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In-beam γ-ray spectroscopy of 34,36,38Mg: Merging the N = 20 and

N = 28 shell quenching†

P. Doornenbal,∗1 H. Scheit,∗1,2 S. Takeuchi,∗1 N. Aoi,∗1 K. Li,∗1,2 M. Matsushita,∗1,3 D. Steppenbeck,∗1

H. Wang,∗1,2 H. Baba,∗1 H. Crawford,∗4 C.R. Hoffman,∗5 R. Hughes,∗6 E. Ideguchi,∗7 N. Kobayashi,∗8

Y. Kondo,∗8 J. Lee,∗1 S. Michimasa,∗7 T. Motobayashi,∗1 H. Sakurai,∗1 M. Takechi,∗1 Y. Togano,∗1

R. Winkler,∗9 and K. Yoneda∗1

The neutron-rich 10Ne, 11Na, and 12Mg isotopes are
located within a region known as the “Island of Inver-
sion” and form one of the most notable regions of sud-
den shell structure change. Abnormally high masses
were discovered for 31,32Na, leading to the presumption
that the νf7/2 orbitals intrude into the sd shell orbitals,
thereby quenching the N = 20 shell gap. Later the-
oretical works predicted, however, that not the entire
orbitals are inverted but ν(sd)−2(fp)2 (2h̄ω) configu-
rations are lowered so much in energy that they form
the ground states for 10 ≤ Z ≤ 12, 20 ≤ N ≤ 22 nuclei
instead.

The N = 28 magic number is originally formed by
the large νf5/2–νf7/2 spin-orbit splitting but is also
known to vanish, as seen in the large deformation aris-
ing for 42

14Si
1,2). Initially believed to be two isolated re-

gions, we show in this letter that the N = 20, 28 shell
quenching is interlinked via the neutron-rich magne-
sium isotopes, thereby forming a new connected large
area of deformation in the Segré chart.

Key information on the shape of a nucleus can be
obtained for even-even nuclei from the energy of the
first excited 2+ state E(2+1 ), the first 4+ state E(4+1 ),
and their E(4+1 )/E(2+1 ) ratio, R4/2. Previous studies
revealed a low excitation energy of 660(6) keV for the
2+1 state in 36Mg and suggest that the “Island of In-
version” stretches at least to neutron number N = 24
for the magnesium isotopes and thus beyond its orig-
inally proposed boundaries3). In the present study,
the experimental knowledge of the E(2+1 ) and E(4+1 )
is extended to the N = 26 nucleus 38Mg via one- and
two-proton removal reactions..

A primary beam of 48Ca with an average intensity
of 70 particle nA and an energy of 345 MeV/nucleon
was impinging on a 15 mm thick rotating Be tar-
get located at the BigRIPS fragment separator’s en-
trance. Secondary beams were selected and purified
via the Bρ − ∆E − Bρ method, and identified with
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Fig. 1. Doppler corrected γ-ray energy spectrum in coinci-

dence with 38Mg detected in BigRIPS and ZeroDegree.

the ∆E − Bρ − TOF method. The rate for 39Al and
40Si isotopes transported through BigRIPS was 75 and
3000 pps, respectively. The secondary beams were in-
cident on a 2.54 g/cm2 thick carbon secondary target,
which was surrounded by the DALI2 spectrometer4).
Reaction residues from the secondary target were iden-
tified by the ZeroDegree Spectrometer, applying again
the ∆E −Bρ− TOF method.

Two γ-ray transitions were observed in 38Mg from
the 1p and 2p knockout channels after correcting for
the Doppler shift, as shown in Fig. 1, which were
attributed to the 2+1 → 0+gs and the 4+1 → 2+1 de-
cays. In 36Mg, following a different reaction channel, a
second transition was observed and attributed to the
4+1 → 2+1 decays, while for 34Mg known values were
determined with higher accuracy5). Almost constant
R4/2 ratios of 3.14(5), 3.07(5), and 3.07(5) were ob-
tained for 34,36,38Mg at N = 22, 24, 26, close to the
ideal value of 3.33 for a rigid rotor. The values were
in agreement with state-of-the art shell model calcu-
lations and suggested that the N = 20 and N = 28
shell quenching merge for the neutron-rich magnesium
isotopes.
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In-beam γ-ray spectroscopy of nuclei in the vicinity
of the doubly-magic nucleus 78Ni was performed. In
recent studies, a drastic change of the shell structure
was elucidated for the neutron magic number N = 8,
20, and 28 in the regions far from stability The en-
ergy of the first Iπ = 2+ state E(2+1 ), and the energy
ratio of the 4+1 state to the 2+1 state E(4+1 )/E(2+1 ) in
even-even nuclei are of particular interest, since they
are sensitive to the evolution of the shell structure and
nuclear deformation. In this study, the systematic en-
ergy trend of the low-lying states was investigated for
the chain of Zn isotopes 74,76,78,80,Zn which covers the
magic number N = 50.
In order to produce RI beams around 80Zn, a 238U

primary beam with energy of 345A MeV was made
to impinge on a 925-mg/cm2-thick beryllium target.
The fragments produced were separated and identi-
fied with the BigRIPS1) by the Bρ-∆E-ToF method
on an event-by-event basis. Then, the RI beams im-
pinged on a 1889-mg/cm2-thick beryllium target to
induce secondary reactions. The de-excitation γ-rays
emitted from reaction residues were observed by the
NaI(Tl) detector array DALI22), which surrounded the
secondary target. The reaction residues were identified
using the ZeroDegree spectrometer. Figure 1 shows the
particle identification plots for the incoming particles
obtained with the BigRIPS (left) and for the outgoing
particles obtained with the ZeroDegree spectrometer
(right).

Figure 2 shows the Doppler-shift corrected γ-ray
energy spectrum obtained for the reaction channel
9Be(81Ga,80Zn) with a restriction of a γ-ray multiplic-
ity Mγ , being equal to 1. In the spectrum, five peaks
were observed. The peak at 1492(1) keV3) is for the
known γ-ray transition corresponding to the 2+1 → 0+g.s.
decay, while the other four transitions are candidates
for new levels and are still under analysis for confirma-
tion. Further analysis is on-going to reconstruct the
level scheme by γ-γ coincidence, and to identify the
spins and parities of the states by the analysis of mo-
mentum distribution of the outgoing reaction residues.
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Fig. 1. Particle identification by the BigRIPS (left) and the

ZeroDegree spectrometer (right). Plotted is the proton

number against the ratio of mass to charge A/Q.

Fig. 2. Doppler-corrected γ-ray energy spectrum for
9Be(81Ga,80Zn) reaction with Mγ=1 condition. The

dotted curves are the response function with GEANT4

simulation. The solid curve corresponds to the fitting

of five response functions with exponential background

taken into account. The spectrum, expanded to around

2500 keV, is also shown in the upper inlet.
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