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In-beam γ -ray spectroscopy of 43−46Cl
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The low-energy nuclear structure of the neutron-rich 43−46Cl isotopes is studied via in-beam γ -ray spectroscopy
following the fragmentation of 48K projectiles on a 9Be target at intermediate beam energies. γ γ coincidence
information was used to construct level schemes for these neutron-rich nuclei. For the N = 28 nucleus 45Cl, the
lifetime of the first excited state at 130 keV was extracted via γ -ray line shape analysis, yielding an M1 strength
an order of magnitude greater than that predicted by theory. The experimental data is compared to the results of
large-scale shell-model calculations with effective interactions in the sd-pf model space.
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I. INTRODUCTION

With rare-isotope beam facilities in operation around the
world, it has become clear that the nuclear shell model’s
“magic numbers” or shell closures—ubiquitous near the
valley of stability—can break down at large proton-neutron
asymmetry [1–3]. The magic number 28 is of particular
interest because it is the lowest number—and thus the most
readily accessible with experiments and the most tractable
in shell-model calculations—whose emergence requires a
strong spin-orbit interaction. Therefore, in addition to the
phenomenon of shell evolution in the exotic regime, an
understanding of the breakdown of the N = 28 shell closure
far from stability can give insight into the isospin dependence
of the spin-orbit interaction.

In recent years, experiments have shown that the N = 28
isotones 44S (Z = 16) and 42Si (Z = 14) are collective [4,5]
with evidence for shape and configuration coexistence [6,7],
signaling the breakdown of the neutron shell closure as protons
are removed from the sd shell [4,5]. Measurements of excited
states in the odd-Z neighbors potassium, chlorine, and phos-
phorus (Z = 19, 17, 15) have indicated a near-degeneracy of
the d3/2 and s1/2 proton orbitals approaching N = 28 [8,9].
Both of these trends can be qualitatively explained by the
monopole parts of the tensor force [10], which is attractive
between the proton d3/2 and neutron f7/2 orbitals. These
effects lead to enhanced quadrupole correlations across both
the Z = 14 and N = 28 gaps, making 42Si the most collective
in the region [5].

A consistent theoretical description of nuclei in this region
of the nuclear chart has remained a challenge, with the most
successful shell-model effective interaction, SDPF-U [11],
divided into two parts, one valid for for Z > 14 and one
optimized for Z � 14. A new effective interaction based on the
extended pairing quadrupole-quadrupole force with inclusion
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of a monopole term (EPQQM) was proposed recently [12]
with the aim to provide a unified description of neutron-rich
nuclei in the sd-fp shell. In order to benchmark emerging and
existing theoretical descriptions of this interesting region, we
have used in-beam γ -ray spectroscopy with γ γ coincidence
measurements following the fragmentation of a 48K projectile
beam to investigate the low-energy structure of 43−46Cl. For
the N = 28 nucleus 45Cl, the lifetime of its first excited state
could be determined from the line shape of the 130 keV γ -ray
transition. Previous knowledge on 43Cl and 45Cl stems from
in-beam γ -ray spectroscopy following fragmentation reactions
[8,13] and intermediate-energy Coulomb excitation [14]. The
single-particle structure of 44Cl was studied before via one-
neutron knockout from 45Cl [15] and with a ground-state
g-factor measurement [16]. No previous spectroscopic data
exist on 46Cl.

II. EXPERIMENT

The experiment was performed at the Coupled Cyclotron
Facility at the National Superconducting Cyclotron Laboratory
at Michigan State University. A 48K secondary beam was
produced by nucleon exchange induced by a 140 MeV/u 48Ca
primary beam interacting with a 740 mg/cm2 9Be production
target, as described in Ref. [17]. The beam was purified in
the A1900 fragment separator [18] with a 390 mg/cm2 Al
wedge degrader. The 48K beam was then transmitted to the
experimental setup with the momentum acceptance, �p/p,
restricted to 0.5% and impinged at a rate of approximately
2 × 105 pps upon a 376 mg/cm2 9Be foil at the target position
of the S800 spectrograph [19] with a midtarget energy of
85 MeV/u. The emerging projectile-like reaction products
were identified event-by-event using the detectors in the focal
plane of the S800 spectrograph in conjunction with plastic
scintillators in the beam line for time-of-flight information.
Figure 1 shows the particle identification spectrum that uses
the energy loss measured with the S800 ionization chamber
and the ion’s flight times taken between two plastic scintillators
(corrected for each ion’s momentum and angle).

The reaction target was surrounded by the Segmented
Germanium Array (SeGA) [20], an array of 32-fold segmented
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FIG. 1. (Color online) Particle identification spectrum for the re-
action residues produced in 48K(9Be,X)Y. Energy loss was measured
in the ionization chamber of the S800 focal plane. The time-of-flight
was taken between plastic scintillators in the beam line and in the
back of the S800 focal plane. The Cl isotopes of interest can be
unambiguously identified.

HPGe detectors. The SeGA detectors were arranged in two
rings, with seven detectors at 37◦ and ten at 90◦ with respect
to the beam line. The location of the detector segment
that registered the largest energy deposition was used to
compute the γ -ray emission angle that entered the Doppler
reconstruction needed for the γ rays emitted by the reaction
products in flight. Doppler-corrected γ -ray spectra detected in
coincidence with the respective chlorine isotopes are shown in
Figs. 2, 5, and 9.

In the offline analysis, all γ rays detected within a 600-ns
time window were considered to be coincident and stored in
a two-dimensional coincidence matrix. Coincidences between
individual γ rays, shown in Figs. 3, 6, and 11, were obtained
by software gates on the full-energy peak in the coincidence
matrix. Background was estimated from a gate on a featureless
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FIG. 2. Doppler-corrected γ -ray spectrum (v/c = 0.408) in coin-
cidence with 43Cl. The inset shows the peaks above 1 MeV in greater
detail.
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FIG. 3. Background-subtracted γ γ coincidence spectra for 43Cl.

section of the spectrum on the high-energy side of the peak.
All coincidence spectra shown in this work are background
subtracted.

An efficiency calibration of the SeGA setup was performed
with standard γ -ray calibration source of known activity.
The γ -ray detection efficiency entered the determination of
the relative intensities of the γ -ray transitions, shown in
Tables I, II, VI, and VII and was used in some cases to
determine the ordering of coincident γ -rays in a coincidence
cascade.

III. RESULTS AND DISCUSSION

In the following, we discuss our results for 43Cl, 45Cl, and
44,46Cl separately. The measured data and the proposed level
schemes are compared to large-scale shell-model calculations
using the SDPF-U [11] and EPQQM [12] effective interactions
for the sd-pf shell, with an empty proton fp shell, and a filled
neutron sd shell. SDPF-U is an updated version of SDPF-
NR [21], adjusted to better fit recent data on very neutron-
rich nuclei. It is essentially split into two separate effective
interactions, one for Z � 14 and one for Z > 14. In these
calculations, we used the interaction with Z > 14. Extended
pairing, quadrupole-quadrupole and monopole (EPQQM) is a
recent effective interaction aimed at a unified description of
neutron-rich nuclei in this region.

A. 43Cl

Figure 2 shows the Doppler-reconstructed γ -ray spectrum
taken in coincidence with 43Cl reaction residues. Five γ -ray
transitions are clearly present, at 256, 327, 613, 882, and
1338 keV. Additionally, there is a less intense peak visible at
1024 keV and a likely doublet at 1494 and 1529 keV (see
Fig. 2 inset). All five of the strong peaks were observed
previously in Ref. [8], and a peak at 1509(10) keV was
reported in Ref. [13]. From the γ γ coincidence data displayed
in Fig. 3, we obtain the coincidence relations shown in
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TABLE I. γ -Ray energies, efficiency-corrected relative intensi-
ties, and coincidences for 43Cl.

Eγ [keV] Iγ [%] Coincident γ rays

256 18(1) 327, 1338
327 100(3) 256, 613
613 45(3) 327
882 30(3)
1024 7(2)
1338 22(3) 256, 327

Table I, resulting in our proposed level scheme in Fig. 4.
Due to its intensity, the 327-keV transition is assumed to
connect the first excited state and the ground state. There is a
clear coincidence between the 327- and 613-keV transitions,
as reported in Ref. [13]. We do not observe the coincidence
of the 882-keV transition with either of those two transitions
as proposed by Ref. [13]. Based on our data, the 882 keV
transition is tentatively placed decaying directly to the ground
state. The 256-, 327-, and 1338-keV transitions are seen in
mutual coincidence, although the ordering of the 256 and
1338 keV transitions is difficult to discern from this data set
alone because the efficiency-corrected intensities of the two
transitions, listed in Table I, agree within the uncertainties. In
Ref. [8], however, the intensity of the 256-keV γ -ray transition
is significantly smaller than the intensity of the 1338-keV peak
and, thus, together with the coincidence relation established
here, the 256-keV transition is placed above the 1338-keV
transition in the level scheme. The intensity equality observed
here indicates that, unlike in the previous experiment that
used a 46Ar projectile beam [8], the intermediate state at 1665
keV in this cascade has a negligible direct population in the
fragmentation of 48K.

In Fig. 4, the proposed level scheme is compared to shell-
model calculations. SDFP-U and EPQQM produce similar
level schemes with a 1/2+ ground state, a 3/2+ first excited
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FIG. 4. Level scheme for 43Cl from this work and shell-model
calculations using the SDPF-U [11] and EPQQM [12] effective
interactions. The dashed line in the experimental level scheme
indicates a tentative level assignment.
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FIG. 5. Doppler-corrected γ -ray spectrum (v/c = 0.393) in co-
incidence with 45Cl. The inset plot shows the peaks near 2 MeV in
more detail.

state within 300 keV, and close-lying 3/2+ and 5/2+ higher-
excited states. These two states are predicted to be nearly
degenerate and slightly above 1 MeV by EPQQM, while
SDPF-U calculates them at 630 and 880 keV, respectively.
Above 1.5 MeV, SDPF-U predicts a 5/2+ state and two 7/2+
states, all separated by several hundred keV, while EPQQM
predicts five closely spaced states with Jπ values from 1/2+
to 7/2+ in the energy window of 1.5 to 2.2 MeV. Our level
scheme agrees with the features calculated in the shell model
with the ground and first excited states within 400 keV and
two near-degenerate excited states around 1 MeV. Only two
excited states, separated by about 300 keV, are observed above
1.5 MeV, more consistent with the SDPF-U calculation.

B. 45Cl

The Doppler-reconstructed 45Cl γ -ray spectrum is dis-
played in Fig. 5. Seven transitions are clearly visible at 130,
634, 765, 930, 1061, 1462, and 1619 keV. There are also
indications of transitions at 1950, 2177, and 2355 keV, which
could not be placed in the level scheme proposed here. The
930-keV transition was first observed in intermediate-energy
Coulomb excitation [14], strongly suggesting that it de-excites
a quadrupole collective state to the ground state. The 130-,
765-, 930-keV transitions were previously reported in Ref. [8]
and the 930- and 1619-keV peaks in Ref. [13].

The γ γ coincidence matrix gated on the 130 keV peak,
which is taken as the decay of the first excited state in
agreement with Ref. [8], reveals a clear coincidence with the
634-keV transition (Fig. 6). This, combined with intensity
balance arguments, excludes the possibility of any of the more
intense transitions feeding the first excited state. There is also
evidence for a coincidence between the 1619- and 1061-keV
peaks (Fig. 6). The 1061-keV transition is placed above the
1619-keV transition based on their relative intensities. From
this information, we construct the level scheme shown in
Fig. 7, consistent with the coincidence relations and intensities
summarized in Table II.
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FIG. 6. Background-subtracted γ γ coincidence spectra for 45Cl.
The reciprocal coincidences are also seen.

The peak shape of the 130-keV transition shows a pro-
nounced asymmetry (Fig. 8). This low-energy tail of the peak
indicates a lifetime effect of the order of several hundred
picoseconds, as long-lived states decay on average behind the
target while the Doppler reconstruction assumes a midtarget
decay. This leads to an underestimation of the angle of
emission and corresponding underestimation of the energy
of the emitted γ ray in the rest frame of the projectile and
consequently to a low-energy tail on the peak.

The measured peak shape was fit with response functions
simulated with GEANT4 [22]. The best-fit lifetime was de-
termined in a two-parameter χ2 minimization of the peak
energy and level lifetime for each ring of SeGA (see Fig.
8 for the best fit). In the simulation, the incoming beam
energy was matched to the settings of magnetic dipoles
before the target, and the width of the momentum distribution
was taken from the slit setting of the A1900 and verified
with settings where the beam passed through the target
unreacted. For 45Cl produced in the fragmentation of 48K,
the broadening of the 45Cl distribution relative to the spread
in momentum and angle of the incoming projectile beam were
modeled with Gaussians to reproduce the scattering angle and
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FIG. 7. Level scheme for 45Cl from this work and shell-model
calculations using the SDPF-U and EPQQM residual interactions.
The dashed line in the experimental level scheme indicates the energy
of the 1950-keV transition shown in the inset of Fig. 5.

TABLE II. γ -Ray energies, efficiency-corrected relative intensi-
ties, and coincidences for 45Cl.

Eγ [keV] Iγ [%] Coincident γ rays

130 63(9) 634
634 15(2) 130
765 33(2)
930 100(3)
1061 41(3) 1619
1462 30(4)
1619 73(5) 1061

parallel momentum distributions of 45Cl measured in the S800
spectrograph. The energy threshold of the SeGA detectors
was modeled as a hyperbolic tangent and fit to source data.
Finally, a Doppler reconstruction identical to that used for the
measured in-beam spectrum was applied. The shape of the
background was constrained by fitting an inverse tangent plus
an exponential to in-beam spectra in coincidence with 46,47Ar
or 42S. These nuclei were chosen to provide the shape of the
background because of their relatively high statistics and the
absence of significant transitions in the relevant low-energy
region. The two-parameter χ2 minimization was performed
separately for the forward and backward rings of SeGA,
yielding an energy of 130.2(20) keV and the lifetimes indicated
in Fig. 8. Taking into account statistical and systematic
uncertainties, we obtain a lifetime for the first excited state of
τ = 470(60) ps. The systematic uncertainties were estimated
from variations in the inputs to the simulations and reflect their
sensitivities. Assuming that at such a low excitation energy the
transition is of pure M1 character, this lifetime corresponds to
B(M1 ↓)exp = 0.055(7)μ2

N .
For 45Cl, SDPF-U is in outstanding agreement with the

proposed experimental level scheme. However, there is a
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FIG. 8. 130-keV peak in 45Cl detected in the forward ring
(top panel) and backward ring (bottom panel) of SeGA, Doppler-
reconstructed with v/c = 0.393. The spectra are fit with a GEANT4

simulation using the best-fit lifetime (solid line) on top of a fit to the
measured background (dashed line). The insets show the reduced χ2

minimization for the lifetime of the peak. Note that τ is shown with
a log scale.
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TABLE III. Results of a calculation using SDPF-U and the allowed M1 operator from Ref. [16]. Sp , Pn, etc. indicate reduced matrix
elements of the given operator; P indicates the tensor operator of Eq. (1); while the subscripts indicate the proton or neutron component.
M1L+S , given in μN , is the matrix element of the allowed operator, neglecting the tensor correction. The absolute value of the experimental
matrix elements |M1| are taken from this work or ENSDF [31–33] with assumed ground-state spin Jgs. The (+) and (−) values for gp reflect
the uncertainty of the sign of the experimental matrix elements.

Sπ Sν Lπ Lν Pπ Pν M1L+S Jgs |M1|exp gp(+) gp(−)

37Cl 0.051 0.000 −0.051 0.000 0.400 0.000 0.157 3/2 0.33(4) 0.44(10) −1.22(10)
39K 0.000 0.000 0.000 0.000 0.535 0.000 0.000 3/2 0.22(2) 0.42(3) −0.42(3)
45Cl 0.058 0.007 −0.138 0.073 0.469 0.001 0.064 1/2 0.47(3) 0.86(6) −1.14(6)
45Cl 3/2 0.33(2) 0.57(5) −0.85(5)
47K 0.020 −0.007 −0.142 0.128 0.540 0.002 −0.063 1/2 0.055(8) 0.22(1) 0.01(1)

substantial underestimation of the calculated M1 transition
strength between the first excited state and the ground
state. Using the free-nucleon M1 operator, SDPF-U predicts
B(M1 ↓) = 0.0063μ2

N , while the use of the effective M1
operator of Ref. [16] (gs = 0.75gfree

s , gπ
� = 1.1, gν

� = −0.1)
yields B(M1 ↓) = 0.0010μ2

N , both an order of magnitude
below the measured value. EPQQM produces a value three
orders of magnitude smaller than that of SDPF-U, so for
the remaining discussion of M1 strength we will focus on
SDPF-U. In the SDPF-U calculation, the ground state is
dominated by proton (s1/2)1 configurations (80%), while the
first excited state consists of only 26% (s1/2)1, leading to an
�-forbidden (�� = 2) transition.

�-Forbidden M1 transitions are particularly sensitive to a
tensor correction to the effective M1 operator of the form [28]

δ(M1) = gP

√
8π

[
Y(2) ⊗ S

]�J=1
, (1)

where gP is the tensor effective g factor, Y(2) is a rank-2
spherical harmonic, and S is the spin operator (see also
Ref. [29] for pioneering experimental work). Because the
gs and g� values in Ref. [16] reproduce several magnetic
moments in neutron-rich nuclei around N = 28, we leave the
allowed part of the M1 operator unchanged and deduce the
tensor g-factor gP required to reproduce the experimental M1
transition strength.

Table III shows the results for four �-forbidden transitions.
It is apparent that, especially in 45Cl, the spin and orbital
contributions are small and add destructively, resulting in an
M1 strength dominated by the proton tensor component.

The N = 20 nuclei, 37Cl and 39K, both require a tensor
g factor of around 0.4, in agreement with an empirical fit
for the sd shell [28], while the g factors required for the
N = 28 nuclei differ significantly. One possible source of
this discrepancy is that the cross-shell proton-neutron matrix
elements, which do not affect the N = 20 nuclei, do not

accurately predict the configuration mixing in the low lying
states of the N = 28 nuclei. These matrix elements, and in
particular the off-diagonal elements, are currently not well
constrained by data. In order to estimate the uncertainty in
the M1 due to this part of the Hamiltonian, we have replaced
the cross-shell portion of SDPF-U with a realistic interac-
tion derived from an N3LO (fourth-order chiral perturbation
theory) nucleon-nucleon potential [23] as described in Ref.
[24]. We obtain an effective low-momentum interaction [25]
with a cutoff of 
 = 2.2 fm−1, and renormalize to the sd-pf

model space using Rayleigh-Schrödinger perturbation theory
to second order [26], including excitations up to 4 h̄ω relative
to a 42Si core with harmonic oscillator wave functions and
single-particle energies. To better reproduce level schemes in
the region, the monopole cross-shell terms were adjusted to be

〈ab|V |ab〉J = 〈ab|VU|ab〉J + V N3LO(ab) − V U(ab),

where VU is the SDPF-U interaction and V indicates a 2J + 1-
weighted average over J . The results are shown in Table IV.

The experimental M1 value for 47K can now be well
reproduced with the same effective operator as the sd-shell
nuclei, indicating that the theoretical value is sensitive to the
off-diagonal cross-shell terms. For 45Cl, the change is less
significant and the tensor correction required is still more
than double that of the other nuclei considered. However,
the ground-state Jπ assignment of 45Cl has not been estab-
lished experimentally, although 1/2+ has been favored from
systematics and comparisons with theory [8,27]. Given that
the ground and first excited state are within less than 200 keV,
a 3/2+ ground-state and 1/2+ excited-state assignment has
to be considered. Indeed, assuming that the 45Cl ground
state is Jπ = 3/2+ and the first excited state is Jπ = 1/2+
brings the required tensor correction significantly closer to
that of the other �-forbidden transitions. This makes the

TABLE IV. Results of a calculation using SDPF-U with a modified cross-shell interaction (see text). The results for the N = 20 nuclei are
unchanged by the modification.

Sπ Sν Lπ Lν Pπ Pν M1L+S Jgs |M1|exp gp(+) gp(−)

45Cl 0.058 0.024 −0.087 0.006 0.405 0.006 0.076 1/2 0.47(3) 0.97(7) −1.34(7)
45Cl 3/2 0.33(2) 0.63(5) −1.01(5)
47K 0.024 0.011 −0.192 0.157 0.535 −0.003 −0.160 1/2 0.055(8) 0.40(1) 0.20(1)
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TABLE V. B(E2; Ji → Jf ) values for 45Cl calculated using
SDPF-U and standard effective charges of ep = 1.5 and en = 0.5.

B(E2 ↑)

1/2+
1 → 3/2+

2 203
1/2+

1 → 5/2+
1 203

3/2+
1 → 3/2+

2 111
3/2+

1 → 5/2+
1 194

Ibbotson et al. 87(24)

firm determination of the 45Cl ground-state spin an important
experimental challenge.

It is interesting to compare other measured transition
strengths to the shell-model calculations. Ibbotson et al.
studied 45Cl in intermediate-energy Coulomb excitation and
observed a state at 929(17) keV. With the assumption of pure
E2 character, a B(E2 ↑) value of 87(24)e2fm4 was deduced
from the measured Coulomb excitation cross section [14]. A
peak around 765 keV, roughly half as intense as the 929 kev
peak, may also be present in the spectrum, although its
strength is not evaluated as the peak is partly obscured by
the 548 keV peak from the 197Au target. The corresponding
shell-model calculations with the SDPF-U interaction are
shown in Table V. Regardless of the choice of ground-state
spin, the calculation significantly overpredicts the low-lying
quadrupole collectivity, consistent with a recent study of 47Ar
[30]. It thus appears that SDPF-U underpredicts configuration
mixing leading to allowed M1 transitions, while at the same
time overpredicting quadrupole collectivity.

C. 44Cl and 46Cl

γ -Ray spectra in coincidence with 44Cl and 46Cl are shown
in Fig. 9. The 44Cl transitions at 475, 518, and 725 keV were
reported previously in Ref. [15], while the other transitions
at 107, 351, 892, and 997 keV were not known before
(Table VI). Additionally, small peaks at 610, 631, 1091, 1151,
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FIG. 9. Doppler-corrected γ -ray spectra detected in coincidence
with 44Cl (top figure, v/c = 0.0.395) and 46Cl (bottom figure, v/c =
0.385). The insets show the spectra expanded in the region of the
weaker transitions.

TABLE VI. γ -Rays, efficiency-corrected relative intensities, and
coincidences for 44Cl.

Eγ [keV] Iγ [%] Coincident γ -rays

107 5(1)
475 36(5)
518 100(3)
725 76(3)
892 29(3)
996 14(2)

and 1226 keV are seen. The large width of the peak at 475 keV
was attributed in Ref. [15] to a lifetime effect (τ = 1.5+5.0

−0.5
ns). However, in our less-selective reaction, it is possible that
several weak transitions from the predicted, closely spaced
multiplet of states around 500 keV are superimposed on that
peak structure. Shell model calculations with the SDPF-U
interaction predict five quasidegenerate states around 500 keV,
while the EPQQM interaction predicts three quasidegenerate
states in that region (Fig. 10). No γ γ coincidences were
observed for 44Cl.

In comparison to SDPF-NR shell-model calculations, Riley
et al. attribute the 475 keV transition to the de-excitation of
the 4−

1 state to the 2− ground state based on the E2 transition
strength deduced from the lifetime estimate. The ground-state
g factor measurement by De Rydt et al. [16] strongly supports
the assignment of 2− for the ground state of 44Cl. The EPQQM
effective interaction predicts a very different level scheme with
a 0− ground state and the first 2− and 4− states around 500 keV.
Firm spin assignments from experiment are needed for these
odd-odd nuclei to discriminate between the two very different
shell-model results. The widely different calculated excitation
spectra underline the potential of odd-odd nuclei to provide
extremely sensitive benchmarks for theory.
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FIG. 10. Level schemes for 44Cl from this work and shell-model
calculations using SDPF-U and EPQQM effective interactions. The
dashed lines in the experimental level scheme indicate tentative level
assignments.
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FIG. 11. Background-subtracted γ γ coincidence spectra for 46Cl.

Eight transitions are observed in coincidence with 46Cl for
the first time, and several γ γ coincidences are seen (Fig. 11
and Table VII). The sum of the coincident 151- and 256-keV γ

rays [407(5) keV], the sum of the coincident 118- and 293-keV
γ rays [411(5) keV], and the 402(4)-keV transition all agree
with 406 keV within uncertainty. The coincident 402- and
636-keV transitions sum to 1038(6) keV, which just misses
coinciding with the 1024(5) keV transition within uncertainty.
In both cases, it is unclear whether there is one level, or multiple
closely spaced levels. From this information, we construct the
level scheme presented in Fig. 12, where the ordering of states
is based on intensity balances and the shaded gray bars indicate
a possible unresolved multiplet of states. While clusters of
states around 500 and 1000 keV are reproduced reasonably
well by the SDPF-U calculation, the two low-lying states
below 200 keV are not. As in 44Cl, the EPQQM calculation
produces a drastically different level scheme with a 0− ground
state, in contrast to the 2− ground state predicted by SDPF-U.
Again, firm experimental spin assignments are needed to guide
the widely varying shell-model calculations for this odd-odd
system.

TABLE VII. γ -Rays, efficiency-corrected relative intensities, and
coincidences for 46Cl.

Eγ [keV] Iγ [%] Coincident γ rays

118 29(3) 293
151 100(4) 256
256 11(2) 151
293 8(2) 118
402 51(4) 636
636 29(4) 402
880 13(3)
1024 11(4)
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FIG. 12. Level scheme for 46Cl from this work and shell-model
calculations using SPDF-U and EPQQM effective interactions. The
shaded gray bars in the experimental level scheme indicate a possible
unresolved multiplet of states.

IV. SUMMARY

We report the in-beam γ -ray spectroscopy of neutron-
rich chlorine isotopes populated by fragmentation of a 48K
projectile beam on a thick Be target. One new transition
in 43Cl, nine in 44Cl, six in 45Cl, and eight new transitions
in 46Cl—for which no previous spectroscopic data was
available before—were observed. γ γ coincidences were used
to generate experimental level schemes up to 2 MeV for
43Cl, 45Cl, and 46Cl, although no firm spin assignments
could be made from our measurement. The level schemes
are compared to large-scale shell-model calculations with
the SDPF-U and EPQQM effective interactions, showing
best agreement with the SDPF-U for the even-N nuclei.
For the odd-odd nuclei 44,46Cl, the two shell-model effective
interactions differ widely and firm spin assignments are needed
to guide theory. The lifetime of the first excited state in 45Cl
was obtained through a γ -ray line-shape analysis, yielding
an M1 transition strength that is significantly underpredicted
by the shell-model calculations. This observation is discussed
in the framework of tensor corrections to the effective M1
operator for �-forbidden transitions. The M1 strength reported
here hints at the possibility that—contrary to theory and
systematics—the ground state of 45Cl may have Jπ = 3/2+.
These measurements underline the potential of odd-mass and
odd-odd nuclei to sensitively and systematically benchmark
shell-model calculations.
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