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β− decay of neutron-rich 45Cl located at the magic number N = 28
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Results from the study of the β− decay of 45Cl, produced in the fragmentation of a 140-MeV/u 48Ca beam,
are presented. The half-life for 45Cl β decay is measured to be 513(36) ms. The β− and β−1n decay of 45Cl
populated excited states in 45,44Ar, respectively. On the basis of γ -ray singles and γ -γ coincidence data, decay
schemes for the two daughter nuclei have been established. They are compared with shell model calculations
using the FSU interaction. The low-lying negative parity states for 45Ar are well described by a single particle
(neutron) occupying orbitals near the Fermi surface, whereas neutron excitations across the N = 20 shell gap
are needed to explain the positive-parity states which are expected to be populated in allowed Gamow-Teller
β decay of 45Cl. The highest β feeding to the 5/2+ state in 45Ar from the ground state of 45Cl points towards
a 3/2+ spin-parity assignment of the ground state of the parent over the other possibility of 1/2+. The high
Qβ− value of 45Cl decay allows for the population of 1p1h states above the neutron separation energy in 45Ar
leading to positive parity states of 44Ar being populated by removal of one neutron from the sd shell. The
spin-parities of the excited levels in 44Ar are tentatively assigned for the first time by comparison with the shell
model calculations. The 2978 keV level of 44Ar is identified as the excited 0+ level which could correspond to a
different configuration from the ground state.
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I. INTRODUCTION

In the past few decades a primary focus of nuclear structure
studies has been understanding whether the known magic
numbers that appear to hold good near stability remain so as
the drip lines are approached [1–3] where the proton-neutron
asymmetry is large. The magic numbers N = 28 and Z =
28 are the lowest ones whose emergence requires a strong
spin-orbit interaction and thus are of particular interest for
the experimental and theoretical study of exotic nuclei far
from stability to understand the isospin dependence of the
spin-orbit interaction. There are several examples of exper-
imental evidence, accompanied by theoretical calculations,
which indicate that the N = 28 shell gap below 48Ca reduces
continuously with decreasing proton number. Just two pro-
tons away from 48Ca, the excitation energy of the first 2+
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state in 46Ar drops considerably [4]. Further, around doubly
magic 48Ca, which is considered spherical, the nuclear shape
changes rather rapidly to develop deformation in 42Si [5]
while shape coexistence is observed in 44S [6–11].

The study of the excitation of protons in odd-Z nuclei
through measurements of excited states in the K, Cl, and P
isotopes has indicated a near-degeneracy of the proton d3/2

and s1/2 orbitals approaching N = 28 [12]. The increase of
collectivity away from Z = 20 as well as the degeneracy of
πd3/2 and πs1/2 orbitals can be explained by the monopole
part of the tensor force [13], which is attractive between
the ν f7/2 and πd3/2. With the degeneracy of the two proton
orbitals, the ground states of odd-A Cl isotopes are found to
vary between 3/2+ and 1/2+. The ground state spin-parity of
45Cl is not known experimentally, though both 1/2+ [12] and
3/2+ [14] are predicted as possible spins based on different
calculations. The ground states of odd-A 37–45Ar, (Z = 18)
isotopes on the other hand are anticipated to be 7/2− in a
simple filling of the orbitals due to a neutron hole in the
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f7/2 orbital. However, the ground state spin/parity changes
between 5/2− and 7/2− throughout the Ar isotopic chain from
N = 20 to N = 28. A charge radius measurement using laser
spectroscopy has found the ground state as 7/2− for 39,41Ar,
5/2− for 43Ar [15], and then again 7/2− for 45Ar [16].

The N = 26 44Ar is proposed to be deformed with a pro-
late ground state associated with a high B(E2) value for the
2+

1 to 0+
1 transition from Coulomb excitation study [17,18].

The B(E2) value for the same transition in 46Ar [4,19] on
the other hand is found to be lower supporting the smaller
charge radius for the 46Ar [15] compared to 44Ar. However,
the latest measurement of the B(E2) values from the lifetime
measurement of the 2+

1 state for 46Ar and 44Ar by Mengoni
et al. [20], reports almost double B(E2) values for the 46Ar
than 44Ar which is unexpected if the N = 28 shell gap per-
sists for 46Ar. Different calculations also show a discrepancy
between the B(E2) values of these two nuclei which remains
to be resolved. Between the deformed 44Ar and near spherical
46Ar, the structure of the intermediate 45Ar is therefore of
special interest.

β-decay is an excellent experimental tool to study the
excited states of neutron rich nuclei near N = 28. The large
Qβ− values ensure that a large number of excited states, both
bound and unbound, are populated. In this region of the chart
of nuclides, the differences in ground-state spins and parities
between the β-decay parent and daughter limit the possibility
of direct feeding to the ground state. This is due to the protons
filling the 1s1/2 or 0d3/2 subshells, whereas the neutrons are
filling the 0 f7/2 subshell. For odd-A Cl isotopes like 45Cl in
this work, a positive-parity ground state is expected, which
will decay to the positive-parity excited states of odd-A daugh-
ter Ar via allowed Gamow-Teller (GT) transitions and not
feed the negative parity ground state directly. The positive-
parity states in the even-odd daughter arise from promoting a
proton or a neutron across the Z = 20 or N = 20 shell gap
and these 1p1h states are expected at relatively high ener-
gies. For 45Cl, the expected 3/2+ ground state will β-decay
to positive-parity (1/2+, 3/2+, or 5/2+) or negative-parity
(1/2−, 3/2−, or 5/2−) states by allowed or first forbidden
β decays, respectively. Figure 1 illustrates the possible decay
scheme of 45Cl. With the large Qβ− value, the β decay can
also populate states above the neutron separation energy (Sn)
in 45Ar and therefore opens up the possibility of studying
the excited states in the β1n daughter 44Ar. The investigation
of excited states in 44,45Ar is the focus of this study along
with the ground state spin and parity determination for the
parent 45Cl.

II. EXPERIMENTAL SETUP

The experiment was carried out at the National Supercon-
ducting Cyclotron Laboratory (NSCL) [21] at Michigan State
University to investigate the β− decay of exotic 45Cl. A 140-
MeV/u 48Ca primary beam, was fragmented using a thick Be
target at the target position of the fragment separator, A1900
[22], to produce the nuclei of interest. A wedge-shaped Al
degrader, which increases the energy dispersion for different
fragments, was placed at the intermediate dispersive image of

FIG. 1. Schematic representation of 45Cl decay via β0n and β1n
channels. The boxes display the ground-state spin-parity assignments
of the corresponding nuclei. The dominant neutron and proton con-
figuration for the ground state of parent nucleus 45Cl and the excited
states expected to be populated in 45Ar and 44Ar by β and β1n are
shown. The arrows show the transformation of neutron from 45Cl
to proton and removal of neutron from 45Ar involving the possible
orbitals to produce excited states of 45Ar and 44Ar, respectively.

the A1900 separator to provide a cleaner particle identification
of the cocktail beam.

After passing through the wedge shaped Al degrader, the
selected isotopes were transported to the Beta Counting Sys-
tem (BCS) [23]. The BCS is equipped with a 986µm thick
pixelated (40 strips ×40 strips) double-sided silicon strip de-
tector (DSSD) at the center. An Al degrader upstream reduced
the energy of the fragments to ensure that the implants stopped
at the middle of the DSSD. The DSSD was followed by a
single-sided silicon strip detector (SSSD) which served as
a veto detector. This veto detector was used to counter a
large flux of light particles which were transmitted through
the DSSD detector for the particular A1900 settings used
for this experiment which can impair implant-β correlations.
Dual-gain preamplifiers were used for the DSSD to record the
time and position of implants (GeV energy depositions), as
well as subsequent decays (keV to MeV energy depositions).
The implant rate was kept well below 200/sec to maximize
the efficiency of correlating the implanted ion with the decay
products.

Two Si PIN detectors, placed upstream of the DSSD, pro-
vided the partial energy loss information of the fragments.
Along with the scintillator at the intermediate dispersive im-
age of the A1900 these PIN detectors provide the time of
flight information used to generate particle identification plots
(PID) of the incoming implants as shown in Fig. 2. The DSSD
and SSSD detector combination was surrounded by 16 Clover
detectors to detect the β-delayed γ rays with an efficiency
of about 5% at 1 MeV. The efficiency of the array was
measured with the SRM [24] (standard reference material—
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FIG. 2. The two-dimensional plot of partial energy deposition
in the upstream Si PIN detector (�E ) and the time of flight (ToF)
measurement with respect to the focal plane scintillator detector used
for particle identification of the nuclei of interest in the present work.

consisting of radioactive 125Sb, 125Te, 154Eu, 155Eu) and 56Co
sources placed outside of the DSSD and then corrected for
the dimensions of the DSSD with GEANT4 simulations. The
time-stamped data were collected using the NSCL digital data
acquisition system [25]. The timing and spatial correlations
from each channel corresponding to the different detectors
were used to ensure the correlation between the implanted
fragments in the DSSD and the corresponding β-decay event.

III. EXPERIMENTAL RESULTS

Figure 2 shows the clear separation of the different isotopes
produced in the present experimental investigation. Selected
45Cl implants from the cocktail beam were correlated with the
emitted β particles to obtain half-life. Further, coincidence
of delayed γ transitions with the correlated implant-decay
events allowed us to study the excited states of 45Ar and
44Ar produced via β and β-1n decay respectively. A typical
fragment-β-γ correlation spectrum for 45Cl decay can be seen
in Fig. 3, where the correlation window between implant and
β particle is 500 ms and the γ s are in prompt coincidence
with the decay particles. Intense transitions depopulating the
excited states of 45Ar and 44Ar are marked. Contamination
from the strongest populated channel (43S decay) via random
correlations are also observed in this case and those transitions
are marked with an asterisk. The β decay of other neutron rich
P and S nuclei seen in Fig. 2 have been reported and discussed
in our previous publication [26].

A. β decay of 45Cl

The time differences between 45Cl implants and β particles
detected in the same or one of the adjacent eight pixels of
the DSSD, in coincidence with the strongest ground-state γ

transition (542 keV) in 45Ar, were histogrammed to generate
a decay curve. The half-life of 45Cl was extracted from this
decay curve, as shown in Fig. 4. A fit using a exponential de-
cay function of 45Cl and a background component accounting

FIG. 3. A typical fragment-β-γ correlated spectrum which
clearly shows the strong γ transitions belonging to 45Ar and 44Ar.
The spectrum was generated for a correlation window of 500 ms
between the 45Cl blob as seen in the PID and corresponding β par-
ticles after subtracting background from a long correlation window.
The asterisks mark background transitions pertaining to the strongest
fragment of the cocktail beam.

for other long-lived activity gives a half-life of 513(36) ms.
The previous half-life measurement for 45Cl with a value of
400(43) ms is taken from the work of Sorlin et al. [27] whereas
a preliminary work by Winger et al. [28] reported it as 420(30)
ms. In Sorlin et al. the half-lives were deduced from con-
structing a time histogram of the β-n coincidences detected
after the identification of the corresponding parent nucleus.
For 45Cl only 880 events were detected and the authors discuss
a possible mixing with another implant with shorter half-life.
The measured half-life of 513 (36) ms obtained in this work
is consistent with the shell model calculations using the FSU

FIG. 4. The time difference between the 45Cl implants and cor-
related β decay events gated by the 542-keV ground state transition
in 45Ar. The experimental data are fitted with exponential decay
functions to account for 45Cl decay with suitable background. The
half-life is found to be T1/2 = 513(36) ms. This number is larger than
the previous measurements of 400(43) ms [27] and a preliminary
number of 420(30) ms from Ref. [28] though within 2σ .
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FIG. 5. (a)–(d) Coincidences observed between the γ transitions
in 45Ar used to establish the level scheme. A correlation window
between the implant and decay equal to about five half-lives of the
parent nucleus was used to record the γ transitions.

interaction which give a value of 500 ms without including the
first forbidden β transitions.

The γ -γ coincidences between the transitions observed
in 45Ar are shown in Figs. 5(a)–5(d) and the corresponding
level scheme in Fig. 6. Figure 5(a) displays the 542-keV gate
which is the strongest transition in 45Ar and one can see all the
known transitions: 798, 876, 1193, 1230, 1525, and 2754 keV
along with the newly placed 2554 keV. The 2554-keV

FIG. 6. Partial level scheme of 45Ar following β− decay of 45Cl
with a T1/2 = 513(36) ms and Qβ− = 11.51(14) MeV. The transi-
tions marked in black were known before whereas red indicates the
new transition observed in this work. The blue marked transitions
were reported earlier as tentative by Ref. [29] which we are able to
verify and confirm. The apparent beta branching (relative to the 5/2+

state at 3296 keV) is also shown for the excited states. The shell
model calculation using the FSU interaction [30] predicted the 0p0h
and 1p1h excited states and are shown along with the experimental
levels. See text for more details.

TABLE I. γ -ray energies along with the corresponding initial
levels and initial and final spins for 45Ar and 44Ar observed in the
present work are presented. For 45Ar the intensities of the γ rays are
normalized with respect to the strongest 542-keV γ ray. For 44Ar the
branching from each level is shown with each branch normalized to
the strongest one from that level.

45Ar Ei Eγ

(keV) Ji → Jf (keV) Irel

542(1) 3/2− → 7/2− 542(1) 100(10)
1340(1) 3/2− → 7/2− 1340(1) 10.6(12)

3/2− → 3/2− 798(2) 3.4(5)
1418(2) 1/2− → 3/2− 878(1) 10.5(12)
1735(1) 1/2+ → 3/2− 1193(1) 12.1(14)
1772(1) 3/2+ → 3/2− 1230(1) 37.6(39)
2757(2) (1/2−) → 3/2− 2215(2) 1.8(4)
3296(2) 5/2+ → 3/2+ 1525(1) 16.5(18)

5/2+ → 3/2− 2754(1) 30.4(34)
5/2+ → 7/2− 3296(2) 12.6(16)

3946(2) 1/2+ → 3/2− 3404(2) 0.9(3)
4326(3) (3/2+) → 3/2+ 2554(2) 2.0(4)

(3/2+) → 3/2− 2986(2) 0.8(3)
(3/2+) → 3/2− 3784(3) 2.0(5)

44Ar Rel. branching
1158(1) 2+ → 0+ 1158 (1) 100
2011(1) (2+) → 2+ 853(1) 68(24)

(2+) → 0+ 2011(1) 100
2978(1) (0+) → (2+) 966(1) 100

(0+) → 2+ 1818(1) 83(33)
4808(2) (2+) → (2+) 2797(2) 100

(2+) → 2+ 3649(2) 4.3(12)
(2+) → 0+ 4808(2) 4.7(16)

5354(2) (1+) → (0+) 2376(1) 100

transition is proposed to decay from the highest observed
level, at 4326 keV to the 1772-keV level based on the coinci-
dences shown in Fig. 5(d). The coincidence gate of 1230 keV
shows the 542-keV and 1525-keV transitions only, which
belong to the same cascade [Fig. 5(b)]. The absence of any
transition other than 542 keV in the coincidence gate of
1193 keV confirms that no gamma transition is feeding the
1735-keV level [Fig. 5(c)]. In Ref. [29] two tentative γ tran-
sitions at 3408 and 2215 keV were reported to decay from
the proposed 3950- and 2757-keV levels, respectively. The
existence of the 3950-keV (3946 keV in present study) level
was established prior from the neutron transfer study [16]. The
present work confirms the presence of 2215- and 3404-keV
transitions in the coincidence gate of 542 keV [Fig. 5(a)].

The level scheme in Fig. 6 shows the apparent relative β

branching of the levels considering the absolute efficiencies of
the detected γ rays. The assignment of the spin-parities of the
observed levels of 45Ar is guided by predictions from shell-
model calculations (discussed later in detail) as well as from
the γ branching and the allowed β transition rates from the
parent nucleus (45Cl). The β decay should primarily populate
the 1p1h positive parity states and hence the log f t values
from the shell-model (SM) calculations are noted only for
the positive parity states. Table I gives the level energies and
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FIG. 7. (a)–(d) Coincidences observed between the γ transitions
in 44Ar. The 1158 keV transition coincidence gate shows contamina-
tion from 44Ca which are marked with blue solid boxes.

γ rays decaying from them, possible Jπ values, and relative
intensities for both 45Ar and 44Ar excited states.

B. β1n decay of 45Cl

The large Qβ− = 11.51 MeV of 45Cl, along with a low
(5.169-MeV) neutron separation energy (Sn) of 45Ar, leads to
a significant beta-delayed neutron branch populating excited
states in 44Ar. The spin-parities of the states populated in
the β-delayed daughter largely depend on the spin-parity of
excited state in 45Ar.

The γ rays in coincidence with the 1158-keV ground-state
transition (2+ to 0+) in 44Ar are shown in Fig. 7(a). Here, it
is worth mentioning that a close by γ transition (1157 keV)
exists in 44Ca (2+ to 0+ transition) leading to some
spurious coincidences marked with solid blue boxes in
Fig. 7(a). The strongest transition seen is 853 keV, which is
the decay from the second 2+, 2011 keV level to the first
excited 2+ (1158-keV) level. This second 2+ state at 2011 keV
has been confirmed in an earlier deep inelastic reaction study
by Wan et al. [31]. The coincidence spectrum also shows the
weaker 966-, 2376-, 2797-, and 3649-keV transitions which
were already reported in Ref. [29]. The presence and absence
of the 3649-keV transition in the 1158 and 853 gates, respec-
tively, fixes the placement of this transition from the 4808
keV to the 1158 keV level. The highest observed excited level
5354 keV from the present work is seen to be decaying only
to 2978 keV level via the 2376 keV transition.

The level scheme, formed from the present work is shown
in Fig. 8 (left panel). Along with the experimental levels,
the corresponding SM predicted levels (right panel) are also
shown. All the transitions, apart from the 853-, 1158-, and
2011-keV transitions are observed for the first time in the β1n
decay of 45Cl and are marked in blue in the experimental level
scheme shown in Fig. 8 (left panel). Two levels at 2746 keV
and 3439 keV, shown in the experimental level scheme by
green dashed lines, were not populated in the βn channel but
are shown for comparison with the shell model calculations
and were seen in the previous study by Fornal et al. [32].

FIG. 8. Partial level scheme of 44Ar following β1n decay of 45Cl
[Qβ−n = 6.34(14) MeV] is shown in the left panel. The relative
intensity of the de-exciting transitions (except the 1158 keV) are also
reported along with the associated errors. Two levels are shown by
green dashed lines which were reported previously but not seen in
the present work. The transitions which are seen for the first time
from β1n work are marked in blue. The spins of the levels that are
suggested for the first time in the present work are marked with
red (see Sec. IV B). Predictions of shell-model (SM) calculations
using the FSU interaction [30] are shown in the right panel. The
possible γ transitions and their relative branching ratios were also
calculated and are noted. The excited states, predicted by the SM but
not observed in the experiment, are shown at the right of the SM level
scheme in red.

IV. DISCUSSION

A. 45Ar

The ground state spin-parity of 45Cl is expected to be 3/2+
due to an odd proton in d3/2 orbital and a full ν f7/2 orbital
in a simple picture as illustrated in Fig. 1. However with
the d3/2 and s1/2 orbitals being nearly degenerate, a 1/2+
assignment cannot be ruled out. Below, based on the γ de-
cay characteristics and shell-model calculations, we suggest
a 3/2+ spin-parity. The shell-model calculations presented in
this work were performed using the shell model code COSMO

[33] using the FSU interaction. The FSU interaction (shell-
model interaction developed at Florida State University) is
an empirical effective interaction obtained by fitting experi-
mental data in the 0p-1s0d-0 f 1p valence space, with details
provided in Ref. [30]. It is aimed to explain cross-shell excita-
tions between the sd and f p shell and also p and sd shells for
neutron-rich sd-shell nuclei [30]. The predictions of the FSU
interaction have found great success in explaining many ex-
perimental observations [34,35]. For the calculations quoted
here, when the excitations are confined to the sd shell for
both neutrons and protons they are referred to as 0p0h excita-
tions, whereas 1p1h calculations involve excitation of single
nucleon across either the N = Z = 8 (0p-1s0d) shell gap or the
N = Z = 20 (1s0d-0 f 1p) gap creating opposite parity states.
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TABLE II. SM predictions (using the FSU interaction) for the
branching ratio of the 5/2+

1 state in 45Ar. The experimental value
of the γ ray transition was used in the calculation of the rates.
The difference in branching to the 3/2+ and 1/2+ states is used to
confirm the spin-parity assignment to the two experimental state at
≈1.7 MeV.

Ji → Jf Eγ (keV) B(M1) (μ2
N ) B(E2)(e2fm4)

rate(1/sec) rate(1/sec)

5/2+ → 1/2+ 1525 104
1.05 × 1012

5/2+ → 3/2+ 1525 0.35 27.3
2.19 × 1013 2.77 × 1010

1. Positive-parity states

From the selection rules of allowed GT decay, states with
positive parity should have the highest branching in the daugh-
ter nucleus. In a more nuanced picture, the β− decay will
likely involve the conversion of a d3/2,5/2 neutron into a
d3/2 proton as 45Ar has a vacancy in the πd3/2 orbital. The
other possibility is for the s1/2 neutron to transform into an
s1/2 proton as indicated in Fig. 1. These will create neutron
hole states in 45Ar corresponding to the 1p1h states in the
shell-model calculations. We propose that the states at 1735-,
1772-, 3296-, 3946-, and 4326 keV with the highest branching
to be populated via allowed GT transitions and hence have
positive parity. In a recent transfer study using the reaction
1H(46Ar, d )45Ar [16] the same states except 4326 keV were
proposed as neutron hole states. However, in their excitation
energy spectrum, there are indications of a weak 4.3 MeV
state overlapping with the 3.95 MeV state (the 3.95 MeV
peak is clearly asymmetric). The observed states at 1735 and
1772 keV in Ref. [16] were found to have large spectroscopic
factors for νd3/2 and νs1/2 hole states but, due to limited
experimental energy resolution, they were not able to resolve
the two levels. In this work, with the excellent resolution of
the high purity germanium detectors, we are able to assign
accurate energies to the two. The shell-model calculations pre-
sented, found the 3/2+state at a higher energy than the 1/2+
state and as a result, we assign the 1735- and 1772-keV levels
as 1/2+ and 3/2+, respectively. This is further confirmed by
the branching ratio of the decays of the 3296-keV state as
discussed ahead.

The 3296-keV state has the strongest population in the cur-
rent β-decay study consistent with the previous study [29,43].
It has decay branches to the 7/2− ground state, the 542-keV
first excited 3/2− state and a strong branch to the 1772-keV
state which we propose to be the 3/2+

1 state. We could not
identify any transition to the 1735-keV state within our obser-
vation capability. As the 3296-keV state decays to the ground
state, it likely has a 5/2+ spin-parity. The vicinity of this state
to the 5/2+ 3224-keV state predicted in the SM calculations
ratifies this assignment and the calculated log f t value of 4.98
justifies its strong population in the β decay. The predicted
decay probabilities of the 5/2+

1 states to the 3/2+
1 and 1/2+

1
states in the SM calculations are listed in Table II. The decay

FIG. 9. The occupation number (y scale) of different orbitals
(proton and neutron) for the positive parity excited states calculated
from shell-model using the FSU interaction [30] for 45Ar are shown.
The energies of the experimental states corresponding to each pro-
posed SM states in the present work are indicated in parentheses.
The blue dashed columns are the maximum occupancy for an orbital
(2 j + 1). The solid black columns (and black solid lines) are the
occupancy of the 7/2− ground state and the red columns are the
occupancies of the excited states of 45Ar.

to the 3/2+ state via a M1 transition is stronger and supports
the spin assignments to the doublet of states at ≈1.7 MeV.

The occupation numbers for the ground state and the
excited positive-parity states in 45Ar from SM calculations
are shown in Fig. 9. The occupation numbers for the two
states at ≈1.7 MeV clearly establish them as νs1/2 and νd3/2

hole states, respectively. The occupancy of the 3296-keV
state from the shell-model calculation shows contribution
from the νd5/2 hole along with s1/2. This level was also ob-
served via the 1H(46Ar, 45Ar) 2H reaction by Lu et al. [16]
though no spin was assigned to that state. The assignment
of 5/2+ for 3296 keV from the present work, as discussed
above, is consistent with the observation of a small peak at
3.29 MeV [16] in the deuteron spectra. Another state at 3.95
MeV, described to have � = 0 parentage in Ref. [16], is also
observed in the present work. The shell-model calculation
supports the presence of the second 1/2+ state at 3978 keV
with considerable contribution from both neutron and proton
s1/2 orbitals. Therefore, the state at 3946 keV is assigned a
1/2+ spin-parity. The shell model further predicts a close by
3/2+ at 4264 keV (see Fig. 6), which we have associated with
the 4326-keV state. The higher energy states (at 3978 keV and
4264 keV) show a rise in occupation number for protons in
the f7/2 orbital with respect to the ground-state configuration
while the occupation number for πd3/2 remains the same. It is
accompanied by a slight drop in the occupancy for the ν f7/2

orbital. These states could have contribution from conversion
of an f7/2 neutron to a f7/2 proton in the β decay.

2. Ground state of parent 45Cl

The strong population of the 5/2+ at 3296 keV in the β

decay leads to the determination of the ground state spin and
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parity of the parent to be 3/2+. The ground-state spin-parity of
the neutron-rich odd-mass Cl isotopes are in the spotlight due
to the degeneracy of πs1/2 and πd3/2 orbitals as one moves
from the N = 20 37Cl to the neutron-rich 45Cl (N = 28).
Gade et al. [12] systematically showed the reduction of the
E (1/2+)–E (3/2+) gap as a function of neutron-proton asym-
metry for all the odd-mass K, Cl, and P isotopes. Though the
ground-state spins have been experimentally verified for 41Cl
and 43Cl as 1/2+ with a very close by 3/2+, the tentatively
assigned 1/2+ ground state of 45Cl based on SM calculations
in Ref. [12] had not been confirmed experimentally. Two
closely spaced energy states (127 keV apart) are predicted
as candidates for the 1/2+ and 3/2+ generated from proton
holes in s1/2 and d3/2, respectively. The present work reports
the highest β feeding to the 5/2+ state in 45Ar from the ground
state (g.s.) of 45Cl. This is possible only from a 3/2+ ground
state and can be considered as the first experimental support
for the assignment of 3/2+ spin to the ground state over 1/2+
for 45Cl indicating a return of normal filling of orbitals in
odd-A Cl isotopes. β decay of 45S into 45Cl can shed further
light on the ground state spin/parity.

3. Negative parity states

The lower states in 45Ar are supposed to have negative
parity arising from the excitations of the odd neutron(s) within
the f p shell. Their population in β decay is either due to
feeding from the high-lying states or could also arise from
first forbidden (FF) transitions.

The excited states at 1340 and 1418 keV are found to
be consistent with the previous β-decay study by Mrazek
et al. [29]. The state at 1.34 MeV was tentatively reported
by Lu et al. [16] in a 1H(46Ar, d ) 45Ar study though the
44Ar(d, p) 45Ar reaction studied by Gaudefroy et al. [36,37]
could not identify this state. Gaudefroy et al. on the other
hand, reported a 1420(60)-keV excited state with 3/2− spin-
parity and described it as a member of the multiplet of the
π (2+) ⊗ ν f7/2 configuration with one proton hole in s1/2 and
another in d3/2. Because of the mixed nature, both these states
were weakly populated in either of the transfer-reaction study
[16,37]. The present shell-model calculation predicts the sec-
ond excited state to be 3/2− with a close by 1/2− state (see
Fig. 6). The 1340-keV level has a direct γ -decay branch to the
7/2− ground state favoring a 3/2− spin assignment over 1/2−
spin whereas the 1418-keV state decays to only the 542-keV
3/2− state and not to the ground 7/2− state. Therefore, it is
proposed that the second excited state at 1340 keV has a 3/2−
spin-parity while the 1418-keV level is a 1/2− consistent
with the � = 1 assignment of Ref. [36] as well as present
shell model predictions with a composite configuration of
π (d3/2 ⊗ s1/2) ⊗ νp3/2.

The negative-parity energy levels in 45Ar (observed here
and from prior studies) and 43Ar are further compared with
the shell-model calculations in Fig. 10 to understand the evo-
lution of the N = 28 shell gap. Relatively less information is
available for the negative parity states in 43Ar, as is clear in
the figure. Unlike 45Ar, a ground-state doublet of 5/2− and
7/2− is predicted in 43Ar and can be considered as members
of the multiplets arising from the configuration πd−2

3/2ν f −3
7/2.

FIG. 10. The low-energy negative-parity states are displayed for
45Ar and 43Ar [38,42] for comparison both from experiment and
shell-model calculations using the FSU interaction [30]. The experi-
mental energy of 7/2− state for 43Ar is yet unknown.

There is only tentative experimental evidence of this doublet
in 43Ar with 5/2− proposed to be the ground state [38,39].
Further the β decay of 43Cl with a 3/2+ g.s. [40] shows a
large branch to the ground state of 43Ar through FF decay
which also favors the 5/2− assignment. Hence, though the SM
calculations using the FSU interaction correctly predict very
closely spaced 7/2−(g.s.) and 5/2− state (286 keV in Fig. 10)
for 43Ar, the 5/2− is more probable for the ground state. For
45Ar on the other hand, both the SM calculations and the
experimental observations do not support a close 5/2−–7/2−
ground-state multiplet, a signature of the proximity to the
N = 28 shell closure.

B. 44Ar

The states populated in 44Ar follow the neutron emission
from the 1p1h positive parity states with spins of 1/2, 3/2,
or 5/2 populated in 45Ar above Sn. The first excited state of
even-even 44Ar is at 1158 keV with a Jπ of 2+ known from
earlier Coulomb-excitation, in-beam γ -spectroscopy and deep
inelastic studies [17,18,31,32] and is described as a deformed
state while the second excited one is also a 2+ state at
2011 keV. The spins of the other excited levels observed at
2978, 4808, and 5354 keV are proposed to be 0+ to 4+ in
National Nuclear Data Center (NNDC) [41]. We have tried to
make more specific spin assignments to these states assum-
ing their positive parity by comparing with the predictions
of shell-model calculations in the 0p0h valence space. As
depicted in Fig. 1 the neutron will be emitted from the sd
shell (if the final state is positive parity) leading to a 2p2h
state. Thus the positive parity states populated in 44Ar follow-
ing β-delayed neutron emission will have some admixture of
2p2h configuration to facilitate the transition. Our calculations
currently cannot accommodate mixed calculations.

The experimental levels (left panel) and SM predicted
states (right panel) for 44Ar are shown in Fig. 8 along with the
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relative intensities of the γ transitions from each level. The
experimental 2978-keV level decays to the first and second
2+ states via the 1818- and 966-keV transitions, respec-
tively, where the 966-keV decay dominates over the 1818-keV
branch. This 2978-keV level lies close in energy to four pre-
dicted states (0+, 4+, 2+, and 3+). The calculated 4+ (2978
keV) and 2+ (3013 keV) states have higher transition rates to
the 4+

1 (2680 keV) and 0+ (g.s.) states, respectively, which is
not observed in the decay of the experimental 2978-keV level.
This leaves the two spins, 3+ (3047 keV) and 0+ (2717 keV),
as the most probable candidates for this level.

The level at 4808 keV decays to the ground state and the
excited 2+ (1158- and 2011-keV) states. Therefore, among
the prior suggested spin-parity assignments, 4+, 3+, or 0+
[41] are not possible for this state. Between the remaining
2+ and 1+ spin, the shell model does not predict any 1+
state nearby (Fig. 8), therefore the spin for this level is sug-
gested to be 2+ corresponding to the level 4842 keV from the
calculation. Further, the calculations (Fig. 8) predict that the
4842-keV level (experimental 4808 keV level) has the most
intense decay branch to the ground state and the excited 2+
states, which matches with the experimental observation. If
the spin-parity of 2978-keV state is assigned as 3+ then the
shell-model predicts a strongest decay branch from 4808-keV
to 2978-keV level. The absence of a decay path from 4808-
keV to 2978-keV state encourages us to assign the 2978-keV
state as the excited 0+ over the 3+ possibility. The systematics
of excited 0+ in Ar isotopes will be discussed next.

The highest observed level from the present βn decay work
is at 5354 keV with a decay only to the newly assigned 0+
2978-keV level. This 5354-keV level was proposed to decay
to the 2011-keV (2+

2 ) and 1158-keV (2+
1 ) states via the 3342-

and 4195-keV transitions in the earlier 44Cl β-decay work
[29] but with 3–5 times less intensity than the 2376 keV
transition. The observation of the strong 2376-keV transition
to the 2978-keV (0+) state rules out 0+ and 3+ assignments for
the 5354 keV level. The shell model predicts a 2+ at 5141 keV
and a 1+ at 5208, both of which are good candidates but the
2+ is predicted to decay by a strong transition to the 2+

2 state
not consistent with the experiment. Therefore, the 5354 keV is
assigned as 1+, consistent with all experimental observations.
The population of 1+ and 2+ in the delayed neutron decay
suggests the population of a 3/2+ unbound state in 45Ar which
decays by a � = 0 neutron.

C. Even-even isotopes near N = 28

To understand the evolution of shape away from the N =
28 shell closure, the excited state energies of 2+

1 and 0+
2 ex-

cited states are plotted for even-even Ar isotopes as a function
of neutron number in Fig. 11. With N = 20, both 2+

1 and
0+

2 are high in energy for 38Ar, reflecting the large shell gap
between the d3/2 and f7/2 orbitals. As we increase the neutron
number approaching the half-occupancy of the f7/2 orbital, the
lowering of the first 2+ state indicates an increasing collectiv-
ity, and reduction of the N = 28 shell gap. In the Ar isotopic
chain, it is interesting to notice that the most collective
behavior is for the ground state of 44Ar (N = 26) signified
by the lowest energy of 2+

1 . After that, the increase of the

FIG. 11. The experimental low-lying 2+
1 and 0+

2 energies of Ar
isotopes as a function of neutron number. The shell-model (using
the FSU interaction) predicted states are also shown as closed (open)
stars for 2+

1 (0+
2 ) spin. The 0+

2 spin for 42Ar is adopted from one of the
possible spins predicted in NNDC [42] for the 2512.5-keV level for
comparison purposes. The experimental values for the nuclei (other
than 44Ar) are taken from Refs. [18,38,42,44–46].

2+
1 energy points towards the restoration of the shell gap be-

tween the ν f7/2 and νp3/2 orbitals in 46Ar. With an additional
neutron pair above N = 28, the 2+ state comes down in energy
for 48Ar.

A different trend is seen for the 0+
2 state, which generally

represents a different shape of the nucleus from the ground
state. For 40Ar, the 0+

2 state is described to be part of a
superdeformed band in Ref. [47]. With increasing neutron
number, the energy of this state is found to increase, attaining
a maximum value for 44Ar. After that, the experimental 0+

2
state shows a decreasing trend again for 46Ar. As can be
seen from Fig. 11, the shell-model calculations with the FSU
interaction (solid black stars) closely mirror the 2+

1 values for
38–48Ar. For the 0+

2 states (open red star) from 0p0h configu-
rations, the shell-model predictions show an increasing trend
in energy with decreasing neutron number, in disagreement
with the experiment. A possible reason is that the 0+

2 states for
38–42Ar isotopes could have contribution from 2p2h configura-
tion which is beyond the scope of present SM calculations. It
will be interesting to search for the 0+

2 state in 48Ar, which
is predicted to be very high (4.3 MeV) in the present SM
calculation.

V. SUMMARY

The β− decay of 45Cl is reported here, from an experi-
ment performed at the NSCL following the fragmentation of
a 48Ca primary beam. The half-life of 45Cl is measured to
be 513(36) ms, which is longer than the prior measurement
from GANIL but consistent with shell model calculations
using the FSU interaction. The level schemes of 45Ar and
44Ar are established from the observed γ -γ coincidences
in the β and β1n channels, respectively. Many of the prior
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tentative placements of transitions in 45Ar have been veri-
fied and a new γ transition at 2554 keV has been added.
The experimentally observed levels are compared with SM
calculations for both 44,45Ar with excellent agreement. From
the predicted occupancy of different orbitals and the decay
pattern of the γ transitions from the excited levels, the spin-
parity of the levels of 45Ar populated via GT transitions are
proposed. The higher lying positive-parity states of 45Ar are
candidates for 1p1h excitations consistent with their popu-
lation in prior transfer reactions. The maximum feeding to
the 5/2+ state in 45Ar, supported by the small log f t value
calculated from SM calculations, allowed us to assign a spin-
parity of 3/2+ to the ground state of the parent 45Cl. The
spin and parity for the levels in 44Ar are proposed by com-
paring with SM calculations. An excited 0+

2 state is proposed
for the first time in 44Ar at 2978 keV. The SM calculations
reproduce the experimental evolution of the 2+

1 state for the
even-A Ar isotopes (from N = 20 to 30) reasonably well and
suggest maximum collectivity for the ground state of 44Ar.
However, the trend of the excited 0+

2 in even-even Ar isotopes

is not that consistent with the calculations. The accuracy of the
present shell model calculations for predicting the 0+

2 states
will get validation with the experimental observation of the yet
unknown 0+

2 state for 48Ar in future experimental endeavors.
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