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B-decay studies of neutron-rich nuclei in and around the “island of inversion” have been performed.
With a systematic investigation of half-lives for the isotonic chains from N =19 to 22, conspicuous
kinks observed at Z =13 provide a clear signature of a boundary on the northern (high-Z) side of the
island. Based on the comparison with shell model calculations using Gogny D1S and SDPF-M interactions,
a newly determined 2; state in 3Si at 4519 keV presents an experimental evidence of triaxiality in this

region and sheds more light on the structure of the transition across the northern boundary of the island.
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Since the pioneering works on the shell structure in nuclei by
Goeppert-Mayer [1] and Jensen et al. [2], magic numbers have
played a major role in our understanding of nuclear structure close
to B-stability. A nucleus with a magic number of nucleons shows
signs of stability such as a spherical ground state and remarkably
higher E(Zf) energies and smaller B(E2) values than their neigh-
bors. With nuclear physics studies moving towards nuclei far from
B-stability, such a picture was firstly broken in the light neutron-
rich nuclei. In 1975, Thibault et al. [3] observed anomalous ground
state properties in 3'Na deviating strongly from the prediction of
the traditional shell model. Later on, more studies revealed a re-
gion of large deformation around N =20, Z < 14 [4-8] and inter-
preted these anomalies as the reduction of the N =20 shell gap,
which is a result of the intrusion of neutron orbits from the pf
shell into the sd shell. Warburton et al. [9] predicted that nuclei
with this inversed ground states would constitute a 3 x 3 square
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with Z =10~ 12, N =20 ~ 22, which was referred to as the “is-
land of inversion”.

In the following years, uncovering the underlying inversion
mechanism and exploring the scope of the island has been the
focus of intensive theoretical and experimental investigations. The
reduction of N =20 shell gap is now known to be most likely
caused by the strong nucleon-nucleon tensor interaction [10-13]
and the original border of the “island of inversion” has been
extended considerably [14-22]. The nuclei 2°F [14], 28Ne [15],
29.30N3 [16-19], 31:3-36Mg [20-22], which were originally outside
the island, have been experimentally confirmed to be inside the
island recently. Based on these achievements, now many atten-
tions are focused on the further question about how this struc-
ture transition moves along the isotonic or isotopic chains: sharp
or gradual? The answer to this question will provide a stringent
test of various model predictions. For a better description of this
structure transition, theory suggested that the triaxial degree of
freedom plays an important role in this particular region [23-30].
However, due to the limited experimental spectroscopic informa-
tion available in this region, there is yet no decisive evidence of
triaxiality to date.
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In this Letter, we report on a systematic study of the g-decay
properties of nuclei in this region to explore the inversion char-
acter on the northern (high-Z) side of the island and to search
for experimental evidence of triaxiality. To study the properties
of extremely neutron-rich nuclei, 8-decay has served as an im-
portant spectroscopic tool. With the advances in radioactive ion
beam and B detection technologies, systematic S-decay studies of
a number of neutron-rich nuclei are now possible in one exper-
iment. They provide a sensitive probe to elucidate the trends of
nuclear structure. In the present work, with the systematic inves-
tigation of half-lives for the isotonic chains from N =19 to 22,
conspicuous kinks are observed at Z = 13, which provide a clear
signature of a boundary on the northern side of the island. Mean-
while, detailed B-delayed y-spectroscopic study of the boundary
nucleus 34Al presents experimental evidence of triaxiality in 34Si,
which is helpful for a comprehensive understanding of the struc-
ture transition across the northern boundary of the island.

The pB-decay experiment was carried out at Radioactive Ion
Beam Line in Lanzhou (RIBLL) [31]. The primary beam “Ar at
69.2 MeV/nucleon, which was provided by the Heavy lon Research
Facility in Lanzhou (HIRFL), was impinged on a Be target with a
thickness of 182.6 mg/cm? to produce the neutron-rich radioactive
species around the Z ~ 12, N ~ 20 region. The magnetic rigidity
selection at RIBLL was optimized for the radioactive nucleus 34Al
and the radioactive ions were identified by the combination of en-
ergy loss (AE), time-of-flight (TOF), and magnetic rigidity (Bp) on
an event-by-event basis at RIBLL. Passing through a thin kapton
window (25 pm thick), which separated the vacuum of the beam
line from the air, and a stack of aluminum degraders, the radioac-
tive ions were finally transported into the target chamber filled
with low-temperature nitrogen and implanted in a 1500 pm-thick
double-side Si strip detector (DSSD) of 50x50 mm?. The exper-
iment was performed in the continuous beam mode, which has
a higher beam efficiency compared to the traditional beam-on/off
mode [32,33]. By correlating the implanted nuclei with their sub-
sequent B-particles within the same pixel or adjacent pixels of
the DSSD, the S-decay properties of the implanted nuclei could be
measured with much less disturbance from other unstable nuclei
and the random background [34]. The DSSD was situated between
two 3000 pm-thick plastic scintillators, one of which was used for
beam diagnostics while the other was used as a veto detector, as
well as for the fast timing signals of B particles. The S-delayed
y -rays were detected by two Ge clover detectors located at 45 mm
on the left- and right-hand sides of the beam axis around the im-
plantation and B detection system. The y detection efficiency was
found to be 4.4% at ~1 MeV and 1.6% at ~3.3 MeV.

The decay curve was constructed for each nuclide by measur-
ing the time difference between neutron-rich nuclei implantations
and subsequent S particles. Fig. 1(a)-1(d) show the examples of
B-decay curves for 3°Na, 32Mg, 3°Al, and 36Si, respectively. The
half-lives measured in this work are given in Table 1 in compar-
ison with the literature values. The overall agreement is good and
improvements in measurement accuracy are achieved for 29-30Na,
30.31,32Mg, and 36-37Si. Since the magnetic rigidity selection at
RIBLL was optimized for the nucleus 34Al in the present experi-
ment, reliable half-lives of more neutron-rich isotopes in this re-
gion could not obtained. With the experimental half-lives obtained
in the present experiment and those previously known, a system-
atic survey of half-lives in this region has been made. Fig. 2(a)
displays the experimental half-lives as a function of the proton
number Z for four isotonic chains from N =19 to 22. Generally, for
each of the isotonic chains, the half-lives of the isotones increase
gradually with increasing of proton number Z (heading towards
the B-stability). One intriguing feature observed in Fig. 2(a) is the
presence of conspicuous kinks at Z =13 in all four isotonic chains,
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Fig. 1. (Color online). Fitted decay curves for (a) 3°Na, (b) 32Mg, (c) 3°Al, and (d)
365i. Red solid line: the total decay curve; Dashed line: decay curve of implanted
nuclei; Dot-dashed line: decay curves of the daughter and granddaughter nuclei.

Table 1

Experimental half-lives measured in this work in comparison with the literature val-
ues, which are taken from the National Nuclear Data Center [35] unless otherwise
stated. All times are given in milliseconds.

A Z This work Literature A Z This work Literature
27Ne 29.3(21) 31.5(13) 32vg 80.4(4) 86(5)

28Ne 19.2(6) 20(1) 33Mg 93.9(18) 90.5(16)
28Na 34.6(10) 30.5(4) 32p] 31.7(3) 33.0(2)
29Na 42.8(5) 44.1(9) 33p1 41.4(1) 41.7(2)
30Na 44.1(8) 48(2) 34p] 51.5(9) 54.4(5) [36]
31Na 16.6(4) 17.35(40) 3541 38.4(3) 37.2(8)
30Mmg 311(8) 335(17) 365 503(2) 450(60)
3vg 270(2) 236(20) 3si 150(7) 90(60)

which obviously deviate from the systematics of the odd-even Z
dependence.

To elucidate the origin of these kinks, shell-model calculations
have been performed in the sd-ps/ f72 model space using the
NUSHELLX code [37,38] with two interactions: the Gogny D1S in-
teraction [39-42] and the SDPF-M interaction [43,44]. Both the
interactions allow particle-hole excitations from the sd shell to the
pf shell. In shell model calculations, there are always difficulties
in dealing with the cross-shell nuclei because it is a difficult task
to obtain reliable cross-shell matrix elements. The Gogny force is
a unified interaction, which has been widely used in mean-field
calculations. It can provide a consistent set of TBME in various
model spaces without fitting the experimental data and therefore
deal with the difficulties of cross-shell interactions effectively. The
SDPF-M interaction, which has successfully been applied to de-
scribe the nuclear structure properties in and around the island of
inversion [43,44], consists of three parts: the USD interaction [45]
for the sd-shell, the Kuo-Brown interaction [46] for the pf-shell,
and the modified Millener-Kurath interaction [47] for crossing
the shells. The mixing between normal Op-Oh and intruder np-nh
configurations is included in the present shell-model calculations
without any restrictions. In comparison with the available experi-
mental data, both the calculations give a good description to the
ground states and low-lying excited states of nuclei in this region,
and a good prediction of their configurations [48]. The calculated
half-lives using the Gogny D1S and SDPF-M interactions are plot-
ted in Fig. 2(b) in comparison with the experimental values of the
N =19 ~ 22 isotonic chains. It can be seen that both calculated re-
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Fig. 2. (Color online). (a) Experimental half-lives of four isotonic chains from N =
19 to 22 in and around the “island of inversion”. Data are taken from the present
work and Refs. [35,53], respectively. (b) The theoretical half-lives of four isotonic
chains obtained by shell model calculations with the Gogny D1S and the SDPF-M
interactions are compared with experimental data.

sults are in nice agreement with the experimental data, especially
well reproducing the kinks at Z = 13. On average, the SDPF-M cal-
culations are closer to the experimental data.

A detailed analysis reveals that the half-lives of these neutron-
rich nuclei are very sensitive to the correlation between the wave
functions of the parent and the daughter nuclei. The Ne, Na, and
Mg nuclei lie inside the “island of inversion” and all have simi-
lar dominant intrusive wave functions for the parent and daughter
nuclei in the S-decay. Therefore the trend of their half-lives fol-
lows the general rule, i.e. increasing when heading towards the
B-stability. When approaching the edge of the “island of inversion”,
as the ground states of Mg isotopes have dominant intrusive wave
functions, while the ground states and most of the low-lying ex-
cited states in Al isotopes have dominant normal wave functions,
the weak correlations between the wave functions of the parent
and daughter nuclei result in relative long half-lives of the Mg iso-
topes. In contrast, when decaying out of the “island of inversion”,
both Al and Si nuclei have similar dominant normal wave func-
tions, which give rise to the relative short half-lives of Al isotopes.
Thus, the kinks occurring at Z = 13 can be mainly ascribed to the
evolution of the occupation of normal and intruder orbits in the
nuclei around the edge of “island of inversion”, and therefore con-
sidered as a clear sign for the northern boundary of the island. The
strong or weak kinks reflect the sharp or gradual structure transi-
tion on the northern side of the island, respectively. For example,
the sharp structure transition from ~ 100% intruder configuration
of 31Mg [20] to ~ 100% normal configuration of 32Al [49,50] leads
to the strongest kink observed in the N = 19 isotonic chain. De-
tailed B-decay properties certainly will shed more light on the
structure transition at the edge of the island. In the following we
focus on the detailed S-delayed y-spectroscopy of 34Al.

Shell model calculations [36,51] predicted that 34Al, as a
boundary nucleus of the “island of inversion”, should exhibit nor-
mal and intruder configurations at similar excitation energies. The
coexistence of the normal 4~ ground state and a intruder 17 iso-
meric state results in two S-decay paths, which were first reported
in a previous B-decay study [36]. In Ref. [36], a 54.4(5) ms half-
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Fig. 3. (Color online). Level scheme for 34Si populated in the S-decay of 34Al along
with shell model calculations with the Gogny D1S and the SDPF-M interactions. The
experimental level in red is newly determined in the present work. The calculated
Ohw components(%) are labeled on the top of the corresponding levels. Energies are
given in keV.

life of the 4~ ground state in 3#Al was deduced from the S-decay
time spectra in coincidence with the 926-keV y-line in 34Si, while
a 26(1) ms half-life of the 1+ isomer was obtained in coincidence
with the positron-annihilation 511-keV y-line. Since the 511-keV
y-line could also be generated by other sources such as the previ-
ously implanted long-lived nuclei and the beam-activated products
around, the half-life of the 17 isomer may be overestimated. In
the more recent experimental works by the same group, a new
25(4) ms half-life of the 17 isomer in 34Al was obtained by gat-
ing on the y-lines of 34Si [52] and the excitation energy of the 1F
isomer was found to be 46.6 keV [53]. Furthermore, with the de-
tection of eTe~ pairs, the excited energy of the long-predicted O;
state [54-57] in 34Si was determined and a quadrupole deforma-
tion B ~0.29 was extracted for this 0; state, which coexists with
the spherical ground state in 34Si [36].

In the present work, both two B-decay paths are observed
(shown in Fig. 3). All the previously reported y transitions follow-
ing the B-decay from the 4~ ground state in 34Al [36,58,59] are
confirmed here. Gating on the 929-keV transition, the 8 correlated
decay curve yields a half-life of 51.5(9) ms, which is a little smaller
than the previously reported value of 54.4(5) ms [36]. In the pre-
vious experiment [36], the 34Al nucleus is produced in the frag-
mentation of a 77.5 MeV/nucleon 3%S beam on a 240 mg/cm? °Be
target. It is well known that projectile fragmentation can produce
fragments in not only ground states but also isomeric states. The
proportion of isomeric to ground states population varies greatly
with the projectile-fragment combination as well as the incident
energy and other experimental conditions. Thus, it would be in-
teresting to figure out the origin of this difference in half-life in a
future experiment.

For the decay path from the 11 isomer in 34Al, as shown in
Fig. 4, due to the combination of a high y-detection efficiency
and a low background level, a y line at 1193 keV is found to be
coincident with the 3326-keV y ray (27 — 07 ). This 1193-keV
y line has been observed in several previous experiments [52,
59-63]. Based on the observed coincidence between the 1193- and
3326-keV transitions, a level at 4519 keV was established with-
out spin-parity assignment [52,61,62]. The coincidence between
the 1193- and 3326-keV transitions as well as the observation of
a 1800-keV deexcited y-ray transition from the 4519-keV state
to the O;“ state at 2719 keV in the present work further con-
firms the 4519-keV level reported in Refs. [52,61,62]. Gating on
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Fig. 4. (Color online). The fragment-B-y-y coincidences for 34Al decay gating on
1193-keV y line. Inset: Decay curve gating on the 1193-keV y line.
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Fig. 5. (Color online). Fitted inclusive decay curve for 3#Al. Red solid line: the to-
tal decay curve; Dashed line: decay curve of the 4~ ground state; Dot-dashed line:
decay curve of the 11 isomeric state. Decay contributions from daughter and grand-
daughter nuclei (not shown in the figure) have been taken into consideration.

the 1193-keV transition, the B correlated decay curve (inset of
Fig. 4) yields a half-life of 21.6(15) ms, which is consistent with
the more recently reported half-life of 25(4) ms for the 17 isomer
in 34Al [52]. As no other strong y-rays are observed to be coinci-
dent with the 1193-keV y ray, the consistence of half-life indicates
that this 4519-keV level mainly results from a direct population by
the B-decay of the 17 isomer in 34Al

In order to deduce the direct -decay branching ratio and log ft
value to this 4519-keV state, the total number of B-decay events
of the 17 isomer is estimated. Using a x2 minimization procedure,
the inclusive B-decay curve of 34Al, where two components are ev-
ident as shown in Fig. 5, was fitted with the measured half-lives
of the 17 isomeric state and the 4~ ground state, and the 8-decay
event ratio of the 1 isomeric state to the 4~ ground state. Eventu-
ally, the fit to the inclusive S-decay curve of 34Al results in a total
of 6.5x10° measured S-decay events from the 17 isomer, from
which a decay branching ratio of 11.6% and a log ft value of 4.9
were obtained for the 4519-keV state. The S-decay allowed nature
of the logft value from the 34Al 1T isomer limits the spin-parity
of the 4519-keV level to 0T, 17 and 2+.

To further study the nature of the low-lying positive-parity
states in 34Si, calculations using the Gogny D1S and SDPF-M inter-
actions were carried out and the resulting low-lying positive-parity
levels with spin-parity 0 ~ 2%, as well as the corresponding con-
figurations, are plotted in Fig. 3 in comparison with the experimen-
tal results. It can be seen that both the Gogny D1S and SDPF-M
calculations give very similar low-lying positive-parity level struc-
tures in 34Si. The correspondences of the first three levels (0],

05, 2) in 34Si between experimental results and calculations are
rather good. According to previous studies [36,55,56,58,59,64] and
the present calculations, the O}L ground state has a major Op-Oh
normal configuration, whereas the 05 and 2] excited states are
dominated by the 2p-2h intruder component. For the 0] and 05
states, the SDPF-M interaction predicts a stronger mixing between
the Op-0Oh and the 2p-2h configurations than the Gogny D1S in-
teraction. Above these first three positive-parity levels, both the
Gogny D1S and SDPF-M calculations predict a second 2+ state with
a major 2p-2h intruder component, which was also predicted in
Refs. [55,64]. The calculated energy of 22+ state is so close to the
experimental 4519 keV state that this state can be identified. Fur-
thermore, since the 11 isomer in 3#Al is known to have an intruder
7 (ds;2)! ® v(f7/2)%(d3/2)"" 2p-1h configuration [36,51], the 0%
and 2% states in 34Si with a 2p-2h configuration are easily pop-
ulated by the B-decay of this 11 isomer through the conversion
of a neutron ds3,; into a proton ds;. Compared to the experimen-
tal value of 4.9 for the logft value to this 4519 keV level, the
present calculations yield a value of 4.7 with the Gogny interac-
tion and 5.0 with the SDPF-M interaction. Thus, on the basis of
B-decay selection rules and by comparison to shell model calcula-
tions, the spin-parity value 2% is assigned to the state at 4519 keV
with a dominant 2p-2h intruder component. A 2% level at 5330
keV, which was observed in the 34P(’Li, 7Be)34Si experiment and
assumed to have a dominant Op-Oh character [63], is not observed
in the present experiment. This can be understood in terms of the
weak correlation between the wave functions of the 1 isomeric
state in 34Al and the 27 state at 5330 keV in 3Si.

In Ref. [36], the 0f and 2 states with 2p-2h configura-
tions have been identified to be the members of an excited de-
formed band above the spherical ground state in 34Si. Two decades
ago, Otsuka, based shell model calculations [23], suggested a
y-unstable structure in this region, which has not been observed
to date. Of course, it is hard to distinguish experimentally between
an axially symmetric and a triaxial minimum if the energy surface
is shallow in y-direction. Here, according to the energetics and the
similar dominant intruder configuration as the 2?’ state, the newly
determined 2] state at 4519 keV in 34Si shows a level pattern
typical for a y-unstable deformation. It is most likely the band
head of a quasi-y band. Without considering the effects of mixing
between the normal OT state and the intruder 0;“ state, the ex-
perimental E(23)/E(2]) energy ratio (relative to the 05 state) of
3.0 results, with the Davydov-Filippov model [65], in an empiri-
cal triaxial value of y ~ 22° and, therefore, displays a prominent
signature of triaxiality.

One intriguing result is that a clear y-unstable structure based
on this 2; state is also predicted by both the Gogny D1S and
the SDPF-M interaction. Fig. 6 displays the spectra of 34Si and
the corresponding transition probabilities calculated with the two
interactions. The resulting B(E2;2] — 0) and B(E2;2] — 03)
values with both interactions reproduce well the experimental val-
ues of 17(7) and 61(40) e*fm* [36], respectively, while the cal-
culated E(23)/E(2]) ratios of 3.3 by the Gogny D1S interaction
and 3.5 by the SDPF-M interaction, are a bit larger than the ex-
perimental value of 3.0. In the neighboring Si isotopes, significant
triaxiality has been clearly shown in potential energy surface (PES)
calculations [25,26]. We further examine the PES in the 8-y plane
for 34Si by constrained triaxial covariant density functional theory
(CDFT) [66,67] using the point-coupling energy density functional
PC-PK1 [68]. It is found that in addition to the spherical minimum,
a second minimum appears at 8 ~ 0.31. It is rather soft in y di-
rection with a long valley from ~ 30° to 60° and it is found to be
a 2p-2h excitation with respect to the normal ground state. The
pronounced y softness of this second minimum may lead to the
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Fig. 6. (Color online). The calculated low-lying energy spectra (in MeV) and B(E2)
values (in e2fm*) of 34Si by Gogny D1S and SDPF-M interactions.

occurrence of a low-lying y-vibrational structure with a dominant
2p-2h configuration in 34Si.

In summary, B-decay studies of neutron-rich nuclei in and
around the “island of inversion” have been performed. The obser-
vation of the conspicuous kinks of half-lives at Z = 13 combined
with the observation of a y-unstable structure in 34Si provide a
comprehensive picture of the structure transition across the north-
ern boundary of the island. At present, besides the “island of inver-
sion” around N = 20, several other islands have been suggested in
the nuclear chart [69] where the picture of the traditional magic
numbers may break down. Thus, extending the systematic inves-
tigations of the B-decay properties to this archipelago of magic
number breaking will be meaningful.
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