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The previously unknown nucleus 20Al has been observed for the first time by detecting its in-flight
decays. Tracking trajectories of all decay products with silicon microstrip detectors allowed for a
conclusion that 20Al is unbound with respect to three-proton (3p) emission. The 3p-decay energy of the
20Al ground state has been determined to be 1.93ðþ0.12

−0.10 Þ MeV through a detailed study of angular
correlations of its decay products, 17Neþ pþ pþ p. This value is significantly smaller than the
predictions inferred from the isospin symmetry by using the known neutron separation energy of its
mirror nucleus 20N, which indicates a possible isospin symmetry breaking in the mirror nuclei 20Al and 20N.
This observed isospin symmetry breaking is supported by the calculations of the continuum embedded
theoretical frameworks, describing the observed 20Al ground state as a 1p s-wave state with a spin-parity of
1−, which differs from the spin-parity (2−) of the 20N ground state. The 20Al ground state decays by
sequential 1p-2p emission via the intermediate ground state of 19Mg, which is the first observed case of
“daughter” 2p radioactivity following 1p decay of the parent state.
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Nuclear structure beyond the proton drip line was
addressed in various studies of the light- and intermedi-
ate-mass nuclei, e.g., a recent review in Ref. [1]. The current
research status can be summarized as follows. (i) All known
1p and 2p emitters are located by 1–2 atomic mass units
(amu) beyond the proton drip line. The 2p emitters exhibit
three main decay mechanisms (direct, sequential, and
democratic) and their transition modes [2]. (ii) The most
exotic nuclei located in the very remote outskirts of the
nuclear landscape become unbound with respect to new
decay channels. Such exotic decay modes play an increas-
ingly important role as the precursor’s decay energy
increases. The most remote isotopes are identified as far
as 4 amu beyond the proton drip line and decay by emission
of 3 or 4 protons. (iii) The studied 3p and 4p decays show
sequential decay mechanisms such as 1p-2p and 2p-2p
emissions, respectively. In particular, the measured 3p-
decay patterns for all known 3p emitters (i.e., 7B [3],
17Na [4], 31K [5], and 13F [6]) include 2p emission as part
of a sequential 1p-2p decay mechanism. More multiproton
decaymodes are reported; e.g., 5p emission from 9N [7], and
even 6p emission is foreseen from yet unobserved 20Si.
(iv) A mirror symmetry emerged from the isobaric-spin
formalism means that a pair of nuclei with the same mass
number but with reversed numbers of protons and neutrons
should have an identical set of states including their ground
state (i.e., with the same total angular momentum J and
parity π). Based on the isospin symmetry, theoretical
predictions for proton-unbound isotopes using their neu-
tron-rich mirror partners reveal that an area of 5–6 amu
beyond the proton drip line may be expected [8].
In our present Letter, we continue the “excursion beyond

the proton drip line” of Refs. [8–10] and focus on the
previously unobserved 3p-unbound isotope 20Al using data
obtained from a 20Mg secondary beam [11]. Based on the
analysis results, the isospin symmetry of the 20Al–20N
mirror pair is examined.
The experiment was described in detail in Refs. [12,13].

The 20Mg beam was produced by the fragmentation of a
primary 591 AMeV 24Mg beam at the SIS-FRS facility at
GSI, Germany. The main objective of the experiment was
study of 2p decays of 19Mg nuclei in flight. A brief summary
of the experimental setup and detector performance is given
below. The FRS was operated with ion-optical settings in a
separator-spectrometer mode, where the first half of the FRS
was set for separation and focusing of the radioactive beams
on a secondary target in themiddle of the FRS, and the second
half of the FRS was set for the detection of heavy-ion (HI)
decay products. The secondary 20Mg beam with an energy of
450 AMeV and an intensity of 400 ions s−1 bombarded a
2 g=cm2 9Be secondary target located at theFRSmiddle focal

plane; see details in Refs. [11,13]. The 19Mg nuclei were
produced via a neutron-knockout reaction with the 20Mg
projectiles. The decay products of unbound 19Mg nuclei were
tracked by a double-sided siliconmicrostrip detector (DSSD)
array placed just downstream of the secondary target. Four
large-area DSSDs [14] were employed to measure hit
coordinates of the protons and the recoil heavy ions, resulting
from the in-flight decays of the 2p precursors. The high-
precision position measurement by DSSDs allowed for
reconstruction of all fragment trajectories, enabling us to
derive the decay vertex together with angular HI-p and HI-
p-p correlations. Based on the trajectories of 17Neþ pþ p
measured in coincidence [13], several states including the
ground state (g.s.) of 19Mg were observed and spectroscopic
information on these states was obtained using angular HI-p
correlations as a function of their root-mean-square angle,

ρθ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

θ2p1−17Ne þ θ2p2−17Ne

q

: ð1Þ

Several by-product results were obtained similarly from the
data recorded during the experiment. In particular, the 3p-
unbound nucleus 20Al was produced in a charge-exchange
reaction. This mechanism has a smaller cross section than
knockout reactions, leading to the 20Al data having fewer
statistics than the 19Mg data [13]. Nevertheless, they may
provide the first hints on nuclear structure of the previously
unobserved 20Al. The 20Al spectrum was derived from the
trajectories and angular correlations of all decay products
17Neþ p1 þ p2 þ p3, which were measured in four-fold
coincidence. Given that the 19Mg g.s. was identified by a
careful analysis of the 17Neþ 2p correlations in previous
studies [11,13], this could serve as a basis for analyzing the
17Neþ 3p correlations to search for the 20Al g.s. The detector
calibration coefficients were taken from the analysis reported
inRefs. [12,13], and the same data analysis procedure applied
to 3p decays of 31K [5] was employed for 20Al.
The measured trajectories of 17Neþ 3p coincident

events were used for deriving relative angles between each
proton and 17Ne. Then a kinematic variable ρ3 was
introduced for 3p decays in analogy with 2p decays
[see Eq. (1)] and its expression is as follows:

ρ3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

θ2p1−17Ne þ θ2p2−17Ne þ θ2p3−17Ne

q

: ð2Þ

The emitted protons share the 3p-decay energy; thus, ρ3 is
very useful for illustration of the states in the 3p-decay
precursor, as it was shown in the 31K spectroscopy [5].
The ρ3 distribution derived from the measured

17Neþ 3p correlations following 20Al decays is shown
in Fig. 1(a). The corresponding total 3p-decay energies ET
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can be estimated from the upper axis. One can see that the
low-energy part cannot be described by a four-body phase
volume simulation for a direct reaction with an exit channel
17Neþ 3p in the absence of any resonance in 20Al.
The four-body phase volume is proportional to an E7=2

T
factor [15] multiplied to the detection efficiency of events
17Neþ 3p. It is normalized to the measured intensity

at small and large ρ3 values, ≤ 60 and ≥ 160 mrad,
respectively. Due to this normalization, the four-body
phase-volume component represents an upper-limit esti-
mate of the possible contribution of the nonresonant branch
in the measured correlations. The data significantly exceed
the estimated nonresonant contribution, and therefore low
energy 20Al resonance contributions are required to
describe these measured angular correlations. The proton
separation energy (Sp) of 20Al was predicted by the
systematics proposed for the mass differences of mirror
nuclei [16,17]. The estimated ET values for the 20Al g.s. are
3.4–3.6 MeV, which reduce the inspected angular correla-
tions to the range below 100 mrad [see Fig. 1(a)]. There are
a few bumps in the ρ3 spectrum above 100 mrad, e.g.,
located at ET of ∼5 and ∼7 MeV, which may correspond to
higher excited states in 20Al. In this Letter, we focus on
searching for the lowest states, particularly the g.s. of 20Al.
With the predicted ET values, 20Al g.s. should be open to

a sequential 1p-2p decay mechanism via the inter-
mediate g.s. of 19Mg. The known decay pattern of the
19Mg g.s. shows the θp−17Ne correlations ranging from 20 to
40 mrad [13]. Thus the measured ρ3 correlations may be
exclusively inspected by implementing a selective θp−17Ne

gate. We produced the exclusive ρ3 distribution by applying
the gate in the θp−17Ne range of 20–40 mrad, which is typical
for the 19Mg g.s. decay. As a result, the low-energy states in
20Al decaying via the 19Mg g.s. should be conserved in
comparison to higher-energy states, which are open to
several decay channels in larger θp−17Ne ranges and there-
fore should be suppressed. Figure 1(b) shows the gated ρ3
distribution where there are two prominent peaks at ET of
2.0 and 3.6MeV, which suggest two low-lying states in 20Al.
For the purposes of illustration, two possible states in 20Al
assumed at ET of 2.0 and 3.6 MeV are shown in Fig. 1(a).
Their contributions are obtained by the GEANT simulations
of the detector response to the decays of interest and the data
analysis applied to ρ3 angular correlations, see descriptions
in the Appendix A. The simulated peak regions are labeled
as (i) and (ii).
In order to study the low-lying states in 20Al and establish

their decay schemes quantitatively, the events located
around the ρ3 regions (i) and (ii) in Fig. 1(a) were selected,
and the respective angular θp−17Ne correlations were exam-
ined. Figure 2 displays the θp−17Ne distribution by imposing
the ρ3 gate (i). The lowest-energy bump (i) around 2 MeV
may correspond to the 20Al g.s., which decays by emission
of a proton into an intermediate state, 19Mg ground state.
The 2p-decay energy (Q2p) of 19Mg g.s. has been measured
to be 0.76(6) MeV [13,18], and a recent experiment
utilizing the invariant mass method has yielded a very
similar Q2p value [19]. The corresponding θp−17Ne corre-
lations in Fig. 2 should consist of two contributions. The
first-emitted proton into the intermediate state in 19Mg is

FIG. 1. (a) Three-proton angular correlations ρ3 derived from
the measured trajectories of all decay products, 17Neþ 3p
(histogram), which reflect the total 3p-decay energy ET of the
20Al states shown in the upper axis. The shaded areas indicate the
ρ3 gates employed for the selection of peak (i) and peak (ii),
where populations of the two lowest states in 20Al are expected.
The illustrative simulations of the 3p decays of 20Al with the
assumed ET of 2.0 and 3.6 MeV are shown by the solid and
dashed curves, respectively. The dotted curve shows a four-body
phase volume simulation for a direct reaction with an exit channel
17Neþ 3p in the absence of any resonance in 20Al. (b) Similar
distribution as in (a) but gated in addition by small angles
20 < θp−17Ne < 40 mrad, which are typical for the 19Mg g.s.
decay (see the area under dash-dotted curve in Fig. 2). The dashed
curve shows simulations of the 3p decay of 20Al with
ET ¼ 2.0 MeV.
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expected to cause a peak in the observed θp−17Ne correla-
tions. The second component should have the same
shape as the known relatively broad θp−17Ne distribution
from the 19Mg g.s. 2p-decay [13,18], which is centered
around Ep−17Ne ≃ 0.38 MeV (because two identical protons
share the total decay energy of 0.76 MeV). We have
evaluated the data distribution in Fig. 2 by summing the
two respective components: 1) the simulation of the
detector response to the 1p-emission of 20Al (the simulation
procedure is described in Refs. [12,13]); 2) the known
detector response to the 2p decay of 19Mg g.s. (see
Refs. [13,18]). One may see that the small-angle region
of the θp−17Ne distribution is described by the 2p decay of
19Mg g.s. (the dash-dotted curve reflects the known Q2p

value of 0.76 MeV), while the large-angle correlations can
be described by the 1p emission of 20Al into 19Mg g.s.
(dashed curve) with the estimated 1p-decay energy (Q1p)
of 1.17ðþ0.10

−0.08Þ MeV, leading to the total 3p-decay energy
ET ¼ 1.93ðþ0.12

−0.10Þ MeV. More details on deriving ET values
together with an estimation of the half-life of 20Al can be
found in the Appendixes A and C.

The angular θp−17Ne correlations obtained by selection
using the ρ3 gate (ii) in Fig. 1(a) are shown in Fig. 3. Such a
selection is aimed at an excited state in 20Al located around
ET ≃ 3.6 MeV. One may see two bumps dominating the
selected distribution at the angles of ∼50 and ∼58 mrad.
These bumps are attributed to the sequentially emitted
protons from 20Al� via an intermediate state in 19Mg�
[Q2p ¼ 2.1ð2Þ MeV] and its subsequent 2p decay via one
18Na state [13]. The angular correlations from the 2p decay
of the intermediate 2.1-MeV state in 19Mg have been
measured and described in Ref. [13]. The respective
simulation taken from Fig. 4(b) of Ref. [13] is shown in
Fig. 3 (dash-dotted curve normalized to the data). The dash-
dotted curve is double-humped since it represents sequen-
tial 19Mg� → 18Neþ p → 17Neþ 2p decays as explained
in Fig. 4(b) of Ref. [13]. The contribution of the first-
emitted proton is shown by the dashed curve. The sum of
these two contributions matches the data with probability of
0.993 when the energy of the first-emitted proton is
1.50ð10Þ MeV. The 1p-decay energy and its uncertainties
are derived similarly to those of the 20Al g.s. Taking the
energy of the secondary- and tertiary-emitted protons
Q2p ¼ 2.1ð2Þ MeV into account, the total 3p-decay energy
is 3.60(22) MeV.

FIG. 2. Angular θp−17Ne correlations (histogram) derived from
the measured 17Neþ 3p coincidences by using the selection gate
(i) in the 45 < ρ3 < 82 mrad range shown in Fig. 1(a). The
corresponding 1p-decay energies Ep−17Ne are given by the upper
axis. The simulated contribution from an initial 1p decay of 20Al
into the 19Mg g.s. with the Q1p of 1.17ðþ0.10

−0.08 Þ MeV is shown by
the dashed curve. The contribution of a subsequent 2p decay of
19Mg g.s. with the known decay energy of 0.76(6) MeV [13] is
shown by the dash-dotted curve. The solid curve is their sum
corresponding to ET ¼ 1.93ðþ0.12

−0.10 Þ MeV. The dotted curve is the
upper-limit estimate of the nonresonant contribution by using
four-body phase-volume simulations. The short-dashed curve
represents the estimated contribution from the tail of the
neighboring 20Al excited state, i.e., peak (ii) shown in Fig. 1(a).

FIG. 3. Angular θp−17Ne correlations (histogram) derived from
the measured 17Neþ 3p coincidences by using the selection gate
(ii) in the 82 < ρ3 < 92 mrad range shown in Fig. 1(a). The
corresponding 1p-decay energies Ep−17Ne are given by the upper
axis. The simulated contribution from the primary 1p decay of
20Al� into the first excited state in 19Mg� [at Q2p ¼ 2.1ð2Þ MeV]
with the Q1p of 1.50(10) MeV is shown by the dashed curve. The
contribution of secondary-emitted protons from the 19Mg� into
the 17Ne g.s. measured in Ref. [13] is shown by the dash-dotted
curve. The solid curve shows their sum. The dotted curve
represents the upper-limit estimate of the nonresonant contribu-
tion by using four-body phase-volume simulations.
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The assigned energies of two low-lying states in 20Al
and their decay scheme are displayed in Fig. 4. Based
on the decay energy of 20Al g.s. and the masses of
17Neþ 3p, the mass excess of 20Al has been determined
to be 40.30ð12Þ MeV. The 20Al mass predicted
by the improved Kelson-Garvey mass relations [16,17]
[the evaluated 3p-separation energy (S3p) value is
−ð3.4–3.6Þ MeV] shows a significant discrepancy
compared to the data. Such a difference may be explained
by the effect of Thomas-Ehrmann shift (TES) [20,21]
which is often observed in 1p-unbound nuclei. Indeed,
as the 20Al g.s. decays via the relatively long-lived 19Mg
g.s., one may use the empirical Sp systematics derived
from the known 1p-emitting states in light nuclei.
It is based on a parametrization of the mirror energy
difference (MED) [22]. The definition of MED is MED¼
Snðneutron-rich nucleusÞ−Spðits proton-righmirrorÞ, and
the parametrization is MED ¼ ðZ=A1=3ÞMED0, where the
MED0 value does not depend on the proton number Z and
mass number A [22]. We evaluated the Sp value and then
derived the S3p value for the 20Al g.s. by using the known
Sn value of its mirror partner 20Ng:s:ð2−Þ and the corre-
sponding MED value taken from the parametrization [22].
If the 20Al g.s. is an s-wave state, the predicted S3pð20AlÞ
is −2.64 MeV. This indicates that the 3p-decay energy
prediction for 20Al g.s. is 0.71 MeV higher than the
data (see Fig. 4). If the 20Al g.s. is a d5=2 state, the
parametrization results in S3pð20AlÞ ¼ −3.42 MeV, dem-
onstrating that the predicted 3p-decay energy is even
higher than the data. Thus we conclude that the TES may
partly explain the observed lowering of 3p-unbound g.s.
of 20Al in comparison with its bound isospin mirror 20N,

though the observed lowering effect is significantly larger.
Furthermore, we investigated the systematics of odd-even
staggering energies for nitrogen isotopes and their mirror
nuclei, including the 20N-20Al mirror pair, as presented in
the Appendix B.
We calculated low-lying states of 20Al and its 1p-decay

daughter nucleus 19Mg by employing the Gamow Shell
Model (GSM) [23–25] and Gamow coupled-channel
(GCC) model [26–28]. A brief description of the models
and corresponding calculation details can be found in the
Appendixes D and E. Figure 5 compares the model
predictions with the data. The GSM provides a reasonable
description of both 19Mg 1=2− g.s. and ð3=2−Þ excited state,
in particular, the energy of ð3=2−Þ excited state is well
reproduced within the experimental uncertainty. In the
GCC model calculations, the energies of 1=2− and
ð3=2−Þ states in 19Mg were employed to adjust the free
parameters. Its predictions for 20Al indicate that the g.s. has
a spin-parity of 1− and is located 2.87 MeV above the 3p
threshold. The GSM also predicts Jπ ¼ 1− for the 20Al g.s.,
which is positioned at 2.26 MeV above the 3p threshold.
These results demonstrate that the 20Al g.s. has a dominant
s1=2 1p-configuration, which differs from its mirror 20N g.s.
with the Jπ ¼ ð2−Þ. In addition to the energy shift of the
20Al g.s. relative to the 20N g.s., the spin-parity difference
provides further evidence of isospin symmetry breaking in
the 20Al–20N mirror pair. Regarding the excited states of
20Al, several low-energy levels are predicted by GSM. The
level predicted to be closest to the observed 3.6 MeV state
is situated at 3.29 MeVabove the 3p threshold and has the
Jπ ¼ 2−. The GCC model predicts two excited states with a
spin-parity of 2−, and the one closest to the 3.6 MeV state
in energy is located at 3.83 MeV above the 3p threshold.
Therefore, Jπ ¼ ð2−Þ may be tentatively assigned to the
observed 3.6 MeV state.
The discussed difference in the observed and predicted

energies of the 20Al g.s. is not unique. Similar lowering of
g.s. energy has been observed in another 3p-emitter 31K

FIG. 4. Proposed decay scheme of the two lowest states in 20Al
with tentatively assigned decay channels via the known 19Mg and
18Na ground states [13], whose energies are given relative to the
3p, 2p and 1p thresholds, respectively. On the right-hand side, the
two lowest levels of 20N are shown. They are shifted by the MED
expected for the s1=2 1p configuration in the 20N–20Al pair, which
corresponds to the closest prediction S3pð20AlÞ ¼ −2.64 MeV;
see the vertical dotted arrow.

FIG. 5. The experimental energies of the lowest states in 20Al
and those of 19Mg compared to the two model predictions. The
energy values are provided with respect to the 3p and 2p
thresholds, respectively.
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with a ðd5=2Þ3 configuration, which may indicate additional
binding stemming from a nuclear structure effect that
requires further investigations, such as employing the
three-body forces [29–31]. The data on other 3p-emitters,
e.g., the unidentified-yet g.s. of 13F or 17Na with a presumed
ðsdÞ3 configuration, are also needed.
The observation of the 3p-unbound 20Al g.s. leads to the

prediction that its neighboring isotope 21Si is a 4p emitter.
Taking into account that the predicted S2pð21SiÞ ¼
−3.7 MeV [32], one may derive its Sp ¼ −2.53 MeV
and therefore expect a triple sequential 1p-1p-2p emission
from the unobserved-yet g.s. of 21Si.
In conclusion, the first spectroscopy of the previously

unknown isotope 20Al which decays by 3p emission, has
revealed that the decay energy of 20Al ground state is
significantly smaller than the predictions inferred from the
isospin symmetry. The mass excess of the 20Al g.s. has been
derived from the measured S3p value to be 40.30ð12Þ MeV,
which is a challenging test for predictions by nuclear mass
models. The observed effect of increased Thomas-Ehrman
shift of the 3p-unbound 20Al g.s. can be explained by both
GSM and GCC model calculations, where the s-wave
component of valence protons is dominant, leading to the
predictionof Jπ ¼ 1−. This indicates aviolationof the isospin
symmetry in comparison with the (2−) g.s. of mirror partner
20N. The observed effect of lowering of the 20Al g.s. is similar
to that detected in another 3p-emitter 31K, which indicates a
possible phenomenon of nuclear-structure preservation far
beyond the proton drip line, thereby calling for further
systematic investigations. If the effect of nuclear-structure
preservation is confirmed, the region of existence of proton(s)
resonances in nuclear chartwould be broader compared to the
previous estimates based on the isospin symmetry, i.e., the
number of unknown isotopes is larger, and the transition
region to chaotic nuclear systems is located further from the
proton drip line in comparison with the previous predic-
tions [8].
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End Matter

Appendix A: Derivation of the 20Al decay energies—
To determine the 3p-decay energies of 20Al states
corresponding to the θp–17Ne angular correlations in Fig. 2,
we performed Monte Carlo simulations of the detector
response to the sequential 1p-2p decays of 20Al states via
intermediate 19Mg by using the GEANT software [33],
which was described in detail in Refs. [12,13]. Several
simulations of 17Ne-p angular correlations were
performed. Each simulation contained two components:
one component with a varied decay energy of 1p decay
20Al → 19Mg and the other component with a fixed

2p-decay energy of 19Mg g.s. (Q2p ¼ 0.76 MeV). The
intrinsic widths of 20Al states were assumed to be very
small, i.e., 1 keV. Then every simulated spectrum was
compared with the data by using the standard
Kolmogorov test, which computes the probability that the
simulated spectrum matches the respective experimental
pattern [34]. According to the Kolmogorov test, two
compared histograms are statistical variations of the same
distribution if the Kolmogorov-test probability is larger
than 0.5. The Q1p values were derived from the
distributions of the calculated probabilities with the
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corresponding uncertainty. Consequently, the Q1p value
was determined to be 1.17þ0.10

−0.08 MeV, which corresponds
to descriptions of the data in Fig. 2 with the highest
probability of 0.821. Regarding the impact of potential
background, we evaluated the contributions of the
nonresonant reaction (dotted curve in Fig. 2) and the tail
of neighboring 3.6-MeV excited state of 20Al (short-
dashed curve in Fig. 2) quantitatively by including them
as small admixtures in the simulation and comparing with
data using the Kolmogorov test. The results demonstrate
that the background can be neglected.
The θp−17Ne angular distribution in Fig. 2 has two

irregular bins around 38 mrad (the corresponding
Ep ≃ 0.65 MeV). Their sum intensity is estimated to be
comparable with the ∼3σ statistical deviation of the
contribution of the previously assumed 3p-decay branch
at the 38 mrad angle. Given the fact that the events of this
“peak” are within the ρ3 gate (i), this peak likely indicates
another minor 3p-decay channel with the total decay
energy ET ¼ 1.93 MeV. However, it seems there are no
states known (and/or predicted) in the intermediate 19Mg
and 18Na nuclei which could match these ET and Ep

values. The origin of the peak around 38 mrad is unclear.
Here we propose a tentative explanation for these events. A
minor branch of 3p decay of the 20Al�ðET ¼ 3.6 MeVÞ
state may proceed via three sequential proton emissions
20Al� → p þ 19Mg�ðQ2p ¼ 2.9 MeVÞ → 2p þ 18Na� →
3p þ 17Ne�ðE� ¼ 1.288MeVÞ, where intermediate state(s)
in 18Na are unresolved. Under this scenario, only the first
emitted proton produced from 20Al� to 19Mg� was detected
and the decay energy corresponds to the observed
∼0.65 MeV peak in Fig. 2 if ET ¼ 3.55 MeV. However,
contributions of other emitted protons are unresolved. The
1.288 MeV state of 17Ne de-excites by emitting a γ ray,
which is undetected in our experiment. This speculative
interpretation for the “peak” around 38 mrad is based solely
on the decay energy matching. Future investigations with
improved statistics and better resolution are required to
elucidate its underlying mechanism.

Appendix B: Systematics of odd-even staggering
energies—Comparisons of masses (e.g., Ref. [35]) or
radii (e.g., Ref. [36]) of mirror nuclei are often
employed to examine the isospin symmetry. Based on
the obtained mass of 20Al, we can study the systematics
of odd-even staggering (OES) of nuclear masses, which
were proven to be a helpful indicator on mirror energy
differences in our previous studies [9,37]. The OES is
defined as 2EOES ¼ S2N − 2SN . Here, SN and S2N are
one-nucleon (either proton or neutron) and two-nucleon
separation energies, respectively. The systematics of
OES energies for even-A nitrogen isotopes and their
mirror nuclei is presented in Fig. 6. Comparing the EOES
of proton-rich nuclei to that of their neutron-rich
partners, the difference is small except for the mirror

pair 20Al–20N. The corresponding value of EOES

difference related to the 20Al–20N pair is 0.76 MeV,
which is remarkably large.

Appendix C: Estimation of half-life for 20Al—We have
estimated the half-life values for the observed 20Al
states by measuring distributions of their decay vertexes
in the same way as in the previous study of 3p decay of
31K [5]. All vertices are located within the reaction
target, and therefore we found no indication on long-
lived states in 20Al. The width of the 20Al g.s. derived
by the description in Fig. 2 provides only the upper-
limit value Γg:s: < 400 keV, which is mainly due to the
experimental resolution. For comparison, the upper-limit
Wigner estimate for a single-particle 1d3=2-shell width of
the 20Al g.s. is about 30 keV only.

Appendix D: Gamow shell model—The Gamow
shell model utilizes the one-body Berggren basis [38],
which includes bound, resonant, and scattering states. In
GSM, many-body correlations are incorporated through
configuration mixing, while continuum coupling is
inherently accounted for at the basis level [23–25,39,40].
This allows GSM to effectively treat both continuum
coupling and inter-nucleon correlations, making it a
reliable predictive tool for describing weakly bound and
unbound states, as demonstrated in Refs. [23,41,42].
GSM typically operates within a core-plus-valence-
particle framework. In the present calculations, the inter-
action between the core and valence nucleons is
modeled using a one-body Woods-Saxon (WS)
potential, while the nucleon-nucleon interaction among

FIG. 6. The OES in nuclear masses for even-A nitrogen
isotopes and their mirror nuclei. The solid circles represent the
OES values calculated by the expression 2EOES ¼ S2n − 2Sn,
while the solid squares denote those calculated by the expression
2EOES ¼ S2p − 2Sp. The data points for

12B and 12N are partially
shifted in the x axis to avoid overlapping.
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the valence nucleons is described by the effective field
theory [43,44], as applied in previous studies, such as
the four-proton decays in 18Mg [42,45,46]. For the
calculations of 20Al, we adopt the doubly magic nucleus
14O as the inner core, and use the Hamiltonian from
Ref. [42], which was originally constructed for
calculations involving 16Ne and 18Mg. Additionally, the
leading-order T ¼ 0 channels (Vs or Vt) are constrained
to reproduce the ground state energy of 17Ne. In the
actual calculations, we first perform computations in the
Berggren basis, where at most two nucleons (including
valence protons and neutrons) are allowed to occupy
scattering states, generating a natural orbital basis. Then,
physical quantities are calculated within this natural
orbital basis, where up to three protons or neutrons can
occupy scattering states.

Appendix E: Gamow coupled-channel model—In the
Gamow coupled-channel approach [26–28], 20Al is
considered as a system comprising a deformed core, 18Mg,
alongside a valence proton and neutron. Although this
framework does not fully capture the unbound nature of
this 3p emitter, we focus on the structural configura-
tion of the valence nucleons. The relative motion between

the valence nucleons and the core is described through
Jacobi coordinates [26] with the Berggren ensemble [38].
To eliminate the Pauli-forbidden states, we apply a
supersymmetric transformation [47,48]. For the inter-
action between the valence proton and neutron, we utilize
the original Minnesota potential [49]. The core-valence
nuclear potential adopts a WS form with the “universal”
parameter set [50] and a quadrupole deformation
β2 ¼ −0.2. To match the experimental spectrum of 19Mg,
we adjusted the depth of the WS central potential and the
strength of its spin-orbit component to −43.9 MeV and
14.3 MeV, respectively. Additionally, we assume a
dilatation-analytic form for the Coulomb potential between
the core and the valence proton [51]. The calculations are
performed within a model space constrained by
maxðlx; lyÞ ≤ 7, and the maximal hyperspherical quantum
number Kmax ¼ 16. To study resonances, the Berggren
basis is applied to channels with K ≤ 3, while for higher
K channels, a harmonic oscillator basis with oscillator
length b ¼ 1.75 fm and Nmax ¼ 40 is employed. The
complex-momentum contour for the Berggren basis
spans k ¼ 0 → 0.3 − 0.02i → 0.5 → 1.2 → 6 fm−1, being
divided into 40 scattering states for each segment.
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