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Proton decay spectroscopy of 28S and 30Cl
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States in 28S and 30Cl have been studied using one- and two-proton decay spectroscopies. In the first
spectrometer setting, states in 28S were populated following one-neutron knockout from a fast 29S beam. Three
new states are observed in 28S from one- and two-proton decays. For the two-proton case the nature of the
decay was investigated and found to proceed via sequential two-proton emission. For the second setting, states
in 30Cl were populated via one-proton knockout from a fast 31Ar beam. The decay energy of the ground and first
excited state were measured with the ground-state decay energy found to be in disagreement with a previous
measurement. The spin and parity of these two 30Cl states were inferred from shell-model calculations.
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I. INTRODUCTION

The ground states (g.s.) and excited states of isotopes near
or beyond the proton dripline decay predominantly via the
emission of protons and other charged particles. Using res-
onance decay spectroscopy wherein all decay products are
detected allows for the measurement of excitation energies in
the parent nuclei. In cases in which the decay involves more
than two fragments, such as two-proton decay, the energy and
angular correlations between the fragments give information
about the nature of the decay, whether it proceeds promptly or
sequentially via an intermediate state [1]. Using proton decay
spectroscopy we have studied states in 28S and 30Cl.

States in 28S have previously been investigated via
Coulomb excitation [2,3] and knockout reactions [4]. This
nucleus has been primarily studied at low excitation energy,
focused specifically on the first excited state in order to in-
vestigate a possible subshell closure. Data at high excitation
energies are limited to a single experiment, which measured
2p decay following Coulomb excitation of a 28S beam [3].
Due to the experimental resolution and limited statistics, it
was not possible to resolve any states, however, 2p decay was
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observed in the excitation energy region from 4 to 20 MeV
with possible resonance structures at 6.5, 9 and 17 MeV.
Whereas individual states could not be observed, the nature of
the 2p decay over the full excitation energy region was inves-
tigated from the relative angles of the protons. Comparisons
with theoretical models showed evidence for both prompt and
sequential 2p decay.

30Cl has previously been studied via proton decay spec-
troscopy at GSI [5]. States in 30Cl were identified from the
2p sequential decay of 31Ar with the energies of the states
derived from angular correlations between the detected pro-
tons and heavy-ion residue 29S. A total of five states were
reported in that work, the lowest of which was claimed as the
ground state. From the decay energy they calculate the proton
separation energy of 30Cl to be −0.48(2) MeV compared to
−0.31 MeV obtained from systematics in the 2016 atomic
mass evaluation [6].1 As part of this paper, cluster model cal-
culations were performed which predicted states not observed.
Notably, a low-lying Jπ = 3+ excited state is predicted to
exist whose energy is 90 keV above the 2+ ground state.
The existence of these two states is expected as the mirror
(30Al) has two states separated by 243.9 keV albeit with their
order reversed [8]. The authors of Ref. [5] also suggest that
the ground state might consist of two components. In this
paper, we present new data on 28S and 30Cl, observing several

1The mass of 30Cl in the NUBASE 2020 evaluation [7] uses the
value from Ref. [5].
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FIG. 1. Example Si-CsI(Tl) PID plot showing the energy de-
posited in the S4 silicon detector (�ESi) vs energy deposited in
a CsI(Tl) crystal. The silicon energy has been calibrated, and the
CsI(Tl) energy is uncalibrated. Different bands are labeled by their
corresponding isotope.

new states in 28S and showing evidence that the structure
previously identified as the 30Cl ground state is an unresolved
doublet.

II. EXPERIMENT

Proton decay was studied at the National Superconducting
Cyclotron Laboratory (NSCL) at Michigan State University
using the invariant-mass method (IMM). Secondary beams of
29S and 31Ar were produced from fragmentation reactions of a
150-MeV/u primary beam of 36Ar on a 9Be target. Following
fragmentation the secondary beams of interest are filtered by
the A1900 fragment separator [9] and transported to a target
chamber located at the entrance of the S800 spectrograph
[10]. Two spectrograph settings were used. For the first set-
ting, the momentum acceptance of the S800 was set for 28S
residuals and for the second setting for 29S residuals. Particle
identification (PID) of the secondary beam is performed event
by event using the time of flight (ToF) between the A1900
focal plane and the object position of the S800. The secondary
beams undergo reactions on a 0.5-mm-thick 9Be target located
within the target chamber with the reaction products decaying
via one- and two-proton decay (1/2p decay). Protons are
detected and identified with a Si-CsI(Tl) array consisting of a
1-mm-thick micron S4-type double-sided silicon strip detec-
tor (DSSD) [11]. The DSSD with 128 concentric rings and
128 annular sectors, provided the fine-grain position informa-
tion for the emitted protons. The S4 is backed by 20 CsI(Tl)
detectors arranged in two concentric rings with 4 inner and
16 outer detectors. An example PID plot for the Si-CsI(Tl)
is shown in Fig. 1 . The Si-CsI(Tl) array was located at a
distance of 331 and 517 mm downstream of the target position
for the two S800 settings. An aluminum absorber is placed
in front of the DSSD to both prevent scattered beam particles
from hitting the detector and to ensure the high-energy protons
stop in the CsI(Tl). Following the proton decay the residues
are detected by both the S800 and an array of scintillating

fibers, arranged into X and Y planes, located directly behind
the Si-CsI(Tl) array. The fiber array consists of 0.25-mm-
thick BC-400-type square scintillating fibers and is used to
determine the angles of the scattered residues. The signals
from each fiber layer are amplified using a segmented pho-
tomultiplier tube and read out at the corners via a resistive
anode. The S800 itself is used to identify the reaction products
from the ToF through the spectrometer and the energy loss
in an ionization chamber. In addition to the charged-particle
detectors, the CAESAR [12] CsI(Na) photon detection array
was positioned around the target to identify proton decays
populating excited states which γ decay.

III. DATA AND ANALYSIS

A. Invariant-mass method

Excited-state energies were determined in this paper using
the IMM. By measuring the energy of all particles and the
relative angles between the protons in the Si-CsI(Tl) and the
recoiling residues, in the fiber array, the total decay energy
can be reconstructed from which the energy of excited states
can be determined. In the case where the parent decays to
a particle-bound excited state in the daughter, the invariant
masses will be incorrect. CAESAR, however, was used to de-
tect γ rays from the decay of excited states and associate them
with specific invariant-mass peaks to correct the excited-state
energy.

B. Experimental method

To identify states in this paper the total decay energy ET

is first reconstructed using the IMM. Energies are obtained
from fits of the decay energy spectrum which comprises one
or more Gaussian functions on a background. The source of
this background is due to nonresonant decay and from broad
states. To determine if the peaks in this paper are single narrow
resonances, broad states, or from multiple peaks the following
procedure was employed: First, the experimental resolution is
determined from simulations, benchmarked on previous IMM
measurements of 16Ne and 18Mg [13], which were performed
using the same Si-CsI(Tl) array. The experimental resolutions
obtained were approximately 0.18 and 0.11 MeV for the two
Si-CsI(Tl) target distances 331 and 517 mm. R-matrix calcu-
lations are performed to determine the state widths and are
compared to the experimental resolution. Provided the esti-
mated upper limit of the width of the state is small compared
to the experimental resolution, the decay energy spectrum is fit
with the Gaussian widths fixed from simulations. In addition,
we also search for coincident γ rays in CAESAR which would
suggest the 1/2p decays proceed to an excited state in the
daughter. The total excitation energy is then obtained from
the sum of the decay energy, the one- or two-proton separation
energies Sp and S2p and the energy of any coincident γ ray.

C. 28S

States in 28S were populated via 1n knockout of the 29S
secondary beam and studied via both 1- and 2p decay. For the
1p-decay case, the recoiling 27P isotopes were at the edge of
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FIG. 2. Total decay kinetic-energy ET obtained with the
invariant-mass method for the 28S → 27P +1p decay channel. The
experimental data are shown by the data points. The spectrum has
been fit (in red) with a function consisting of two Gaussian functions
(blue dashed curves) plus background (black dot dashed).

the momentum acceptance of the S800 resulting in its low de-
tection efficiency. The reconstructed decay-energy spectrum
for the 1p decay of 28S is shown in Fig. 2. The spectrum is
fit with two Gaussian peaks from which decay energies of
ET = 1.476(25), 1.860(36) MeV are obtained. No evidence
of coincident γ rays were seen in CAESAR suggesting they
decay directly to the ground state in 27P. Using the proton
separation energy from the most recent mass evaluation [7],
Sp (28S) = 2.56(16) MeV, we calculate these states to have
excitation energies Ex = 4.04(16) and 4.42(16) MeV (see
Table I).

To determine spins for these states we compare them to
both states in the mirror nucleus (28Mg) as shown in Fig. 3
and to shell-model calculations performed using the USDC
Hamiltonian [14]. Spectroscopic factors were calculated for
the 1n knockout to both states, and for each state only
one spin assignment had a significant spectroscopic factor.
Based on these we suggest that the spins of the 4.04(16)-
and 4.42(164)-MeV states are Jπ = 4+ (C 2S = 0.042) and

TABLE I. List of levels observed in 28S and 30Cl in this pa-
per. Decay energies are measured in this paper with the excitation
energies of the states in 28S calculated using the values Sp (28S) =
2.56(16) and S2p (28S) = 3.37(16) MeV obtained in the latest mass
evaluation [7]. Spin-parity assignments are performed based on
comparisons with mirror nuclei [8], longitudinal-momentum distri-
butions [16,17], and shell-model calculations [14] with the details
described in the text.

Nucleus ET (MeV) Ex (MeV) Jπ Decay mode

28S 1.476(25) 4.036(162) 4+ 1p decay
28S 1.860(36) 4.42(164) 2+ 1p decay
28S 1.905(17) 5.275(161) 4+ 2p decay
30Cl 0.364(29) 0.0 3+ 1p decay
30Cl 0.617(35) 0.253(45) 2+ 1p decay
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FIG. 3. Partial level scheme for the for 1- and 2p decay of 28S.
Newly identified levels are shown in blue. For comparison states in
the mirror nucleus 28Mg are shown. The energy of the states in 28Mg
are adjusted by S2p (28S) = 3.36(16) MeV. Data were taken from
nuclear data sheets [8].

2+ (C 2S = 0.255), respectively. For the 4.04(16)-MeV state
we note that it is predicted to decay predominantly to the
3/2+ state in 27P which we do not observe. The energy of
this decay ET = 0.346 MeV, however, would be outside our
experimental acceptance. The reconstructed decay energy
of the 2p decay of 28S is shown in Fig. 4 and is fit to
obtain a peak energy of ET = 1.905(17) MeV. In the γ -ray
spectrum there is evidence of the 1797-keV 2+ → 0+ tran-
sition. This is, however, in coincidence to the high-energy
background from which individual states cannot be resolved.
For the main peak, there is no evidence of a γ -ray transition
in CAESAR, therefore, the excitation energy of this state,
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FIG. 4. Total decay kinetic energy ET obtained with the
invariant-mass method for the 28S → 26Si +2p decay channel. The
experimental data are shown by the data points. The spectrum has
been fit (in red) with a function consisting of a Gaussian function
(blue dashed curves) plus background (black dot-dashed).
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FIG. 5. Comparison of the experimental Jacobi (b) T and (e) Y correlation distributions for the 5.27-MeV state in 28S to those from
a sequential decay simulation [(a) and (d)] and a three-body model [(c) and (f)]. The effects of the detector efficiency and resolution in
the theoretical distributions have been included via Monte Carlo simulations. For the sequential decay case, the decay proceeds through a
1.861(13)-MeV state in 27P [15]. Data are not shown to scale.

including S2p (28S) = 3.36(16) MeV [7], is calculated to
be 5.27(16) MeV. The decay of this state was investigated
from the three-particle-decay correlations to determine if the
decay is prompt or sequential through an intermediate 27P
state. The energy of the possible intermediate state was re-
constructed from the invariant mass of the 26Si recoil and
either of the protons. The exact energy of the intermediate
state could not be determined, but it suggests the intermediate
state of the sequential decay would be at approximately half
the total decay energy. A possible candidate for this inter-
mediate state was observed via a recent β-decay study of
27S [15]. A 5/2+

2 state was observed at 1.861(13) MeV in
27P, corresponding to decay energies of 0.86 and 1.06 MeV
for the first and second decay steps, respectively. Simulations
for the decay correlations, namely, the Jacobi “T” and “Y”
distributions are shown in Fig. 5 along with the experimen-
tal data. For the case of sequential decay, the intermediate
state is assumed to be the 1.861(13) MeV state found in
27P following the β decay of 27S [15]. The shape of the
experimental distribution suggests the decay of the 5.27-MeV
state is an example of sequential 2p decay. To determine
the spin of this state, experimental longitudinal-momentum

distributions are compared to calculations for knockout of a
1d5/2 or 2s1/2 neutron. Because of the relatively low incident
energy and the evident asymmetry of the experimental spectra,
model core parallel momentum distributions were calcu-
lated according to the semiclassical transfer-to-the-continuum
(STC) method [16,17]. The STC method takes into account
energy and momentum conservation between the initial nu-
cleon bound state and final continuum state with respect to
the target. The nucleon-9Be final-state interaction was treated
by using the energy-dependent optical model potential of
Ref. [18]. The initial states were calculated as single-particle
states in Woods-Saxon potentials with fixed geometry (r0 =
1.25, a = 0.7 fm) and depth fitted to reproduce the experi-
mental nucleon separation energy. Under the core-spectator
hypothesis the STC method is equivalent to a fully quantum-
mechanical model [19] and at high-energy transitions to the
eikonal treatment [20,21]. The calculations were used as an
input to a Monte Carlo simulation to account for the effects
of target interaction point and the experimental resolution.
Figure 6 shows the overlay of the experimental distribution
with this simulation. The simulations indicate the state is
populated following the knockout of a 1d5/2 neutron, which
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FIG. 6. Longitudinal-momentum distributions of reconstructed
residuals following 1n knockout from a 29S projectile. The experi-
mental distribution (in black) is gated on the peak shown in Fig. 4.
Monte Carlo simulations have been performed for the case of 1d5/2

or 2s1/2 neutron knockout and are shown as blue and red data points,
respectively. The simulations have been scaled to the experimental
peak height.

constrains the spin of this state to Jπ = (0 − 5)+. Shell-model
calculations were also performed to further constrain the spin
of this state [14]. Only one spin assignment was found to have
a significant spectroscopic factor, and based on this we sug-
gest the state would be most likely a 4+ state (C 2S = 0.255)
and would predominantly decay to the 5/2+

2 state in 27P. This
is consistent with what is seen experimentally suggesting the
spin of the 5.27-MeV state is Jπ = 4+.

D. 30Cl

The ground and first excited state in 30Cl were populated
via 1p knockout of a 31Ar secondary beam. Due to the low
expected energy difference between the ground and the first
excited state, the distance between the reaction target and the
Si-CsI(Tl) array was increased to 517 mm. This improves
the angular resolution of the array and, subsequently, offers
improved energy resolution, albeit at the expense of efficiency
at higher decay energies. The reconstructed decay-energy ET

spectrum is shown in Fig. 7. From the fit of the spectrum
we measure the decay energies of these two states to be
ET (g.s.) = 0.364(29) MeV and ET (1st ) = 0.617(35) MeV.
No γ rays were observed in coincidence, indicating that
Sp (30Cl) = −0.364(29) and E∗(1st ) = 0.253(45) MeV. The
decay energies observed here are found to be in disagreement
with the GSI work [5], who measured the decay energy of the
ground state to be 0.48(2) MeV. We note, however, that the
average of the decay energies in this paper is 0.49(12) MeV
which would suggest the previously reported ground state was
an unresolved doublet. The Sp value obtained in this paper is
consistent within 2σ of the value obtained from systematics
in the 2016 mass evaluation −0.31 MeV [6].
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FIG. 7. Total decay kinetic-energy ET obtained with the
invariant-mass method for the 30Cl → 29S +1p decay channel. The
experimental data are shown by the data points. The spectrum has
been fit (in red) with a function consisting of two Gaussian functions
(blue dashed curves) plus a background (black dot dashed).

To determine the spins of the two states, we calculate the
relative population of the two states in this paper and compare
this to predictions from shell-model calculations using the
USDC Hamiltonian [14]. Accounting for detector efficien-
cies we determine the intensity ratio of the two states to be
0.585(22):0.415(16). For the shell model the predicted ratio
of two states with Jπ = 3+ and 2+ is found to be 0.634:0.366.
Comparing these ratios we tentatively assign the spins of these
states to be Jπ (g.s.) = 3+ and Jπ (1st ) = 2+. This ordering
is in disagreement with the calculations of Ref. [5] but is
consistent with that of its mirror nucleus 30Al [8].

IV. CONCLUSION

States in 28S and 30Cl have been identified via one- and
two-proton decay spectroscopies. For the case of 28S two
states were identified via 1p decay with another state identi-
fied via 2p decay. Comparisons with Monte Carlo simulations
suggest that the 2p decay is sequential via a intermediate state
in 27P. Based on comparisons with longitudinal-momentum
calculations and shell-model calculations we suggest the spin
of this state to be Jπ = 4+. In 30Cl we have measured the
decay energy of the ground and first excited states. The ground
state is found to be in disagreement with a previous measure-
ment, and the first excited state has been measured for the
first time. The disagreement with the previous measurement
is likely due to them observing the ground and first excited
state as a single state. From comparisons with shell-model
calculations the spins of the ground and first excited states
were determined to be Jπ = 3+ and 2+, respectively.
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