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The half-lives of 24 isotopes ranging from sulfur to potassium were measured using the ZeroDegree
Advanced Decay Station at the Radioactive Isotope Beam Factory, including six of the most neutron-rich
—47S, 48;49Cl, 51;52Ar, 55K—for the first time, while the precision for 48Ar and 53;54K was significantly
improved. Two prominent features are found: First, a half-life drop at 54K35 relative to 52;53K, supporting the
persistence of the N ¼ 34 subshell closure in potassium with Z ¼ 19. Second, a high β-decay rate for
48Cl31 compared to 47Cl and 49Cl, which can be explained by the critical role of the ν1p1=2 orbital in shell-
model calculations. The present calculations indicate that the N ¼ 32 subshell gap in chlorine with Z ¼ 17

is slightly smaller than that in calcium (Z ¼ 20), and the significant excitation across the N ¼ 32 subshell
in 48Cl31 is mainly due to strong configuration mixing.

DOI: 10.1103/227j-q7zf

Analogous to electrons in the atom, the atomic nucleus
also exhibits shell structures for both protons and neutrons,
characterized by significant energy gaps at specific nucleon
numbers: N, Z ¼ 2, 8, 20, 28, 50, 82, and N ¼ 126. Such
shell structures were first proposed by Mayer
[1] and Haxel et al. [2], and were well established for
nuclei situated on or near the valley of stability. Recently,

significant progress has been made at high-intensity accel-
erator facilities in providing opportunities to explore
properties of nuclei far from the β-stability line.
Contemporary experimental investigations have revealed
that the magic numbers are not universal throughout the
nuclear chart. The traditional closed shells at N ¼ 8, 20,
and 28 weaken or even disappear in the neutron-rich region
[3–10], while a new magic number appears at N ¼ 16 near
the neutron drip line of oxygen isotopes [11–13].
The quest to map shell evolution in the neutron-rich side

has also revealed the possible appearance of new subshell
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closures at N ¼ 32 and 34. Key to this evolution is the
proton-neutron (p-n) monopole interaction between the
π0f7=2 and ν0f5=2 single-particle orbitals [14,15]. With
protons removed from the π0f7=2 orbital, the diminished
p-n interaction raises the ν0f5=2 orbital above the
ν1p1=2-ν1p3=2 spin-orbit partners, forging energy gaps that
define these emergent subshell closures at N ¼ 32 and 34.
Experimentally, the N ¼ 32 subshell closure has been
proven to exist in Ar [16], Ca [17,18], Ti [19,20], and
Cr [21,22] by γ-spectroscopic studies in even-even systems.
This shell feature was verified by mass measurements of K
[23], Ca [24], Sc [25], and Ti [26] isotopes, although it is
significantly weakened in the latter. Intriguingly, charge
radius measurements along Ca [27] and K [28,29] isotopic
chains show no sign of a minimum or inflection at N ¼ 32.
This absence of expected shell effect was explained as the
halo nature of the ν1p orbital [30], which was confirmed in
52Ca [31]. Toward lighter elements, the N ¼ 32 shell effect
in silicon is predicted to be strong, with Eð2þ1 Þ reaching
∼1.8 MeV in 46Si [32]. Until now, the N ¼ 32 subshell
closure below argon has not been experimentally explored.
The N ¼ 34 subshell closure has been so far established
only in Ca [33–35] and Ar [36]. As indicated by the low-
lying structure in 55Sc [37], the systematics of Eð2þ1 Þ and
BðE2; 2þ1 → 0þ1 Þ in Ti [20,38] and Cr [22,39] isotopes, and
the mass measurements of Sc, Ti, and V isotopic chains
[40–42], a marked weakening of the N ¼ 34 subshell
closure was inferred for nuclei with Z > 20. Given the
intermediate position of potassium between calcium and
argon, the analogous shell stabilization at N ¼ 34 is
expected for Z ¼ 19. However, no experimental evidence
currently available supports this expected shell feature.
In addition to the observables mentioned above, β-decay

half-lives can also provide unique shell gap sensitivity
[43–45]. Usually, Gamow-Teller (GT) transitions dominate
β decay owing to its small log ft value. In the region of
present interest, the low-lyingGT transitions are hindered as
neutrons and protons occupy the pf and sd shells, respec-
tively, resulting in a considerable contribution of first-
forbidden (FF) transitions to the total β-decay rate
[46]. Consequently, the systematics of β-decay half-lives
along an isotopic chain reflect changes in the strengths of the
FF and GT transitions, thereby revealing variations in
neutron orbital occupations and the evolution of neutron
shell gaps. To date, β-decay half-lives in chlorine are
available up to N ¼ 30. Interestingly, shell-model (SM)
calculations show that the FF transition ν1p3=2 → π0d3=2
significantly contributes to the total β-decay rate in 44Cl,
indicating the collapse of the N ¼ 28 shell [46]. In potas-
sium, although the β-decay half-lives have been measured
up to N ¼ 35, no significant shell effect was identified at
N ¼ 34 because of large experimental uncertainties. The
present Letter focuses on extending the systematics of β-
decay half-lives and improving the precision of previous

measurements, aiming to explore shell features atN ¼ 32 in
chlorine and N ¼ 34 in potassium.
The experiment was performed at the Radioactive

Isotope Beam Factory (RIBF) of the RIKEN Nishina
Center [47,48], in a symbiotic setup with the interaction
cross section measurements at focal plane F8 and the mass
measurements at F11. Radioactive isotopes were produced
by fragmentation of a 345 MeV/u 70Zn primary beam with
∼400 pnA intensity bombarding on a 8-mm-thick 9Be
target. The BigRIPS in-flight separator [49] was tuned to
optimize transmission of 55Ca20þ ions. The secondary beam
impinged on a target at F8, which was alternately a
1.5 g=cm2-thick carbon target and a target frame. After
the secondary target, both reaction products and the
unreacted beams were identified event by event via time-
of-flight (TOF), magnetic rigidity, and energy loss mea-
surements, and were transported to F11 through the
ZeroDegree Spectrometer (ZDS) [49].
An energy degrader was placed in front of the

ZeroDegree Multi-Reflection TOF Mass Spectrograph
system [50] to slow down the ions. In total, about 2.3 ×
107 ions, which were not captured by the gas catcher, were
implanted into the ZeroDegree Advanced Decay Station
(ZD-ADS). The particle identification (PID) plot for the
implanted ions is shown in Fig. 1. In the current setup, the
ZD-ADS comprises an implantation detector, LaBr3 detec-
tors, a neutron TOF array, and a veto detector. The
implantation detector, consisting of one segmented plastic
scintillator and six position-sensitive photomultiplier tubes,
was tilted at a 45° angle to optimize neutron TOF
measurements. The plastic scintillator (EJ-228), manufac-
tured by Eljen Technology, has dimensions of 150 × 100 ×
6 mm3 and features a 100 × 66 pixel array with 4-mm-
deep segmentation. The cross section of each pixel is
1.3 × 1.3 mm2, leaving a 0.2 mm gap between two
neighboring pixels. Six H12700 Hamamatsu 8 × 8 multi-
anode photomultipliers are coupled with the scintillator pad
on the nonsegmented side using optical grease. Position
information of ions and following β particles was derived
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FIG. 1. PID plot of the present experiment identified at ZDS.
The newly measured half-lives correspond to nuclei right of the
black line.
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event by event based on anode signals [51]. The β-detection
efficiency extracted from the present data is ∼40% for a
4-mm β-ion spatial correlation radius. Twelve fast-timing
LaBr3 detectors from KHALA [52] were arranged in a
bundle configuration and mounted on the side of the
implantation detector (∼10 cm from its center). The total
photopeak efficiency is ∼6% at 200 keV and ∼1% at
1.4 MeV. The neutron detector array was installed above
the implantation detector in two layers at a distance of
∼1.1 m. The veto detector was mounted behind the
implantation detector and used to reject light particles
coming with the beam. This Letter focuses on β-decay half-
lives; β-delayed neutron data and neutron detector details
will be reported in dedicated publications.
The half-lives of 43–47S, 44–49Cl, 47–52Ar, and 49–55K were

measured in the present experiment, where the half-lives of
47S, 48;49Cl, 51;52Ar, and 55K were determined for the first
time, and the precision for 48Ar and 53;54K was significantly
improved, as listed in Table I. Additional half-lives for
isotopes with Z ≥ 20, including 53–57Ca, 55–60Sc, and 58–62Ti
are provided in the Supplemental Material [54]. The half-
life of each isotope was determined by fitting the decay
curve with a function that accounted for the parent decay,
the exponential growth and decay of the daughter, the
granddaughter, and the great-granddaughter nuclei, as well
as a constant background, employing the unbinned maxi-
mum likelihood fitting procedure. The total error in the
present result consists of statistical error and systematic
error. The former was determined by the error on the fit
parameters, while the latter was introduced to account for
the uncertainties of the input parameters, including the

β-delayed neutron branching ratios, and the half-lives of the
nuclei in the decay chain. The input half-lives and branch-
ing ratios were randomly sampled from Gaussian distri-
butions with standard deviations corresponding to their
uncertainties, of which the mean values and uncertainties
were taken from the literature [53] if available. When the
half-lives of the isotopes were measured in this Letter, they
were used as input parameters. If there is no experimental
information on β-delayed neutron emission probability,
uniform distribution was used to generate a random number
as branching ratio. In some cases, β-decay curves gated on
β-delayed γ rays were analyzed to verify the results, where
the sum of an exponential decay and a constant background

TABLE I. β-decay half-lives deduced from the present experiment. Experimental results from Ref. [53] are given for comparison.

T1=2 (ms) T1=2 (ms)

Nuclide No γ γ gateda Ref. [53] Nuclide No γ γ gateda Ref. [53]

43S 300� 40 � � � 265� 13
b 48Ar 473� 4 485� 10 415� 15

44S 119� 8 � � � 100� 1
c 49Ar 252� 5 253� 12 236� 8

45S 75� 5 � � � 68� 2
d 50Ar 136� 8 134� 10 106� 6

46S 44� 3 � � � 50� 8
e 51Ar 56� 9 � � � � � �

47S 41� 10 � � � � � � 52Ar 22� 10 � � � � � �
44Cl 700� 70 � � � 562� 106 49K 1170� 40 � � � 1260� 50
45Cl 416� 28 � � � 413� 25

f 50K 467� 9 � � � 472� 4
46Cl 238� 3 244� 27 232� 2 51K 372� 5 � � � 365� 5
47Cl 111� 3 117� 7 101� 5 52K 117� 3 � � � 110� 4
48Cl 36.5� 1.5 � � � � � � 53K 42.5� 2.1 � � � 30� 5
49Cl 44� 5 � � � � � � 54K 11.6� 2.1 � � � 10� 5
47Ar 1410� 30 1320� 70 1230� 30 55K 7� 3 � � � � � �

aGate on γ rays: 1553 keV (in 46Ar) for 46;47Cl; 360 and 1660 keV (in 47K) for 47Ar; 142.7 keV (in 48K) for 48Ar;
91.7 keV (in 49K) for 49;50Ar.

bRecently measured T1=2 ¼ 256� 5 and 250.2� 2.5 ms in Ref. [55].
cRecently measured T1=2 ¼ 125.5� 2.5 and 119� 6 ms in Ref. [56].
dRecently measured T1=2 ¼ 69� 1 and 74� 5 ms in Ref. [55].
eRecently measured T1=2 ¼ 41� 4 ms in Ref. [56].
fRecently measured T1=2 ¼ 513� 36 ms in Ref. [57] and 451� 14 ms in Ref. [58].
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was used to fit the decay curve. Figure 2 shows the decay
curves for 48Cl and 54K, along with the fitting functions and
the relative deviations.
The upper panel of Fig. 3 shows the systematic trends in

β-decay half-lives along S, Cl, Ar, and K isotopic chains. For
comparison, the literature values from Ref. [53] are also
presented with open symbols. With our new results, a half-
life drop at N ¼ 35 relative to N ¼ 33 and 34 is observed in
potassium for the first time, which can be explained by the
N ¼ 34 subshell closure. For the K isotopes with
28 < N ≤ 34, the last neutron is predominantly situated
in the 1p orbital if the N ¼ 34 subshell closure exists;
consequently, the β-decay processes are dominated by the
high-lying GT transitions and the low-lying FF transitions
ν1p → π1s and ν1p → π0d. At N ¼ 35, the last neutron
abruptly occupies the ν0f5=2 orbital, making the GT decay
channel ν0f5=2 → π0f7=2 accessible. In this case, the
excitation energy of the populated state is much lower than
that in other GT transition channels. Additionally, the
presence of the N ¼ 34 subshell gap would result in an
increase in Qβ and thus accelerate the β-decay rates. It is
worth noting that the ΔJπ ¼ 0− FF transition can be
enhanced by the meson-exchange contribution to the matrix
element of γ5 [59,60], significantly shortening the β-decay
half-lives. For example, the log ft of the 50Kð0−1 Þ →
50Cað0þ1 Þ transition was measured to be 5.89� 0.06 with

a branching ratio of 61.0� 7.4% [61], and the 52Kð2−1 Þ →
52Cað2þ1 Þ decay was also found to be strengthened with a
logft of 5.7� 0.2 [62]. A remarkable reduction of β-decay
half-lives by enhanced FF transitions is expected to occur in
ν1p1=2 → π1s1=2, ν1p3=2 → π0d3=2, and ν0f5=2 → π0d5=2
transitions. However, the latter would contribute less, ren-
dering the half-life drop at N ¼ 35 less significant.
The other novel feature is the dramatically enhanced

total β-decay strength of 48Cl, as demonstrated by its shorter
half-life compared to 47Cl and 49Cl. It is reasonable to
assume that the last (31st) neutron in 48Cl mainly occupies
the 1p orbital, and thus two mechanisms are likely
responsible for the acceleration of the total β-decay rate.
The first is the accelerating GT transition, which can be
achieved by, for instance, lowering the π1p and π0f
orbitals to increase the Qβ. The total decay rate can also
be enhanced by the low-lying ΔJπ ¼ 0− FF transition with
a small log ft value, as demonstrated in the β-decay
processes of 50K [61] and 52K [62].
In order to further explain the experimental results, SM

calculations using the SDPFSDG-MU effective interaction
[46] and Qβ from AME2020 [63] were performed with the
KSHELL code [64,65]. For every isotope measured in this
Letter, the SM calculations predict a few low-lying levels,
each with a calculated β-decay half-life. One of the
theoretical half-lives is adopted for comparison with the
measured value: If the ground state spin-parity (Jπ) has
been experimentally established, but cannot be reproduced
by the SM calculations, the theoretical half-life of the low-
lying state with the same Jπ is adopted. For nuclides with
experimentally unknown ground state Jπ , the predicted
low-lying state with a half-life closest to the experimental
value is taken as the ground state.
As shown in the upper panel of Fig. 3, the SDPFSDG-

MU effective interaction demonstrates powerful predictive
ability in this region. Especially, the present calculations
describe the FF transition very well by employing an
effective operator. One example is the β decay of 50K,
where the log ft of the 50Kð0−1 Þ → 50Cað0þ1 Þ transition was
measured to be 5.89� 0.06 [61], which is well reproduced
as 5.84 in our calculations. In addition to 50K, FF transitions
also play a significant role in the β decay of other K
isotopes with 28 < N ≤ 34. Beyond N ¼ 34, the contri-
butions from the FF transitions markedly decrease and the
GT transitions dominate the total β-decay rates, as illus-
trated in the lower panel of Fig. 3. Meanwhile, one can also
find that the predicted GT transition half-life of 54K is
considerably shorter compared to 51–53K. The behavior of
both GTand FF transitions reflects a rapid change in orbital
occupation for the last neutron from 1p to 0f5=2, indicating
the presence of the N ¼ 34 subshell closure. In the present
calculations, the N ¼ 34 subshell gap is predicted to be
∼4.2 MeV, similar to that in 54Ca (∼4.5 MeV), although
the latter overestimates the experimental value [34].
The size of the N ¼ 34 gap is defined here as the empirical
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two-neutron shell gap ΔS2nðNÞ ¼ S2nðNÞ − S2nðN þ 2Þ
[66], where S2n denotes the two-neutron separation energy.
Theoretically, it is difficult to predict the ground state Jπ

of odd-odd nuclei because of the dense low-lying states.
Experimental information on the β decay is crucial in
determining the Jπ of the ground state and thereby to test
effective interactions. So far, the Jπ of the ground state in
48Cl has not been established. Our calculations suggest a 2−

ground state with T1=2 ¼ 83 ms, much longer than the
experimental value of 36.5� 1.5 ms. Above the 2− state,
three low-lying states with different β-decay half-lives and
configurations are predicted, as listed in Table II. We found
that the β-decay half-life of the 78-keV 0− state is closest to
our measured value and reproduces the systematic trend in
the upper panel of Fig. 3. This state strongly feeds the ground
state in 48Ar through a FF transition with a log ft of 5.51 and
a branching ratio of 43% in our calculations. The primary
configuration of this 0− state is predicted to be π1s−11=2ν1p

1
1=2,

in contrast to the π0d−13=2ν1p
1
3=2 0

− ground state in the isotone
50K [61]. Our calculations demonstrate that three compo-
nents contribute to the 48Clð0−1 Þ → 48Arð0þ1 Þ and 50Kð0−1 Þ →
50Cað0þ1 Þ transitions: ν0f5=2 → π0d5=2, ν1p3=2 → π0d3=2,
and ν1p1=2 → π1s1=2, which are all dominated by the
timelike part of the rank-0 axial current MT

0 . As shown in
Fig. 4, the 0−1 → 0þ1 transition in 50K is predominantly driven
by ν1p3=2 → π0d3=2, but by ν1p1=2 → π1s1=2 in 48Cl.
The above analysis indicates the ν1p1=2 orbital plays a

crucial role in the β decay of 48Cl, leading to a natural
conjecture that the N ¼ 32 subshell closure significantly
erodes in chlorine compared with potassium. The
ΔS2nðN ¼ 32Þ values extracted from the present SM
calculations are 3.8 (Ca), 3.7 (K), 2.6 (Ar), and 2.2 (Cl)
MeV, with the Ca and K results comparable to the
experimental values [23,24]. The small ΔS2nðN ¼ 32Þ in
chlorine is consistent with the crucial role of the ν1p1=2

orbital in the 48Cl β-decay process. However, the N ¼ 32
gap shows only a slight decrease: 3.9 (Ca), 3.6 (K), 3.3
(Ar), and 3.2 (Cl) MeV, where the shell gap is defined as the
difference in energy between ν1p4

3=2 and νð1p2
3=21p

2
1=2Þ

configurations in the N ¼ 32 isotones. The discrepancy
between these two quantities comes from the configuration
mixing—in the ΔS2nðNÞ approach, fragmentation of the
wave function is fully considered, while it is significantly
reduced by constraint of neutron orbital occupation in the

second scheme, which more accurately describes the shell
gap. The present SM calculations show that ground states in
52Ca and 51K are dominated by πð0d43=21s21=2Þ ⊗ νð1p4

3=2Þ
(87%) and πð0d33=21s21=2Þ ⊗ νð1p4

3=2Þ (75%), respectively;

while the largest components πð0d23=21s21=2Þ ⊗ νð1p4
3=2Þ in

50Ar and πðd13=21s21=2Þ ⊗ νð1p4
3=2Þ in 49Cl are only 46% and

41%, respectively. TheN ¼ 32 shell effect remains strong in
Ca and K with their relatively pure configurations, but
weakens drastically in Ar and Cl because of strong con-
figuration mixing. Such quenching of the shell effect also
manifests in the lowEð2þ1 Þ of 1178(18) keVin 50Ar [16] and
the 893(75) keV reduction of 1=2−1 − 3=2−1 energy splitting
in 47Ar compared to 49Ca [67,68].
In summary, we measured the half-lives of 24 neutron-

rich isotopes ranging from sulfur to potassium using the
ZD-ADS at the RIBF. The half-lives of 47S, 48;49Cl, 51;52Ar,
and 55K were determined for the first time, and the half-
lives of 48Ar and 53;54K were remeasured with notably
higher precision. Two prominent features are observed and
discussed with the help of SM calculations using the
SDPFSDG-MU effective interaction. In the first case, the
half-life drop at 54K provides the first experimental con-
firmation of the N ¼ 34 subshell closure in K isotopes, in
agreement with theoretical predictions. The second case is
the significant enhancement of the total β-decay rate in
48Cl, which can be accounted for by the crucial role of the
ν1p1=2 orbital. The SM calculations indicate that theN¼32

subshell gap in Cl is slightly smaller than that in Ca, and the
significant excitation across the N ¼ 32 subshell in 48Cl is
mainly due to strong configuration mixing. Intriguingly,
strong shell effects at N ¼ 32 and 34 are predicted in Si
isotopes with Eð2þ1 Þ of ∼1.8 MeV in 46Si and ∼3 MeV in
48Si [32], encouraging further experiments to study the
evolution of these subshell closures in more exotic regions.

TABLE II. The present SM results for 48Cl. Spin-parity Jπ,
excitation energy, orbital occupation numbers, and β-decay half-
lives of four low-lying states are listed.

Jπ Ex (keV) ν1p3=2 ν1p1=2 TGTþFF
1=2 (ms) TGT

1=2 (ms)

0− 78 2.45 0.98 42 89
1− 119 2.62 0.85 59 98
2− 0 2.79 0.49 83 119
3− 57 2.96 0.39 103 141

(a)

(b)

FIG. 4. The components of the 0−1 → 0þ1 FF transitions in 48Cl
and 50K, represented by (a) one-body transition densities
(OBTDs) and (b) the products of OBTDs and MT

0 -related single
particle matrix elements (SPMEs).
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