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B decay of **Mg and *¢Al: Identification of a -decaying isomer in (Al
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The level structure of ** Al has been studied via 8 decay of **Mg at the Facility for Rare Isotope Beams (FRIB)
and the National Superconducting Cyclotron Laboratory (NSCL). A long-lived isomer in **Al was identified
which decays by S to an excited state of **Si. The ground state and the isomeric state of Al were found to
populate different energy levels of *°Si. The results from the two data sets in the present work complement
each other. Configuration interaction calculations performed with the FSU shell-model Hamiltonians provide
reasonable descriptions to the experimental observations and offer insight into future improvements of the

theoretical interpretation.
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I. INTRODUCTION

The evolution of shell structure from stable to exotic nuclei
is one of the primary interests of nuclear structure research as
it plays a fundamental role in our understanding of nuclear
interactions. Systematic study of the nuclei along isotopic and
isotonic chains can provide insight into the relative positions
of the salient single-particle orbitals as a progression is made
from stable to exotic nuclei. It is also possible that dramatic
changes are encountered, such as the rapid development of
collectivity [1-4]. The Al isotopes are considered to be in a
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transitional region [5-9] between the nuclei with ground states
dominated by normal and intruder configurations around the
N = 20 island of inversion (Iol). Therefore, they play a crucial
role in our understanding of the structural evolution. Despite
their importance as a bridge between normal and intruder
dominated configurations the neutron-rich Al isotopes are less
explored as compared to the surrounding even-Z nuclei.

In this article we report the first identification of a S-
decaying isomeric state in *°Al. In two previous studies, the
half-life of *®Al was reported as 90(40) ms [10] and about
14 ms [11] (value extracted from Fig. 1 of the reference) with
a neutron-emission probability 55(11)%. No information on
the level structure was available. We report the level structure
populated via B decay of **Mg. Further, we disentangle the
energy levels of *°Si populated in either the S-decay chain
Mg —3¢ Al — 3°Si or from the decay of directly produced
36 Al, which have provided clear evidence of the existence of
a low-lying B-decaying isomeric state in *6Al.
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Theoretical calculations were performed using the con-
figuration interaction derived from the FSU shell-model
Hamiltonian [12,13] to interpret the structure of the mass A =
36 isobars reported in this article. The calculations strongly
support the presence of an isomer in *Al and suggests future
prospects for improving the existing theoretical models.

II. EXPERIMENTAL DETAILS

The experiments to study the 8 decay of **Mg and *°Al
were conducted at the National Superconducting Cyclotron
Laboratory (NSCL) and later at the Facility for Rare Iso-
tope Beams (FRIB) at Michigan State University. In the
first experiment at NSCL, a primary beam of *®Ca with
140 MeV /nucleon and 80 pnA intensity was impinged on
a Be target of 642 mg/cm® thickness. The primary beam
fragmented by the “Be target was passed through the A1900
fragment separator [14] using a full 5% momentum accep-
tance. A wedge-shaped Al degrader of 120 mg/cm? thickness
was employed at the dispersive image plane of the A1900.
The radioactive cocktail beam centered around **Na was then
delivered to the experimental B-decay station. The beam was
passed through two Si PIN detectors which provided the en-
ergy loss and time of flight relative to the scintillator at the
intermediate dispersive image plane of the A1900 and the
PIN detectors. This information was employed for the particle
identification of the ions. The ions were then implanted in
a CeBrs scintillator placed in the downstream side of the
PIN detectors. The implantation detector was coupled with
a position-sensitive photomultiplier tube (PSPMT) with one
dynode and a 16 x 16 pixelated anode grid with a total 256 3
mm x 3 mm anode pixels. The implantation detector was sur-
rounded by 16 segmented germanium detectors (SeGa) [15]
and 15 LaBrj detectors in order to record the 8-delayed y-ray
transitions. Temporal and spatial correlations were performed
between the ions and the decays.

In the second experiment at FRIB, a **Ca primary beam
was accelerated through the FRIB LINAC to an energy of
172.3 MeV /nucleon and was impinged on a 8.89 mm thick
Be target. The fragmented beam was passed through the
preseparator with a magnetic rigidity of Bp = 5.100 Tm and
through the Advanced Rare Isotope Separator (ARIS) [16]
which selected a cocktail beam centered around **Si with a
full momentum acceptance of 5%. The fragments were then
delivered to the FRIB Decay Station Initiator (FDSi) [17,18].
A fast timing scintillator of 2 mm thickness followed by two
Si PIN detectors, each 500 um thick, were used upstream of
the implantation detector for the particle identification (PID).
The energy lost by the ions in PIN2 was also plotted against
the time of flight between the ARIS scintillator and the scin-
tillator at the decay station in order to generate the PID as
shown in Fig. 1 of Ref. [19]. At the center of the decay
station, a 5 mm thick YSO scintillator implantation detector
was placed [20]. The implantation detector was segmented
into 48 x 48 pixels with 1 mm x 1 mm dimensions. The
YSO detector was flanked by two scintillator veto detectors
immediately upstream and downstream, with the thickness of
2 mm and 5 mm, respectively. The implantation detector was
surrounded by 11 HPGe clover detectors and 15 fast-timing

LaBrj detectors from one side and the neutron detector array
VANDLE [21,22] from the other side. 8 decays were corre-
lated with the ions based on temporal and spatial information,
analogous to the treatment of the NSCL data.

In this work, the FRIB data are included to confirm and
complement the results from the NSCL data. The FRIB data,
though of lower statistics, provided cleaner y-ray spectra
which have added an extra confirmation to the observations
from the NSCL experiment.

III. ANALYSES AND RESULTS

The B-delayed y-ray spectra following the **Mg — °Al
decay in the two experiments are shown in Fig. 1. The ground-
state transition at 1408 keV from the 8-On grand-daughter *°Si
is present in the decay of **Mg in both data sets, as seen in
Fig. 1(a,b). Another peak at 1109 keV, which was reported in
Ref. [23] and was suggested as belonging to one of **°Si is
assigned to *°Si in the current analysis. The y-y coincidence
from the NSCL experiment confirms the 1109 keV peak be-
longs to *°Si as shown in Fig. 1(c). We place the 1109 keV
peak on top of the 1408 keV level in the level scheme of
36Si. The presence of B-1n daughter *>Al and grand-daughter
33Si were confirmed in both the experiments as the known
peaks correspond to the ground-state transitions 803 keV and
910 keV, respectively are clear in Fig. 1.

A peak at 657 keV was also observed in the B-delayed
y-ray spectrum of **Mg in both the experiments as seen is
Fig. 1. A transition at 657 keV was reported before in 3*Al,
populated via an intermediate-energy Coulomb excitation,
with a tentative 3~ spin-parity assignment [24]. A subsequent
study of **Mg B decay also observed a 657 keV y ray [23]
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FIG. 1. (a) The B-delayed y-ray spectrum observed in the FRIB
experiment within the 100 ms time window following the arrival
of an ion of **Mg. (b) The S-delayed y-ray spectrum of the same
isotope within the 100 ms time window as observed in the NSCL
experiment. (c) The spectrum in the inset shows the 1109 keV gate
confirming the y-y coincidence with the 1408 keV peak in the NSCL
data. The peaks labeled in red are newly assigned (or observed) in the
current analysis.
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FIG. 2. (a) B-delayed y-ray spectrum of 3°Al decay achieved
from the FRIB experiment. A 100 ms time window between the
% Al ions and the subsequent decays was considered. (b) B-delayed
y-ray spectrum of Al decay obtained from the NSCL experiment.
A temporal correlation of 100 ms between the implants and the decay
events was considered. The peaks labeled in red are newly assigned
(or observed) in the current analysis.

and assumed it belonged to **Al based on the similar energy
to Ref. [24]. However, no other known y-ray transitions from
34 Al have been observed in Ref. [24] and the transition at
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657 keV has not been observed in previous works studying
34 A1[9,25]. Furthermore, if the 657 keV peak observed in the
present work belongs to 3*Al, the probability of two-neutron
emission would need to be significantly larger than that of one
neutron emission based on the intensities of the relevant tran-
sitions in y-ray spectrum seen in Fig. 1. The neutron emission
probability of **Mg was measured and reported (preliminary
result) in Ref. [11] as 48(12)%. Considering the arguments
above, we assign the 657 keV transition to A1, though some
possible contributions from **Al can not be ruled out. We
propose a state at 657 keV, decays by a y-ray transition of
the same energy, that is directly populated by the 8 decay of
3Mg. The most likely spin and parity for the new level estab-
lished in Al is 1+ considering it is populated quite strongly
(alikely Gamow-Teller transition) from the 0% ground state of
3%Mg. This assignment then constrains the spin-parity of the
level to which this state will decay.

No other y-ray transitions have been observed that could
be assigned to 3*Al. We do note that in Fig. 1. There is an
additional transition visible at 1200 keV. We will return to this
transition later.

The Al — 3°Si decay was also studied following the
direct production of ®Al in the fragmentation reactions. The
B-delayed y-ray spectra observed in the both experiments
are shown in Fig. 2. The 1408 keV 2t — 0" ground-state
transition of *°Si is present in both spectra. The ground-state
transition at 910 keV from the 8-1n daughter **Si is also clear
in both measurements. A y-ray transition at 2316 keV was
observed which is assigned to *Si, and placed feeding the
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FIG. 3. Decay schemes of mass A = 36 nuclei proposed from the current analysis. Only the 8-On branches are shown here. The levels and
y-ray transitions shown in red and green are newly assigned. We propose that the isomeric state of ** Al is favorably populated by the 8 decay
of Mg (a similar procedure of the 8 decay of **Mg [9,27]) and the ground state is strongly populated in the fragmentation reaction. However,

the possibility of a vice-versa scenario cannot be excluded.
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TABLEL Observed excitation energies (E,), spin-parity (J7), together with the associated -delayed y-ray transitions (E, ) of **Si deduced
from the current experimental analysis from the decay of the isomeric and the ground state of *®Al are presented in this table. See the text for

details.

Beam component *°Al E, (keV) E, (keV) Jr I el J7

Isomeric state 1408.4(2) 1408.4(2) 2F 100 ot
2517.5(3) 1109.1(2) @24 46(5) 2+

Ground state 1408.4(2) 1408.4(2) 2+ 100 ot
3724.7(3) 2316.3(2) 3M) 71(11) 2+

1408 keV state, though the statistics prevented confirmation
using y-y coincidences. This assignment is made to *°Si
because the neutron separation energy S, of *>Si is only 2470
keV. Adding 2316 keV in cascade with the 910 keV level of
3gi places a level above S,. A number of levels above S,
have been observed in 3°Si following the 8 decay of *>Al
as reported by Timis et al. [26], but there is no mention of
a level at 3226 keV as would be required. The possibility
of a ground-state transition cannot be excluded but there
is no report of a level at 2316 keV in the literature [26],
while a number of other ground-state transitions have been
observed.

We will now focus on the two new transitions associated
with 3°Si, namely the 1109 keV and 2316 keV transitions.
The transition at 1109 keV was observed in the 8 decay of
3Mg in both the NSCL and FRIB experiments, as shown in
Fig. 1(a), 1(b). The peak is also seen, somewhat more weakly
in the decay of *°Al in both data sets. Conversely, we have
observed the 2316 keV peak in the 8 decay of 3°Al in both
data sets, but no sign in the decay of **Mg. These observed
discrepancies may suggest that the two states of *°Si decaying
by the y-ray transitions 1109 and 2316 keV are populated
by different B-decay paths. This is possible if Al has a
B-decaying isomer. This isomer can be favorably populated
by the decay of **Mg and B decays to the daughter nucleus
36Si. A very similar case has previously been observed in the
B decay of **Mg [9,27]. The decay scheme of the 8 decay
of Mg and *°Al suggested from the current experimental
observations is depicted in Fig. 3. It should be noted that the
ordering of the isomeric and ground state in *®Al could be
reversed. The level at 2518 keV in *°Si is populated in the
decay of proposed isomeric state of **Al which is favorably
populated in the decay of **Mg into 3°Al. The state at 3725
keV is populated by the 8 decay of the ground state of *®Al,
which is the state primarily populated when Al is produced
in the fragmentation reaction. The experimental observations
also suggest that the isomer in *°Al was weakly present in
the cocktail beam containing *®Al in both the experiments.
Table I shows the energy states of *°Si, their spin-parity, y-ray
transitions, and the intensities relative to the 1408 keV transi-
tion deduced from the current analysis. To extract the relative
intensities for the isomeric state, it was assumed that the S
decay from **Mg populated only the isomeric state in °Al
which subsequently decayed through the 1109 and 1408 keV
transitions in *Si. The directly produced **Al was a mix of
both isomeric and ground state and a small amount of the 1109
keV transition observed in Fig. 2 was attributed to the directly

produced *°Al isomeric state. The isomeric contribution was
taken into account in deriving the presented relative intensities
between the 1408- and 2316-keV transitions populated from
the ground-state decay.

There is an additional transition at 1200 keV as seen in
Figs. 1 and 2. At this time we do not have the statistics to
perform y-y coincidence analysis to place this transition, or
determine the isotope with which it is associated, though it
is most likely to be placed with 3>36Si based on its observa-
tion in both Figs. 1 and 2. The half-lives of **Mg and *°Al
have been reported before in Refs. [10,11,23,28]. Recently
the half-life of **Mg was measured from the same FRIB data
set as 7.2(12) ms [19]. In the fit of Ref. [19] the daughter
36 Al half-life was fixed at 90 ms based upon Ref. [10]. In the
present work, we have additional information to disentangle
and extract the half-lives of both **Mg and *®Al. This analysis
has been performed based upon the NSCL data. The half-life
of the presumed ®Al ground state was extracted as 14.7(10)
ms in the present work, as shown in the top panel of Fig. 4,
which is close to that reported in Ref. [11] (see Fig. 1 of the
Ref.) but far from the value quoted as 90(40) in Ref. [10]. The
measured half-life of *® Al was further confirmed by fitting the
decay time of events in coincidence with the 2316 keV peak
of the daughter nucleus °Si as seen Fig. 4(b). For the sub-
sequent discussion, we have adopted a ground-state half-life
of 12.0(20) ms for 0 Al, based on the cleanest determination
with the y-ray gating.
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FIG. 4. (a) °Al decay curve for a correlation time of 1500 ms
between the implants and the 8 decay within 1 pixel. (b) Decay curve
gated by the 2316 keV y-ray transition from the 8-On daughter *Si.
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FIG. 5. Decay curve of **Mg gated by the 657 keV y-ray transi-
tion from the 8-On daughter *°Al.

In the case of **Mg, the decay is hypothesized to feed the
B-decaying isomer in *°Al, which introduces the uncertainty
in fitting the total decay curve. As such, we focus for **Mg on
an exponential fit to the y-ray transition gated time distribu-
tion of the 657 keV peak which gives a half-life of 6.8(10) ms
as shown in Fig. 5.

The half-life of the isomeric state of *°Al has been mea-
sured by fitting the y-peak gated time distributions of the 1109
keV and 1408 keV transitions, populated via 8 decay of **Mg,
with Batemann equations including the grow-in and decay of
3 Al. The parent, **Mg, half-life was kept fixed at 6.8 ms in
the fits. The half-lives extracted for the ®Al isomeric state
from the two fits were 6.6(11) and 6.5(10) ms, respectively, as
shown in Fig. 6.

We do not have enough statistics with the FRIB data to
measure the half-lives gated on the y-ray transitions from the
descendant nuclei. However, the **Mg half-life extracted in
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FIG. 6. Half-life of the suggested isomeric state of ® Al has been
extracted from the y-peak gated time distribution of the (a) 1408 keV
and (b) 1109 keV transitions, populated via 8 decay of **Mg.

this analysis is in good agreement within the error limits with
that reported in Ref. [19].

IV. THEORETICAL DISCUSSION

The structure of Al has not been discussed before re-
garding the ground-state spin-parity or the observation of any
y-ray transitions. On the other hand, though 3°Si has been
studied in multiple experiments [10,29-32], no negative parity
intruder states, which can be populated from g decay of *°Al
via allowed § transitions, have been reported before. In this
work, we report the observation of the excited states of Al
and the possible negative-parity intruder state(s) of *¢Si via
B-delayed y-ray spectroscopy.

The results from the current experimental analysis were
compared with the shell model calculations performed with
the FSU shell-model interaction [12,13] using the shell-model
code CoSMo [33]. The FSU interaction covers a large part of
the nuclear chart that includes nuclei ranging in mass number
from around 10 to 50. It is a modern successor to a number
of very successful effective interactions for individual shells
supplemented with newly determined cross-shell matrix ele-
ments. In order to retain consistency, the effective interaction
keeps the particle-hole hierarchy so that states of different
harmonic oscillator excitation quanta fw are not mixed.

The ground-state structure of *®Al is expected to be dom-
inated by an odd number of neutrons in the fp shell and
odd number of protons in the ds/,, orbital. This dominant
configuration can provide a number of negative parity states
closely spaced in energies. Shell-model calculations with the
FSU interaction predict the ground state of Al as 2~ for the
OpOh (ds /2)’1 ® (f7 /2)3 configuration. A degenerate 4~ level
is predicted at 7 keV as shown in Fig. 7. Among them, one
can be the ground state and another can be the suggested iso-
meric state of * Al. Considering the isomeric state is favorably
populated by the 8 decay of **Mg, a 4~ ground state is more
likely in which case the 17 state populated by the allowed
B decay of **Mg will decay to the 2~ isomeric state by an
E1 transition which eventually will 8 decay to the excited
state of *°Si. A y-ray transition between the 2~ and 4~ levels
would be hindered due to the very low energy gap with a
B(E2) of 0.01 Wu according to the shell-model calculation.
The lowest Iplh state in Al was predicted as 17 at 440
keV with respect to the predicted 2~ level which can be the
theoretical counterpart of the observed (11) level that decays
by the 657 keV transition to the proposed isomeric (27) state.

With 14 protons and 22 neutrons, the ground-state config-
uration of 3°Si will be dominated by the f7,, neutrons with
some occupancies in the 1p3/, orbital. Shell-model calcula-
tions with the FSU interaction have been performed for both
OpOh and 1plh excitations in order to predict the positive
and negative parity states, respectively. The calculated energy
levels are compared with the observed states in the current
experiments as well as those reported in the previous studies
[34] and shown in Fig. 8.

The predicted positive parity levels are quite successful in
reproducing the energies of the observed states of *°Si. The
lowest-two positive parity levels 0T and 2% have significant
contributions from the neutron 1ps3,, orbital with occupancies
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FIG. 7. Experimental energy states of *°Al observed in the
present work are compared with those predicted by using the FSU
shell-model interaction. We note that the relative ordering of the two
B-decaying states could not be determined from the current analysis.
Unmixed 0/iw (OpOh) and 17w (1plh) states were calculated for the
negative and positive parity levels, respectively, of *°Al. The levels
in red have been newly observed in the current analysis and the
spin-parity are suggested according to the shell-model predictions.

0.4 and 0.74, respectively. However, as the spin increases,
the v1ps,, contribution decreases and the levels are more
dominated by the v f7,, occupancy. As the spin reaches to 6T,
the state is of pure v(f72)* configuration.

The shell-model predicts the first negative parity state of
36Si above 4 MeV as seen in Fig. 8. Considering a (4~) ground

5.
4 A
2 4500
1: ]
3725 @) g 4000
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2518 @) 72500
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FIG. 8. Experimental energy states of >°Si observed in the
present analysis as well as in the previous work [34] are compared
with those predicted by using the FSU shell-model interaction. Un-
mixed 0%w (OpOh) and 174w (1plh) states were calculated for the
positive and negative parity levels, respectively, of *Si. The levels
in red have been observed for the first time in the current analy-
sis and the spin-parity are suggested according to the shell-model
predictions.

state of 3°Al, the observed level at 3725 keV of °Si can be
either of 37, 47, or 5. All of them have the same dominant
configuration of (vd3/2)’1 ® (v f7/2)3 with 1p3/, occupancy
~().5. The predicted 3~ level at 4292 keV is a better energy
match among them. A 3~ spin-parity assignment to the 3725
keV level also follows the trend of the first negative parity
state of the nearby even-mass Si isotopes [35-37]. The ob-
served 2518 keV state does not have a suitable negative parity
candidate in the current predictions. There is a good energy
match with the second 27" state predicted at 2686 keV. If the
2518 keV level is of positive parity, this might have been
populated either by a forbidden B transition or is fed by other
negative parity levels at higher excitation energies whose y
rays were not observed in the current analysis.

V. SUMMARY

The structure of Al has been studied for the first time
with the observation of a 8-decaying isomer. The §-decaying
isomers in this region were previously reported in only two
more nuclei, both are N > 21 Al isotopes [27,32]. This is a
unique structural property which deserves more investigation
with the experimental data of enhanced statistics as well as
with theoretical models capable of interpreting a wide range
of isotopes in the same region.

In this work, the half-lives of **Mg and *°Al have been
measured. The half-life of **Mg agreed well with the most
recent measurements and that of Al was reported with a
higher precision. An intruder opposite parity level of °Si
was populated and the lowest negative parity state was ob-
served around 4 MeV. Shell-model predictions conducted by
the FSU shell-model interaction quite successfully reproduce
the experimental observations. The results of this study push
forward our progress in understanding the structure of exotic
nuclei. Evaluation of the level of configuration mixing will
help refine theoretical interpretations in the future.
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