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Owing to the advent of intense radioactive isotope
beams over recent years, it has become possible to
study the structures of nuclei with large neutron-to-
proton ratios using techniques including in-beam γ-ray
spectroscopy and decay spectroscopy. One of the focal
points of such studies has been the evolution of nu-
clear shell structure in exotic radioisotopes, where the
nuclear ‘magic’ numbers in stable systems have been
shown to deviate from their usual values. One such
example is the onset of the new neutron magic num-
ber N = 16 in exotic oxygen. On the contrary, the
disappearance of the standard magic number N = 28
has been investigated in 42Si. In the neutron-rich fp

shell, development of a new subshell closure at N = 32
has been reported in Ca1–3), Ti4,5), and Cr6,7) isotones,
and more recently, a sizable subshell gap at N = 34
was reported in 54Ca8).

In the present study, the low-lying structure of 50Ar
(Z = 18) was investigated using multi-nucleon re-
moval reactions from a fast radioactive beam contain-
ing 54Ca, 55Sc, and 56Ti, among other constituents,
with the technique of in-beam γ-ray spectroscopy, in
order to gain further insight on the magnitude of the
N = 32 subshell closure at Z < 20. The secondary
beam was created using projectile fragmentation of
70Zn30+ ions at 345 MeV/u and products were identi-
fied on an event-by-event basis using the BigRIPS sep-
arator. A 10-mm-thick 9Be reaction target was placed
at the eighth focal plane of BigRIPS to induce nucleon
removal reactions and a high efficiency γ-ray detector
array9) (DALI2) was employed to measure transitions
from nuclear excited states populated by the reactions.
Reaction products were identified by the ZeroDegree
spectrometer; the particle identification plot for Ar
isotopes is provided in Fig. 1. Data acquisition was
triggered by the arrival of an ion at the end of ZeroDe-
gree measured in coincidence with at least one γ ray in
DALI2. Data were recorded to disk for offline analysis
over a time period of approximately two days.

The Doppler-corrected γ-ray energy spectrum, de-
duced from the sum of the 9Be(54Ca,50Ar+γn)X,
9Be(55Sc,50Ar+γn)X, and 9Be(56Ti,50Ar+γn)X multi-
nucleon removal reactions (n ≥ 1), is displayed in
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Fig. 1. Particle identification plot (A/q) for Ar isotopes

measured using the ZeroDegree spectrometer.

Fig. 2. Two transitions with energies of ∼1.2 and, ten-
tatively, ∼1.6 MeV are present in the spectrum and are
assigned to 50Ar in the present work. Details on the
structure of 50Ar and the significance of the N = 32
subshell closure at Z < 20 will be presented elsewhere.
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Fig. 2. (colour online) Doppler-corrected γ-ray energy

spectrum for 50Ar. The black dotted line and the blue

dashed lines are an exponential fit to the background

and GEANT4 simulations, respectively; the solid red

line is the total (sum) fit.
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Rotational level structure of sodium isotopes

inside the “Island of Inversion” †
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The study of neutron-rich Ne, Na, and Mg nuclei
around the breakdown of the N = 20 neutron magic
number, an area in the Segré chart termed “Island of
Inversion”1) has provided a wealth of information on
the evolution of nuclear shell structure away from the
valley of β stability. Due to its location in the prox-
imity of the neutron drip-line, accessing the “Island of
Inversion” is an experimental challenge. In this paper,
we report on the first γ-ray spectroscopy performed
for the N = 23, 24 sodium isotopes 34,35Na and a new
transition in 33Na. For the latter nucleus, previous
measurements suggested that the observed two transi-
tions originate from a 7/2+1 → 5/2+1 → 3/2+g.s. cascade
and the energy ratio was found to be close to an ideal
K = 3/2 rotational band in the strong coupling limit2).
A 48Ca beam with an average intensity of 70 parti-

cle nA was accelerated by the Superconducting Ring
Cyclotron to 345 MeV/u and incident on a 15 mm
thick beryllium production target. A combination of
two magnetic dipoles and a 15 mm thick aluminum
degrader was utilized to filter a 36Mg secondary beam
with the BigRIPS fragment separator3) by applying
the Bρ −∆E − Bρ method. For further purification,
a second aluminum degrader of 5 mm thickness was
inserted at the dispersive focal point of the second Bi-
gRIPS stage. After passing BigRIPS, the secondary
beams were incident on 2.54 g/cm2 carbon and 2.13
g/cm2 CH2 (polyethylene) reaction targets, respec-
tively. BigRIPS was operated with its full momen-
tum acceptance of ±3% and the average intensity of
36Mg was 90 particles per second. Gamma-rays emit-
ted in coincidence with the secondary reactions were
detected with the DALI2 array4), which was composed
of 186 large-volume NaI(Tl) detectors. The secondary
reaction products were identified with the ZeroDegree
Spectrometer3).
In the present work, a third γ-ray transition was ob-

served for 33Na at 760(13) keV in addition to the two
known ones, and forms a doublet with the 7/2+1 →

5/2+1 decay. For the odd-odd nucleus 34Na, a sin-
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Fig. 1. Doppler corrected γ-ray spectra in coincidence with
33Na a), 34Na b), and 35Na c). The analysis was re-

stricted to event with aγ-ray multiplicity Mγ of less

than 4.

gle γ-ray transition was observed at 451(7) keV, while
the energy spectrum of 35Na exhibited transitions at
373(5) and 641(16) keV. The level structure of the odd-
even sodium isotopes was found to be well described
by the SDPF-M effective interaction5).
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