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Figure 1 (Color online) Experimental setup. (a) S800 spectrograph, modified from S800 website (https://wikihost.nscl.msu.edu/S800Doc/doku.php?
id=introduction); (b) S800 focal plane detector array, modified from S800 website (https://wikihost.nscl.msu.edu/S800Doc/doku.php?id=detectors); (c)
circular CsI(T1) detector array; (d) reaction target and target chamber detector array
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Figure 2 (Color online) Decay energy spectra for (a) all detected '"Ne
+ 1p events (red points), and (b) '’Ne + 1p events after subtracting the
contamination from the 2p decay of '*Mg!!°!. The grey spectrum in (a)
indicates the contamination from '"Mg decay, which is estimated from
invariant-mass reconstruction of the two possible '’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 '®Na
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Figure3 (Color online) Decay energy Er spectrum for all detected '*Ne
+ 2p events!?”!, The solid-red curve shows the fitted spectrum along with
the contributions of each states (dashed curves) and the smooth back-
ground (dashed-dotted-grey curve)
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Figure4 (Color online) Decay energy Er spectra for the '*Ne + 1p sub-
system with the gates on (a) E7 = 0.930 MeV (Gl), and (b) 1.468 MeV
(G2) resonant states in 2°Mg!?"!, 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 Ez = 0.315 MeV in 'Na (dashed-
blue curve) and the state at Er = 0.467 MeV in '"Na (dashed-orange
curve). A smooth background (dashed-dotted-grey curve) is added in (b)
because of the relatively high background contribution under the Er =
1.468 MeV state as shown in Fig. 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 Mg and '°Na relative to the 2p
and 1p thresholds, respectively, are listed on the levels in MeV. The en-
ergies of the intermediate states in '’Na are consistent with the available
experimental results’**~38]. The blue numbers in the inset are the 1p de-
cay energies in MeV between the corresponding states. The bold arrow is
the main decay branch of the E; = 1.468 MeV state in 2’Mg
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Figure 5 (Color online) Decay energy E; spectrum for all detected '¥Ne
+ 3p events!?!!. The solid-red curve shows the fitted spectrum along with
the contributions of each states (dashed curves) and the smooth back-
ground (dashed-dotted-grey curve)
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Figure 6 (Color online) Decay energy Er spectra for the (a) '*Ne + 1p
and (b) '®Ne + 2p subsystems with the gate G1 on the Ey = 4.85(5) MeV
resonant state in 2' Al Red lines are the results of simulations, assum-
ing a three-sequential-steps of 1p decay for the resonant state at E; =
4.85(5) MeV in 2' Al and consisting of simulated results passing through
different states in 2’Mg (dashed-blue curve corresponds to the decay path
via the intermediate state at Ey = 3.008 MeV in 2°Mg; dashed-orange
curve corresponds to the decay path via the intermediate state at Ey =
0.930 MeV in 2*Mg). The black arrows with numbers show the positions
of (a) 1p decay energies and (b) summed energies of two 1p decay en-
ergies (in bracket) 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 E; =
4.85(5) MeV in 2! Al, where the corresponding distribution should peak
for prompt 3p decay
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Figure 7 (Color online) Main decay paths of the resonant state at Er
=4.85(5) MeV in 2! Al!l. The energies of the states in 2! Al, Mg, and
19Na 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
1Na are consistent with the available experimental results!>*-36-38] The
blue numbers are the 1p decay energies in MeV between the correspond-
ing states. The bold arrows are the main decay path among the two decay
paths of corresponding states
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Figure 8 (Color online) Decay energy E7 spectrum for all detected '“O
+ 4p events!!”!. The solid-red curve shows the fitted spectrum along with
the contributions of each states (dashed curves) and the smooth back-
ground (dashed-dotted-grey curve). The inset shows the main decay path
of the ground state in '®Mg. 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 Ref. [17] and NNDC (https://www.nndc.bnl.gov/ensdf/)
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Figure 9 (Color online) Correlation between the relative energy of the
140 + 2p subsystem and the relative energy of the '*O + 4p system in
140 + 4p coincidence events. Horizontal red lines indicate the two-proton
decay energies for the ground and 2} states of 1Ne. Vertical red lines
indicate the four-proton decay energies for the ground and 2 states of
181\/{g
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Figure 10 (Color online) Relative energy Et spectrum for the 4O +
2p subsystem with the gate G1 on '®Mg, ; ['"]. Red lines are the results of
simulations assuming 18Mgg_s_ decays to '*O + 4p by two sequential steps
of prompt 2p decay through ”’Neglsl, where the decay correlations are as-
sumed to be the same as those observed for '°Ni €gs.. The arrow shows the
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Progress on the proton decays of A ~ 20 nuclei around the

proton drip line
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Experimental studies focusing on the spontaneous emission of nucleons in nuclei around the drip line have enabled us
to explore new isotopes or resonant states near the drip line, and reveal exotic structures and decay properties of nuclei
located far from the 8 stability line; consequently, these studies are of critical importance for probing limits of nuclear
stability and understanding nucleon-nucleon interactions under extreme conditions of isospin asymmetry. In recent years,
significant progress has been made in related research. However, there are still numerous new phenomena and mechanisms,
which need further exploration. With the radioactive isotope beam 2’Mg provided by 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 decays of one-proton resonant states in 'Na,
two-proton resonant states in 2°Mg, three-proton resonant states in 2! Al, and four-proton resonant states in '*Mg, yielding
decay energy spectra for all four nuclei with the invariant mass method. Further coincidence analysis reveals that the
measured '"Ne + 1p events may not solely originate from the 1p decay of '®Na, but could also result from the prompt
2p decay of the ground state of "Mg. After the subtraction of the contamination from the 2p decay of '’Mg, the ground
state of 'Na was firmly identified, clarifying previous ambiguities of its position. The new isotope '*Mg, which is located
two neutrons beyond the proton drip line, was experimentally observed for the first time and its ground state decay energy
was found to be Er = 4.865(34) MeV. Multi-body correlation of emitted protons from 2’Mg, 2! Al, and '8Mg are studied.
Two new resolved states (4] and 27) in 20Mg are found to decay through '°Na intermediate states to the ground state of
8Ne from the examination of the decay-energy spectra for '*Ne + 1p subsystems. The decay-energy spectra for the two
subsystems of 21AL ie., ®Ne + 1 p and 18Ne + 2p, indicate that the observed resonant state with the lowest energy has
decay branches consisting of three sequential steps of one-proton decay. The momentum correlations between the relative
energy of the '*O + 2p subsystem and the relative energy of the '*O + 4p system in '*O + 4p coincidence events, together
with the relative energy E7 spectrum for the '“O + 2p subsystem, are consistent with predominant two sequential steps of
prompt 2p decay passing through the ground state of '°Ne.

proton drip line, proton decay, invariant mass method, resonant state
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