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Abstract

Experimental studies on the spontaneous nucleon emission in nuclei around the drip line
enable us to explore new isotopes or resonant states, and to reveal exotic structures and
decay properties of nuclei located far from the f stability line; consequently, they are of crit-
ical importance for probing limits of nuclear stability and understanding nucleon—-nucleon
interactions under extreme conditions of isospin asymmetry. With the radioactive isotope
beam 2°Mg provided by the National Superconducting Cyclotron Laboratory at Michigan
State University, we studied the proton decays of nuclei around the proton drip line at
A ~ 20 mass region. Complete-kinematics measurements were performed for proton de-
cays of one-proton resonant states in 18Na, two-proton resonant states in 20Mg, three-proton
resonant states in 2! Al, and four-proton resonant states in 18Mg, yielding decay energy
spectra for all four nuclei. With the invariant mass method, the ground state of '8Na was
firmly identified, clarifying previous ambiguities of its position. The isotope ®Mg, which
is located two neutrons beyond the proton drip line, was experimentally observed for
the first time. Multi-body correlation analysis of emitted protons from 2’Mg, 2! Al, and
18Mg, combined with Monte Carlo simulations, reveals that the identified resonant states
in 2Mg and 2! Al predominantly decay via two and three sequential steps of 1p emission,
respectively, whereas the 1®Mg ground state decays mainly through a two-step cascade of
prompt 2p emission.

Keywords: proton drip line; proton decay; invariant mass method; resonant state

1. Introduction

A nucleus is a quantum many-body system composed of protons and neutrons, tightly
bound by the strong interaction. For nuclei increasingly distant from the f-stability line,
the binding energy of the outermost nucleons gradually decreases, reaching zero for the
last proton (or neutron) on the proton (or neutron) drip line. In the vicinity of the drip line,
the outermost nucleons are weakly bound or unbound. Consequently, some excited states
of bound nuclei inside the drip line, as well as the ground states of unbound nuclei beyond
it, can decay via spontaneous nucleon emission.

As early as the 1960s, it was predicted that nuclei near the proton drip line might
undergo spontaneous decay by emitting one or two protons [1,2]. Beginning in the 1970s,
experiments successively discovered that the ground states of many odd-Z nuclei exhibit
one-proton radioactivity [3,4]. Constrained by energy and momentum conservation, the de-
cay kinematics of one-proton emission can be fully determined. As the number of emitted
protons increases, although the correlations among the decay products become complex,

Particles 2026, 9, 32

https:/ /doi.org/10.3390/particles9020032


https://crossmark.crossref.org/dialog?doi=10.3390/particles9020032&domain=pdf&date_stamp=2026-04-01
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/particles
https://www.mdpi.com
https://orcid.org/0009-0000-5589-9955
https://orcid.org/0000-0003-3066-1478
https://doi.org/10.3390/particles9020032

Particles 2026, 9, 32

2 of 14

multi-proton decay reveals many novel phenomena [5,6]. The experimental measurement
of momentum and angular correlations among the emitted protons provides information
on nucleon wave functions and nucleon—nucleon interactions, which is crucial for un-
derstanding nuclear structure under extreme conditions of isospin asymmetry. To date,
ground-state two-proton decay has been experimentally observed in ®Be, 11O, 120, 1°Ne,
16Ne, 19Mg, 30Ar, 5Fe, ¥Ni, %4Zn, and ®“Kr [4,7-12]. With the continued expansion of the
nuclear chart beyond the proton drip line, five ground-state three-proton emitters ("B [13],
13F [14], V"Na [15], Al [16], and 31K [17]), two ground-state four-proton emitters éc 18]
and 18Mg [19]), and one ground-state five-proton emitter (®N [20]) have been identified in
recent years.

With the accumulation of experimental results, many related theoretical developments
have been made in recent years regarding various aspects of proton decay, including
the identification of decay candidates, the exploration of decay mechanisms, and the
investigation of the structure of proton emitters [6]. Using a self-consistent Hartree-Fock-
Bogoliubov (HFB) approach, Ref. [21] explored candidates for ground-state 2p emitters,
suggesting that nearly all elements between Ar and Pb could have isotopes decaying via
2p emission. Moreover, a fundamental challenge remains in understanding the decay
mechanisms and structure of nuclei near the proton drip line. For weakly bound and
unbound nuclei, an appropriate treatment of resonant state and continuum effects is
essential. In contrast to the conventional shell model, the Gamow shell model (GSM) [22]
and the Gamow coupled-channel (GCC) method [23] provide a more suitable framework
for describing exotic phenomena in these open quantum systems. Employing the Berggren
ensemble [24], these approaches offer a unified description of the interplay between bound
states, resonances, and scattering states within a many-body framework. In recent years,
these theoretical models have been successfully applied to describe the decay mechanisms
and structure of many proton emitters [12,19,20,25-28].

This article reviews our recent experimental studies of proton decay of nuclei around
the proton drip line at A ~ 20 mass region [19,29-31]. Complete-kinematics measurements
were performed for proton decays of one-proton resonant states in '®Na, two-proton
resonant states in 20Mg, three-proton resonant states in 21A1, and four-proton resonant
states in '¥Mg, yielding decay energy spectra for all four nuclei with the invariant mass
method. The experiment enabled the identification of the ground state of ¥ Na and led
to the first observation of the isotope ®Mg. Furthermore, by analyzing the correlations
in the subsystem decay energy spectra of 2°Mg, 2! Al and ®Mg, their multi-proton decay
mechanisms were discussed.

2. Experiment

The experiment was performed at the National Superconducting Cyclotron Laboratory
(NSCL) at Michigan State University. The experimental setup is depicted in Figure 1. A ra-
dioactive beam of 2’Mg was produced using the Coupled Cyclotron Facility (CCF) and the
A1900 fragment separator at NSCL [32,33]. The beam had an energy of E/ A =103 MeV /u,
an intensity of 5600 pps, and a purity of 31%. Resonant states of various nuclei near the
proton drip line, including ®Na, 2°Mg, ! Al, and '®Mg, were populated via different reac-
tions of the Mg beam with a *Be target. These resonant states decayed promptly within
the Be target, emitting one or more protons along with the residues. The proton decay
processes of these resonances were investigated experimentally by performing coincidence
measurements of the decay products.
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Figure 1. Experimental setup. (a) S800 spectrograph [34]; (b) S800 focal plane detector array [35];
(c) Annular CsI(T1) detector array; (d) Reaction target and target chamber detector array.

The emitted protons were detected by a AE-E telescope system, which consisted of
an annular double-sided silicon strip detector (ADSSD) and an annular CsI(T1) array. This
system provided information on the position, energy and particle identification of the
decay protons. The majority of the residues, focused around zero degrees, passed through a
10-mm diameter central hole of the AE-E telescope array. Their positions were determined
by a position-sensitive scintillating fiber array. Subsequent to this, the residues entered the
S800 spectrograph for particle identification and energy measurement [36,37].

3. Results and Discussion
3.1. One-Proton Decay of '®Na

18N, with 11 protons and 7 neutrons, is located two neutron steps beyond the proton
drip line and decays by emitting one proton to the bound nucleus '”Ne. Zerguerras et al.
first observed '®Na experimentally using a 2?Mg beam impinging on a Be target via
nucleon knockout reaction [38]. Through invariant mass reconstruction of 7Ne + 1p
events, two peaks at Er = 0.42(17) and 1.27(17) MeV were observed in the decay energy
spectrum, both of which were suggested as possible ground state of '®Na [38]. Subsequently,
Assié et al. investigated the low-lying resonant states of ®Na using the resonant-elastic-
scattering reaction of ’Ne + 1p [39,40]. By performing an R-matrix analysis of the measured
excitation function, they reported four resonant states in '®Na with decay energies of
Er = 1.552(5), 1.842(40), 2.030(20), and 2.084(5) MeV, and spin-parities of 27, 07, 17,
and 37, respectively. Around the same time period, Mukha et al. studied ®Na using a
20Mg beam on a ?Be target, employing nucleon knockout reaction and the decay-in-flight
decay method [41]. By analyzing the p-'"Ne angular correlations from 2p decay events
of low-lying states in 19Mg, two resonant states in '®Na at E1 = 1.23(15) and 1.55(7) MeV,
with spin-parities of 1~ and 27, respectively, were determined. The first 1~ resonance was
considered a candidate for the ground state of '®Na, while the second corresponded to
the 27 excited state at E1 = 1.552(5) MeV reported in Refs. [39,40]. No resonant structure
corresponding to the 1p peak at ET = 0.42(17) MeV reported in Ref. [38] was observed in
Ref. [41]. More recently, Charity et al. populated resonant states of 1®Na via the proton
transfer reaction with a ”Ne beam and a ?Be target [42]. Two excited states at Et = 1.527(25)
and 2.085(23) MeV with spin-parities of 2~ and 37, respectively, were identified, while the
ground state of 1¥Na was not observed in this invariant-mass study. To unambiguously
determine the exact position of the ground state of '®Na, we populated its resonant states
via the nucleon knockout reaction of a 22Mg beam on a °Be target.
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Figure 2a displays the invariant mass spectrum reconstructed from all the ”Ne + 1p
events in the present work [29]. The corresponding detection efficiency, determined
via Monte Carlo simulations, is approximately 29%. A clear resonant peak is seen at
E7 ~ 0.4 MeV, consistent with the Er = 0.42(17) MeV candidate for the ground state of
18Na reported in Ref. [38] using the same reaction. However, further coincidence analysis
indicates that the measured '”Ne + 1p events may originate not only from the one-proton
decay of '®Na resonant states but also from contamination of the two-proton decay of ?Mg,
produced by the knockout reaction of 2’Mg [30,43]. In the two-proton decay process of
19Mg, it is possible that only one of the two emitted protons is detected by both the ADSSD
and CsI(T1) detectors, while the other proton is missed. This also leads to the 7Ne + 1p
coincidence events, thereby constituting contamination in the true decay spectrum of ¥Na.
By randomly selecting one proton from 1”Ne + 2p events to construct a ”Ne + 1p spectrum,
the contamination spectrum due to one-proton loss can be approximated, as shown by
the gray data points in Figure 2a. For the prompt 2p decay of the Mg ground state
(ET =~ 0.8 MeV), the probability is maximized when the two protons share the decay energy
equally, resulting in a peak around Er ~ 0.4 MeV in the “Ne + 1p spectrum. Since the
ground state decay of ?Mg does not proceed through an intermediate state of 1®Na, it
is confirmed that the peak at E7 ~ 0.4 MeV observed in our experiment and in Ref. [38]
actually originates from the prompt 2p decay of the ?Mg ground state, rather than from
the one-proton decay of an 18Na resonant state.
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Figure 2. Decay energy spectra for (a) all detected 1”Ne + 1p events (red points), and (b) ”Ne + 1p
events after subtracting the contamination from the 2p decay of 1?Mg [29]. The grey spectrum in
(a) indicates the contamination from 19Mg decay, which is estimated from invariant-mass recon-
struction of the two possible 1”Ne + 1p subevents within each ”Ne + 2p event. The solid-red curve
in (b) shows the fitted spectrum, which includes the contributions from individual states (dashed
curves) and a smooth background (dashed-dotted-grey curve). The inset shows the decay paths of
the three resonant states in '8Na.

After subtracting the contamination from the 2p decay of '’Mg, the decay energy spec-
trum of ®Na is presented in Figure 2b [29]. The experimental resolutions (FWHM) at the
centroids of the three observed peaks are 200, 220, and 250 keV, respectively. The spectrum
was fitted using Breit-Wigner intrinsic line shapes generated by Monte Carlo simulations.
The decay energies Er and intrinsic widths T for the three resonant states of '¥Na, including
the ground state, were obtained. The one-proton decay energy of the '¥Na ground state is
determined to be 1.38(2) MeV, consistent with the previously reported ground-state candi-
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dates at 1.27(17) MeV [38] and 1.23(15) MeV [41], with the new result significantly reducing
the uncertainty in the 'Na ground-state mass. The second resonant state has a decay
energy of Er = 1.53(2) MeV and a width of I' < 0.04 MeV, matching the 2" state in 1¥Na
reported in Refs. [39,40] at ET = 1.552(5) MeV with I = 0.005(3) MeV, and also consistent
with results in Refs. [41,42]. The third resonance at Er = 1.97(2) MeV with T’ = 0.32(4) MeV
may arise from the combined contributions of all the three known resonant states in this
energy region (0;, 1,, and 3;') [39,40], with its width closest to the intrinsic width of the
0; state. As shown in the inset of Figure 2b, all three resonant states decay to the ground
state of 1"Ne.

3.2. Two-Proton Decay of *Mg

As a nucleus located at the proton drip line, only the ground state (0;) and the first ex-
cited state (21+ ) of 20Mg are bound. Two resonant structures above its two-proton separation
threshold (52, = 2.418(2) MeV [44]), at excitation energies of E* = 3.7(2) and 5.37(2) MeV,
have been reported in previous study using the 22Mg(d, d’) reaction [45]. The first rela-
tively wide resonant peak was suggested to potentially result from an overlap of the 4,
and 2 resonant states in 22Mg [45]. In the present experiment, the two-proton resonant
states of 2’Mg were populated via projectile inelastic-excitation reaction. The decay en-
ergy spectrum of 2’Mg, reconstructed from the measured '®Ne + 2p events, is shown in
Figure 3 [30]. The associated detection efficiency is approximately 16%. By fitting the
experimental spectrum, the energies and widths of four resonant states in 2°Mg were deter-
mined. With improved resolution, the new results clearly separate the overlapping resonant
structure previously observed near E* = 3.7(2) MeV in Ref. [45]. Through comparison with
shell model (SM) calculations from Ref. [45] and the level structure of the mirror nucleus
200 [46], the first two resonances in Figure 3 were assigned as the 4" and 2 states of 2'Mg,
with decay energies of ET = 0.930(2) and 1.468(5) MeV, respectively [30]. The corresponding
experimental resolutions (FWHM) for these two states are 210 keV and 260 keV.
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Figure 3. Decay energy Et spectrum for all detected 18Ne + 2p events [30]. The solid-red curve
shows the fitted spectrum along with the contributions of each state (dashed curves) and the smooth
background (dashed-dotted-grey curve).

To investigate the 2p decay paths of the 4; and 2 states in 2°Mg, we analyzed their
18Ne + 1p subsystem decay spectra, which are selected using the gates G1 and G2 indicated
in Figure 3. The smooth background under the two gates constitutes 10.7% and 31.0% of
the total events, respectively. The influence of the higher background level was taken into
account in the decay path analysis for the 2 state. The results are shown in Figure 4a and
Figure 4b, respectively.
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Figure 4. Decay energy Et spectra for the 18Ne + 1p subsystem with the gates on (a) ET = 0.930 MeV
(G1), and (b) 1.468 MeV (G2) resonant states in 2OMg [30]. Red lines are the results of simulations,
assuming sequential 2p decay for the resonant states in 2’Mg resulting from decay paths through
the state at E7 = 0.315 MeV in °Na (dashed-blue curve) and the state at E; = 0.467 MeV in Na
(dashed-orange curve). A smooth background (dashed-dotted-grey curve), accounting for 35.2% of
the total, is included in (b) because of the relatively high background contribution (31.0%) under
the E7 = 1.468 MeV state as shown in Figure 3. The green arrows with numbers and dashed-green
vertical line show the positions of decay energies in MeV. The inset in (a) shows the main decay paths
of the first two resonant states in 2°Mg. The energies of the states in 2?Mg and '°Na relative to the
2p and 1p thresholds, respectively, are listed on the levels in MeV. The energies of the intermediate
states in 1?Na are consistent with the available experimental results [47-49]. The blue numbers in the
inset are the 1p decay energies in MeV between the corresponding states. The bold arrow is the main
decay branch of the E1 = 1.468 MeV state in 2’Mg.

For the 4] state at E7 = 0.930 MeV, its 18 Ne + 1p subsystem spectrum displays two
clear peaks at 0.315 and 0.615 MeV. The lower-energy peak at 0.315 MeV corresponds well
to the one-proton decay energy of the 1’Na ground state to the ®Ne ground state [see inset
in Figure 4a], confirming that the 4; state in 2’Mg decays predominantly via two sequential
steps of 1p emission. The first step proceeds to the ground state of '*Na, which subsequently
decays to the bound ground state of '8Ne. The red curve in Figure 4a shows the Monte Carlo
simulation for this decay path, which agrees well with the experimental data. The 2 state
at ET = 1.468 MeV exhibits a different decay path. Its 1®Ne + 1p subsystem spectrum, shown
in Figure 4b, reveals two peaks at 0.467 and 1.001 MeV, respectively. These correspond to
two sequential steps of 1p decay via the first excited state of °Na at Et = 0.467 MeV [see
inset in Figure 4a]. Similar to its ground state, the first excited state of '°Na also decays to
the ground state of 1®Ne. Further analysis of the subsystem spectrum indicates a minor
decay branch for the 2 state in 2’Mg proceeding through the Na ground state [blue
dashed line in Figure 4b], with a branching ratio of 10.4%. This analysis demonstrates
that the distinct decay paths of the first two resonances (4] and 2) are consistent with
their different spin-parities: the higher-spin 4™ state favors decay to the 5/27 ground state
of 1Na, while the lower-spin 2" state decays primarily to the 3/2" first excited state of
Na. The third resonant state in 2’Mg at Er = 3.008 MeV decays mainly via a sequential
2p emission through the YNa ground state, similar to the 41+ state, and is not discussed in
detail here.
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3.3. Three-Proton Decay of ' Al

Recently, Kostyleva et al. observed two resonant states in 2! Al via the in-flight decay
method [50]. They were tentatively identified as the 5/2" ground state and a low-lying
3/27 excited state, both of which decay by emitting one proton to the ground state of
20Mg. Limited by the insufficient statistics, the 8(?°Mg — p) angular correlation spectrum
in Ref. [50] did not reveal higher-lying resonances. Considering that the two-proton
separation energy of 2’Mg is only S,, = 2.418(2) MeV [44], higher resonant states in
2 Al may become unbound against three-proton emission, decaying via the two-proton
unbound states of 2’Mg. In this work, 2! Al was produced in a transfer reaction where a
proton was added to 2’Mg and its three-proton decay mechanisms were studied using
18Ne + 3p events [31].

The three-proton decay energy spectrum of 2! Al, obtained by invariant mass recon-
struction from ®Ne + 3p events, is shown in Figure 5. The corresponding detection effi-
ciency is approximately 10%. Three peaks are suggested, with the first resonance being the
most prominent. Their experimental resolutions (FWHM) are 560, 820, and 960 keV, respec-
tively. The decay energies and intrinsic widths of the three resonant states were extracted by
fitting the experimental spectrum. For the first resonant state at Er = 4.85(5) MeV, analysis
of the reconstructed kinetic energy distribution confirmed that its population mechanism
is consistent with a one-proton transfer reaction. Based on the ab initio valence-space
in-medium similarity renormalization group (VS-IMSRG) calculations [51,52], as well as
the yields of these high-lying resonant states calculated using the distorted-wave Born
approximation (DWBA) method, the spin-parity of the Er = 4.85(5) MeV resonance in
21 Al was assigned as (1/2*-7/2%) [31].

120 T T T T T T T

90

60|

Counts

30F

Figure 5. Decay energy Et spectrum for all detected 18Ne + 3p events [31]. The solid-red curve
shows the fitted spectrum along with the contributions of each state (dashed curves) and the smooth
background (dashed-dotted-grey curve).

By selecting events corresponding to the Er = 4.85(5) MeV resonance within the
energy gate G1 indicated in Figure 5, the decay energy spectra of its '®Ne + 1p and
18Ne + 2p subsystems were obtained [31], as shown in Figure 6a and Figure 6b, respectively.
Within gate G1, the contribution from the smooth background is 14.6%. Three peaks appear
in Figure 6a, corresponding to the one-proton decay energies from a three-step sequential
decay via the Er = 3.008 MeV intermediate state in Mg, following the path 1.84 MeV
— 2.693 MeV — 0.315 MeV (see Figure 7). This indicates a significant decay branch for
this resonance proceeding via a sequential three-step 1p decay chain, ultimately decaying
to the ground state of '®Ne. Additionally, the counts near 3.92 MeV and 0.615 MeV in
Figure 6a correspond to a sequential decay via the Er = 0.930 MeV intermediate state in
20Mg, showing a minor contribution from another sequential decay path: 3.92 MeV —
0.615 MeV — 0.315 MeV.
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Figure 6. Decay energy Er spectra for the (a) ®®Ne + 1p and (b) '®Ne + 2p subsystems with the
gate G1 on the E7 = 4.85(5) MeV resonant state in 21 A1 [31]. Red lines are the results of simulations,
assuming a three-sequential-steps of 1p decay for the resonant state at Er = 4.85(5) MeV in 2! Al
and consisting of simulated results passing through different states in Mg (dashed-blue curve
corresponds to the decay path via the intermediate state at ET = 3.008 MeV in 2’Mg; dashed-orange
curve corresponds to the decay path via the intermediate state at E7 = 0.930 MeV in 2Mg). The black
arrows with numbers show the positions of (a) 1p decay energies and (b) summed energies of two 1p
decay energies (in brackets) in MeV. The green arrows are located at (a) one-third and (b) two-thirds
of the total decay energy of the resonant state at ET = 4.85(5) MeV in 21 Al, where the corresponding
distribution should peak for prompt 3p decay.

- 4.85 (1/2"-7/2")

E (MeV)
o - N w I (6}

315
Al PMg+1p ®Na+2p BNe+3p

Figure 7. Main decay paths of the resonant state at Et = 4.85(5) MeV in 21A1 [31]. The energies of
the states in 21 Al, 20Mg, and 1°Na relative to the 3p, 2p, and 1p thresholds, respectively, are listed
on the levels in MeV. The energies of the intermediate states in 2’Mg and 'Na are consistent with
the available experimental results [30,47—49]. The blue numbers are the 1p decay energies in MeV
between the corresponding states. The bold arrows are the main decay path among the two decay
paths of corresponding states.

For the 8Ne + 2p subsystem, pairwise combinations of the three 1p decay ener-
gies from the primary decay path yield three summed peaks at 2.16 MeV (0.315 + 1.84),
3.008 MeV (0.315 + 2.693), and 4.53 MeV (1.84 + 2.693). These three summed peaks are
clearly seen in Figure 6b. Furthermore, a small peak at 0.930 MeV (0.615 + 0.315) reflects the
contribution from the minor decay path (3.92 MeV — 0.615 MeV — 0.315 MeV). The red
solid curves in Figure 6a,b represent the results of Monte Carlo simulations for these
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two sequential 3p decay paths, with branching ratios of 73.7% and 26.3%, respectively.
The experimental spectra of both subsystems are well reproduced by the simulations [31].

It is well known that in prompt 2p decay, the two core + p relative energies are
approximately equal, maximizing the product of the barrier penetration factors [53-56].
Consequently, if a prompt 3p decay branch exists for the Er = 4.85(5) MeV resonance in
21 Al, the relative energies between the three protons and the residue are also expected to
be roughly equal. This would manifest as peaks near one-third and two-thirds of the total
decay energy in the 1®Ne + 1p and '®Ne + 2p subsystem spectra, respectively [indicated
by green arrows in the Figure 6a,b]. It can be seen that although prompt 3p decay is not
the dominant decay mode, the current experimental results cannot entirely rule out the
possibility of such a branch existing [31].

3.4. Four-Proton Decay of *Mg

Recently, we have experimentally observed the isotope ®Mg for the first time, which
lies two neutrons beyond the proton drip line [19,57] and represents the second observed
case of a four-proton unbound nucleus. Using all measured *O + 4p coincidence events,
whose detection efficiency is approximately 3.5%, the invariant mass spectrum of '¥Mg [19]
was reconstructed, as shown in Figure 8. Two distinct peaks in the spectrum correspond to
two resonant states of ¥ Mg, with experimental resolutions (FWHM) of 520 keV and 620 keV,
respectively. By fitting the experimental spectrum, we obtained the decay energies and
intrinsic widths for the ground state and first excited state of 18Mg, which are E = 4.865(34)
MeV, I' = 115(100) keV, and Et = 6.71(14) MeV, I = 266(150) keV, respectively. Based on the
systematics of the 2| states in the mirror nucleus C and the isotopes 20??Mg, the observed
excited state is identified as the 21+ state of 18Mg [19].

40 1 v 1 v 1 v 1 v 1 v 1 v 1

Gl 4,865 0"

10

6 7 8
E; (MeV)

Figure 8. Decay energy ET spectrum for all detected 10 + 4p events [19]. The solid-red curve
shows the fitted spectrum along with the contributions of each state (dashed curves) and the smooth
background (dashed-dotted-grey curve). The inset shows the main decay path of the ground state in
18Mg. The energies of the states in '®Mg and ®Ne relative to the 4p and 2p thresholds, respectively,
are listed on the levels in MeV. The energies of the resonant states in ®Mg and '®Ne are taken
from Refs. [19,58].

To investigate the decay mechanism of the four-proton emission from the ground state
of Mg, the corresponding events were selected by using the energy gate G1 in Figure 8,
within which the background proportion is approximately 17.3%. The relative energy
spectrum for its 14O + 2p subsystem was then obtained, which is shown in Figure 9 [19].
It can be seen that the four-proton decay of the 1¥Mg ground state has significant counts
at the position corresponding to the 1®Ne ground state, visually indicating that the decay
proceeds through the ground state of 1®Ne (see inset in Figure 8). It should be noted that
there are six possible ways to choose two protons from four. Figure 9 shows the relative
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energies of the 1*O + 2p subsystem calculated for all six combinations. When the ¥Mg
ground state decays via the '®Ne ground state, only one combination yields the two-proton
decay energy of the 'Ne ground state, while the other five combinations constitute the
background. Moreover, since the decay energy for the first step of two-proton emission
from Mg ground state is 3.464 MeV, which is much larger than the 1.401 MeV for the
second step from ®Ne ground state, the background from the five incorrect combinations
predominantly appears at higher energies in the spectrum. This is clearly reflected in
Figure 9, where a narrow peak at around 1.4 MeV corresponds to the two-proton decay
energy of the '®Ne ground state, while a broad background at higher energies arises from
the five incorrect combinations.

60 T T T T T

a0}

Counts

0 1 2 3 4 5 6
E; (YO + 2p) (MeV)

Figure 9. Relative energy Er spectrum for the 1#O + 2p subsystem with the gate G1 on 18Mgg_s_ [19].
Red lines are the results of simulations assuming 18Mgg‘s, decays to *O + 4p by two sequential steps
of prompt 2p decay through ®Ne, s, where the decay correlations are assumed to be the same as
those observed for 16Neg,s,. The arrow shows the decay energy of the ground state of 16Ne.

We further investigated the decay path of the ¥Mg ground state using Monte Carlo
simulations [19]. The simulations assumed that the '®Mg ground state decays to the 1*O
ground state via two sequential prompt 2p emissions through the intermediate *Ne ground
state. The simulated spectrum, shown as the red curve in Figure 9, agrees well with the
experimental data, supporting this proposed decay path. This decay mode is similar to
that of 8C. As the first observed four-proton emitter, 8C primarily decays via a two-step
cascade of prompt 2p emissions through the ground state of ®Be [18]. It is worth noting
that 280, as a four-neutron emitter, also decays mainly via a two-step cascade of prompt
2n emissions [59,60], resembling the decay patterns of 8C and ®Mg ground states. In the
sequential two-step prompt 2p decay of the '®Mg ground state via ®Ne ground state,
the two protons emitted in the first step (from Mg to 1®Ne) most likely share the decay
energy of about 1.7 MeV each, and those in the second step (from *Ne to 1*O) about 0.7 MeV
each. Thus, when randomly selecting two protons, there is a 2/3 probability of obtaining
Er(™O+2p) ~ 1.7+ 0.7 = 2.4 MeV. Hence, the high counts near 2.4 MeV in Figure 9 do
not correspond to a real resonant state in 1°Ne, but rather represent a background from
incorrect proton combinations. Due to the low statistics for the Mg first excited state,
it is difficult to determine which resonant state of 1®Ne is involved based on the current
two-dimensional spectrum analysis and further experimental studies are needed.

4. Conclusions

Investigations of exotic decays and structures of nuclei under extreme conditions
of isospin asymmetry have played a pivotal role in revealing new nuclear phenomena
and in developing theoretical models, representing one of the most active frontiers in

https://doi.org/10.3390/particles9020032


https://doi.org/10.3390/particles9020032

Particles 2026, 9, 32

11 of 14

nuclear physics. Compared to one-nucleon emission, the inherent complexity of multi-
nucleon emission can shed more light on the structure and decay mechanisms of drip-line
nuclei. This article reviews our recent experimental studies on proton decay in nuclei
near the proton drip line around A ~ 20. Utilizing the invariant mass method, we
investigated the one-proton decay of ®Na, the two-proton decay from excited states of
20Mg, the three-proton decay of 2! Al, and the four-proton decay of ®Mg, reconstructing
the decay energy spectra for these four nuclei. The ground-state energy of ®Na was
determined, clarifying previous controversies regarding its position. Four two-proton
resonant states in 2’Mg and three three-proton resonant states in 2! Al were identified,
respectively. Furthermore, the isotope '®Mg, located two neutrons beyond the proton
drip line, was observed experimentally for the first time. Through correlation analysis
of the decay products from the multi-proton decay processes of 2°Mg, 2! Al, and ¥Mg,
combined with Monte Carlo simulations, the decay mechanisms of these resonant states
were discussed. The results indicate that the resonant states in 2’Mg and 2! Al decay
predominantly via two-step and three-step sequential 1p emission cascades, respectively,
while the ground state of '®Mg decays mainly through a two-step sequential prompt 2p
emission process.

It is important to note that the simultaneous emission of three or more protons has not
been experimentally observed to date. All known multi-proton (>3) decay processes can
be described as sequences of sequential 1p or 2p decays. Whether genuine simultaneous
emission of a larger number of protons exists, and how its underlying mechanism might
differ from the currently observed 1p or 2p decay processes, will be a key question for
future research on proton decay.
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The following abbreviations are used in this manuscript:

Hartree-Fock-Bogoliubov ~ HFB
Gamow shell model GSM
Gamow coupled-channel GCC

NSCL National Superconducting Cyclotron Laboratory

CCF Coupled Cyclotron Facility

pps particles per second

ADSSD annular double-sided silicon strip detector

SM shell model

VS-IMSRG valence-space in-medium similarity renormalization group
DWBA distorted-wave Born approximation

FWHM full width at half maximum
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