basis of its y-ray decay. Such a sensitivity could be pro-
vided by y-tracking array, such as AGATA or GRETA [30,31], coupled
to efficient and highly segmented charged-particle detectors (e.g., GRIT
or ORRUBA [32,33]), thus allowing one to study in detail the electro-
magnetic decay properties of narrow resonances, such as near-threshold
states, and the impact of the continuum on the nuclear shell structure.
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