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Abstract

20Na is a well-known B-delayed a emitter, owing to the large decay energy of 2’Na above
the +'0 threshold in the A = 5a daughter nucleus ’Ne. In this work, the decay property
of ?’Na is investigated in detail via the -y -« and B-y-o coincidence spectroscopy. As
the day-one experiment of the Beijing Rare Isotope Facility (BRIF), the intense 2’Na beam
was produced using the Isotope Separator On Line (ISOL) technique through the 100 MeV
proton bombarding a stack of MgO as a thick target. Specific interest was focused on the
exotic decay mode of 2’Na; the previously reported low-energy « lines at 713 and 846 keV
were confirmed, and several weak 3-y-a decay sequences were clearly identified for the
first time, thanks to the strong resolving power of o-y coincidence spectroscopy. The decay
properties of 22Na are compared to the shell model calculation, which agree reasonably
well with the allowed (3 transition strengths and subsequent electro-magnetic transitions
with the use of the sd shell-model space with the USDB interaction.

Keywords: 2°Na radioactivity; -y -o and p-o-y coincidence spectroscopy; exotic decay
mode; B(F) and B(GT); Beijing Rare Isotope Facility (BRIF)

1. Introduction

The Radioactive Ion Beam (RIB) facility has been one of the main focuses in nuclear
physics for decades; it provides a powerful tool for exploring the nuclei in the domain
of terra incognita and extending our knowledge obtained with stable beams [1]. About
270 stable and 50 long-lived nuclides are naturally occurring; they emerge as the remains
of various stellar nucleosynthesis processes in different astrophysical scenarios. Numer-
ous unstable isotopes are crucially involved in various high-temperature astrophysical
processes; their decay properties and the reaction rates are indispensable inputs to the
understanding of star evolution and explosive cosmic events [2,3]. Short-lived isotopes are
crucial in nuclear physics for the exploration of the boundary of existence of nuclei; their
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exotic structure [4,5] and abnormal reaction dynamics [6] bring a stringent challenge to
theoretical models for a more complete description [7].

20Na is a proton drip-line nucleus. It decays with a half-life of 447.9(23) ms and a
decay energy of 13,892.5(11) keV [8,9] to the daughter nucleus 2’Ne. The spin and parity of
the ground state of 2Na is 2*, and the isospin T = 1; its decay mainly proceeds through
the allowed transitions to the 1+, 2% and 3% states in 2’Ne with T = 0 or 1. Since the decay
energy of 2’Na is well above the & threshold of 2°Ne (S, = 4.730 MeV), many « cluster
states in 2’Ne can be populated in the decay of 2’Na with a total a-emission probability of
about 20% [10]. The a resonance states in 2°Ne close to the threshold have been the focus in
several works for the astrophysical Helium-burning reaction 1°O(a, 7)?°Ne [11-14]. For
this purpose, the resonance width and the detailed v transition strengths of 2’Ne a-cluster
states are needed. 2°Na is also involved in the breaking of the hot CNO cycle reaction
sequence: 150(a,v)1?Ne (p,y)zoNa(p,Y)21Mg [15]. The B* decay of 2°Na competes with the
20Na(p,y)*'Mg reaction for NeNa cycle and the rapid proton capture process pathway.

According to the selection rule of allowed B transitions, the 11, 2t and 3" states in
20Ne are directly populated in the 2’Na decay. However, only the 2’Ne resonance states
with natural parity can decay directly to the ground state of 1°O; the high-lying 1* and
3+ states in 2Ne have to de-excite via -y rays for the sake of isospin conservation. An
exotic B-y-a decay mode may exist in 2’Na; i.e., the high-lying 17 and 37 states in 2’Ne
may de-excite by < rays to resonance states with natural parity and then emit « to the
ground state of °O. A similar exotic f-y-p decay mode was observed in %°Zn [16] and
32Ar [17], and it resulted in significant corrections to the 8 decay branching ratios and
reduced transition strengths. These kinds of exotic decay modes become increasingly
important for isotopes close to the proton drip line [18]; particle emission from unbound
levels in the daughter nuclei may be partially or even totally due to the often omitted
indirect feeding by <y transitions.

Many experimental investigations have been carried out concerning the decay of 2’Na
since the 1960s. Macfarlane and Siivola first observed four groups of f-delayed a’s from
the 2’Na source produced by the charge-exchange reaction [19]. Pearson pointed out, in
the same year, the probable existence of & groups lower than 1 MeV [20], which attracted
several further investigations [15,21-25], but the low-energy a groups were not directly
discovered. At the IGISOL facility, Laursen et al. conducted a high-statistics measurement
of the B-delayed & spectrum of 2°Na [26]. By applying the a and °O coincidence, two
groups of a’s below 1 MeV were successfully observed, and they were assigned to the
known 3~ state at 5621 keV and the 1~ state at 5788keV in ?’Ne, respectively. Based on
these new « particle lines, exotic B-y-a sequences were suggested, including the one from
the IAS at 10,277 keV to the 5621 keV 3~ state in 2’Ne [26]. It is interesting to notice that
the previous measurements are mostly B-delayed single-« or single-y measurements. With
the purpose of directly exploring the exotic decay sequences of 2’Na, we conducted this
measurement with g-delayed a-y coincidence spectroscopy. Some of the results concerning
the direct observation of the exotic 3-y-a decay sequences in 2’Na have been published as a
letter in Ref. [27].

2. Experiment
2.1. Beam Production

The Beijing Rare Isotope Facility (BRIF) [28,29] is an ISOL-type radioactive ion beam
facility that is an upgrade project aiming to provide post-accelerated beams of rare isotopes
at the Beijing HI-13 heavy-ion Tandem accelerator laboratory [30]. At BRIF, radioactive
nuclides are produced by a proton beam of 100 MeV bombarding a thick target; the reaction
products that diffuse out of the target are ionized by an ion source and separated by a
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high-resolution Isotope Separator On Line (ISOL) for subsequent post-acceleration in the
HI-13 Tandem accelerator. The driving accelerator of BRIF is a home-made 100 MeV, 500 u A
proton cyclotron (CYCIAE-100) equipped with a fixed field and four sectors. CYCIAE-
100 adopts a compact magnet of 6.16 m in diameter with a pole radius of 2.0 m and H™ accel-
eration with stripping extraction [31]. The ISOL part of BRIF consists of pre-separation and
main separation stages that employ different potentials [32]. The pre-separation stage, with
M/AM = 2000, includes two 90° bending magnets and electrostatic quadrupoles placed on
a 300kV platform, which keeps the unwanted radioactivities at the heavily shielded front
end; the main separation stage, with M/AM = 20,000, is energy-achromatically fulfilled
with two large 100° bending magnets. BRIF is capable of delivering low-energy ISOL
beams of 60-300 keV and post-accelerated beams from 3 to 10 MeV /u for nuclei with mass
numbers of A < 80. Two types of ion sources are equipped at BRIF [33]; one is a surface
ion source for low-ionization-potential elements, and the other is an electron-impact ion
source for gaseous and high-ionization-potential elements. Since the mass resolution of
the pre-separation stage was sufficient for the present experiment, a conventional reaction
chamber was installed at the entrance of the main separation magnet, and electrostatic
quadruples at the front end were adjusted to focus the ISOL beam on the center of the
target chamber.

In this day-one experiment, the ’Na source was produced by the >*Mg(p, an)*°Na
reaction with a 100 MeV proton beam bombarding a MgO target. The MgO target is about
10 cm thick, comprising a stack of MgO slices, each with a thickness of about 2mm. To
facilitate the effusion of neutral ?’Na atoms out of their production lattices, each MgO
slice was made into a microporous structure, and 1/4 of each slice was deliberately cut
off to form a diffusion volume in the target oven of a cylindric tantalum tube. The MgO
target material has a melting temperature of 2852 °C and the operating temperature was
optimized to about 1500 °C in the experiment [33]. Four experiments were carried out in
a period of one year for the production of an intense 2’Na ISOL beam. Steady progress
was achieved, owing to the growing knowledge of the optimum working condition of
the target-ion source system [33]. A 2’Na intensity of 1 x 10° pps was reached ultimately
with a 5 u A proton primary beam, resulting in an overall efficiency of about 0.01%, which
is comparable to the result reported from a TRIUMF-ISAC experiment [34]. Moreover,
ISOL beams of 212224-26Na isotopes were also produced with the thick MgO target; the
intensity of 2!Na (t;,, = 22.49 s) was at least three orders of magnitude higher than that
of 2Na under the same condition, which was later post-accelerated for a nuclear reaction
study [35].

2.2. Experimental Setup

The experimental setup for the B decay of ?’Na is shown in Figure 1. A pure beam
of 22Na 1% ions at 100 keV was implanted into a 3 i m-thick aluminum collection foil.
The aluminum foil is positioned at the geometric center of a silicon box, which consists of
five 1 mm-thick multiguard silicon quadrant (MSQ) detectors for the measurement of 3
particles from the 2’Na decay. The performance of the MSQ detectors was checked with a
133Ba source. The thickness of the aluminum collection foil allows the strongest 3-delayed
« particle group of 20N, at 2.15 MeV, to go through and be measured by an MSQ detector.
Two double-sided silicon strip detectors (DSSDs) are symmetrically installed at backward
angles relative to the beam axis, each at a linear distance of 10 cm from the aluminum foil.
The DSSDs have an active thickness of approximately 70 1 m and a very thin dead layer of
only 100 nm for the efficient detection of low-energy o particles. An MSQ detector of 1 mm
in thickness is mounted behind each DSSD to veto 3-particles and remove the 3-a summing
events. Standard « sources of 2Pu and 24! Am were used to check the performance of the
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DSSDs and the MSQ detectors before and after the experiment. Two HPGe detectors, each
with a relative efficiency of 175%, are placed in two cylindric flanges perpendicular to the
beam direction to measure the B-delayed y rays from 2°Na. The flange has a very thin front
wall of only 1 mm to avoid the absorption of low-energy v rays from 2’Na.

DSSD + MSQ 20Na beam

k Al collection foil

Figure 1. Experimental setup for the 3 decay of 2’Na. The top MSQ has been removed to show the
inner geometry and the collection foil that is tilted into the center of the MSQ box from the upstream.

The energy signals from the MSQ, DSSD, and HPGe detectors are acquired by a 12-bit
analog-to-digital converter CAEN V785 (Italy), while the timing signals are recorded by a
time-to-digital converter, CAEN V1190 (Italy), with a time resolution set to 100 ps. The MSQ
detectors work at a bias voltage of —100 V supplied by a Mesytec (Germany) MHV-4 high-
voltage module. Their output signals are processed by a Mesytec (Germany) 8-channel
integrated preamplifier and the main amplifier before being fed into the V785. The two
HPGe detectors are biased at +2400 V and +3400 V, respectively, using an ORTEC (USA)
660 high-voltage power supply. Their signals are shaped by ORTEC (USA) 672 amplifiers
and then sent to the V785. The two DSSDs are operated at a bias voltage of —6 V. Their
signals are processed by a Mesytec 16-channel integrated preamplifier and main amplifier
before being fed into the V785. The data acquisition system was triggered by a 3 particle
signal from the MSQ detectors, with a width of 32 i s to accommodate the o from the DSSDs
and y from the HPGe detectors. During the period of the experiment, the implantation rate
of 2'Na was controlled to an average of about 1.5 x 10* pps. With this implantation rate,
the average live time of the data acquisition system was about 75%, and about 4.5 x 10°
20Na nuclei in total were implanted into the collection foil.

The relative efficiency of the HPGe detector was calibrated using the 1779, 3454, and
5110 keV 7 rays from the well-known resonant reaction 27 Al(p, )?8Si at E, =293 keV [36],
as shown in Figure 2. Measurements were obtained at source-to-detector distances ranging
from 4 to 35 cm. These data were used to constrain the Geant4 simulation for the optimum
HPGe detector model. The absolute detection efficiency of the HPGe detectors was identi-
fied by a Geant4 simulation for y rays of up to 12 MeV under the realistic experimental
conditions of this work, as shown in Figure 3. The summing effect caused by the close
detector geometry was automatically taken into account when the Geant4 simulation was
performed to reproduce the -y spectra from the standard sources and the % Al(p,7)?8Si
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reaction. The HPGe detector efficiency data obtained from the Geant4 simulations were
fitted using the following function:

s(E):aexp(b+cE+dlnE+eln2 E) (1)
Two sets of fitting parameters were obtained for the two HPGe detectors, respectively:
ag = 0.6224, by = 0.5056, cyp = —0.07428, dy = —0.4084, ey = —0.02543;

a; = 0.06915, by = 0.5112, ¢y = —0.0804, d; = —0.3988, ¢; = —0.01852.

W Experimental Data 07 ®  Experimental Data 0. W Experimental Data
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Figure 2. The relative detection efficiency of the HPGe detector calibrated by the v rays from the
27 Al(p, v)?®Si reaction at E, = 293 keV.
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Figure 3. The absolute detection efficiency of the HPGe detectors determined by the Geant4 simulation.

3. Data Analysis and Results
3.1. v Spectrum

The energy calibration of the HPGe detector was performed using *®Co and ®2Eu
standard sources, along with the 7 rays at 511 keV and from the de-excitation of ?’Ne
at 8638 and 11,258.9 keV, respectively. The 11,262.3keV 1t state is known with high
precision from the 160(a, 1)*'Ne reaction [37] and the 2°Ne(y, 7) photon scattering [38],
the 11,258.9(1.9) keV 7 transition is thus used for the energy calibration of the 7 single
spectrum. The energy-channel relationship of the HPGe detector showed excellent linearity.
The calibrated y-ray data from the two HPGe detectors were summed together, as shown
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in Figure 4. The properties of the observed -y rays from the 3 decay of 2’Na are summarized
in Table 1.
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Figure 4. y singles spectrum of the 3 decay of 2’Na.

Since the decay of ?’Na proceeds dominantly to the 1634 keV 2] and alpha resonance
states in 2’Ne, only a few known v lines show up in the -y singles spectrum. In the low-
energy part of the y spectrum, two <y rays were clearly observed: one is at 1633.6 keV, which
corresponds to the transition from the 1633.6 keV 2" level to the Og s in °Ne; the other is at
3332.5 keV, corresponding to the transition from the 4966.5 keV 2" level to the 1633.6 keV
2] level. In the high-energy part of the spectrum, five high-energy <y rays were observed at
8237 keV (9873 keV 3] — 2[), 8638 keV (10,273.2 keV 2} — 2") [39], 9248 keV (10,884 keV
3y —2{),9626 keV (11,262.3 keV 1] — 2"), and 11,258.9 keV (11,262.3 keV 1] — Ogs.).
For each of these high-energy - rays, the corresponding single-escape and double-escape
peaks were also clearly visible, as labeled in the spectrum. The 10,277 keV IAS, 10,887 and
11,262 keV levels are known to have T = 1, the emission of an « particle to the ground
state of 1°0 is isospin forbidden, which results in the enhancement of the emission of ¢
transitions. Although the 9875 keV 3% state has T = 0, the emission of an « particle to the
ground state of °O is also forbidden due to its unnatural parity.
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Table 1. List of y rays from the decay of 2’Na, with the relative intensities normalized to the
1633.6 keV 21+ — Og s transition. 100 -y intensity units corresponds to a direct § feeding of 79.6(2.5)%.

E,(keV) L, (rel) E;(keV) E¢(keV) IF If
1633.6 100.00(4) 1633.6 0 2 0
24404 10,273.2 7833.4 28 2
2451 0.0012(1 9873 74219 37 25
3332.5 0.143(9) 4966.5 1633.6 27 2
6635 0.028(6) 10,843 4247.7 2 4f
8237 0.025(3) 9873 1633.6 37 2f
8638 0.110(3) 10,273.2 1633.6 28 2f
9248 0.053(3) 10,884 1633.6 3y 2f
9626 0.032(2) 11,2623 1633.6 1 2

11,258.9 0.162(4) 11,262.3 0 1y 0

A v-ray peak at 2613.8 keV was observed in the spectrum, which might be attributed
to the transition from the 4247.7 keV 41 level to the 1633.6 keV 2;” level in 2°Ne. However,
this y peak lies very close to the 2614.5 keV background v line arising from the 2%Bi and
208T] decay and, therefore, cannot be resolved within the energy resolution of the HPGe
detectors. As a result, the origin of this 7 ray cannot be unambiguously assigned. A peak
observed around 2447 keV is likely composed of contributions from two closely spaced
7 rays, i.e., the 2451 keV transition from the 9873 keV 37 level to the 7421.9 keV 2 level
and the 2440.4 keV transition from the 10,273.2 keV 21 level to the 7833.4 keV 271 level.
Owing to their small energy difference, these two transitions could not be clearly resolved
in the energy spectrum. Furthermore, a weak peak was observed at around 6635 keV,
which may correspond to the transition from the 10,884 keV 3% level to the 4247.7 keV 4+
level. Although the 6635 keV and 2447 keV < rays form a cascade in the proposed decay
scheme, the coincidence relationship cannot be observed due to very weak branchings.
The -y — 7 coincidence spectrum gated by the 1634 keV 2] — Og& transition in 2’Ne was
also analyzed, which did not exhibit any new < lines but confirmed the above-discussed y
transitions to the 1634 keV 2" level.

The relative intensities of the <y rays from the decay of ?’Na are listed in Table 1, after
being normalized to that of the 1633.6 keV 7 line using the simple formula

N, /ey

I T e
v
Ni1633.6/ €1633.6

@
where N, and Njg33 6 are the net counts of the 7y ray and the 1633.6 keV, and e, and 14336
are the detection efficiencies at the corresponding energies, respectively.

3.2. o Spectrum

The & energy calibration was based on the two most intense 3-delayed « lines of 2Na,
at 2153.2(10) keV and 4433.8(15) keV, respectively, with the correction of the energy-loss
nonlinearity of the « particle in the aluminum foil and the dead layer of DSSD [26]. Their
energies were calculated using the excitation energies of the corresponding states in 2’Ne,
which are 7421.9(12) keV and 10,273.2(19) keV, along with the a-particle separation energy
Sa = 4729.84(1) keV for the decay of 2Ne — 10 + a. The calibrated alpha-particle singles
spectrum is shown in Figure 5. Nine a-particle lines are clearly observed in the spectrum,
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which are listed in Table 2. Their relative intensities were scaled to the 2153.2 keV « line.

The leftmost peak, indicated by a star, corresponds to the recoil 16Q.

In the & spectrum obtained in this work, the new low-energy « lines reported by

Lauren et al. at 714, 847 and 1220 [26] were not directly observed; these weak « lines were

obscured by the °O recoils. The experimental setup did not offer much opportunity for the

160 and a coincidence, as was applied in Ref. [26]. Instead, we focus on the a-y coincidence

according to the excellent energy resolution of HPGe detectors.

107
108
10°

10*

Counts

10°
102

10

\IHHT| I HIIﬂT| AL

\IHHI| \HIIHTI \IIHHT‘ IHIHH‘

Energy(keV)

Il ‘ 1 Il ‘ 1 Il ‘ 1 1 ‘ Il 1 1 ‘ Il
1000 2000 3000 4000 5000 6000

Figure 5. o spectrum from the decay of 2’Na. The peak labeled by a star is dominated by °O recoils.

Table 2. List of a lines from the decay of 20Na, with relative intensities normalized to the 2153.2(10)

keV line. 100 & intensity unit corresponds to a direct § of 16.2(0.5)%.
Line E,(keV) I,(%) E;(keV) I7 I?(l60)
1 2153.2(10) 100.000(252) 7421.9 2;' Og'.s'
2 2486.1(9) 4.305(11) 7833.4 2;' O;.S'
3 3210(1) 0.232(1) 8767 22' Og'.s'
4 3806.8(12) 1.929(5) 9487 2;' O;.S'
5 4433.8(15) 17.255(44) 10,273.2 22' Ogs_
6 4680.0(18) 0.531(1) 10,584 2;‘ Ogs_
7 4888.1(19) 1.206(3) 10,843 2 Ogs.
8 5256.5(26) 0.219(1) 11,320 2;' Ogs_
9 5678.2(35) 0.014(0) 11,885 215 Ogs_

The total a particle emission probability, I, (total), is deduced to be 20.3(6)% from the

total & counts N, (total) by the following relation:

I (total) = Ny (total)
; N, (1634) + N,(11,259) + Ny (total)’

©)

The intensity of the 1634 keV  transition is deduced to be 79.6(2.5)% per 100 decays
of 2’Na from the net counts N, (1634) by the similar relation

N, (1634)
1,(1634) = T :
1(1634) N, (1634) + N, (11,259) + Ny (total)

(4)
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3.3. a-y Coincidence

To explore the exotic B-y-a decay sequences of 2’Na, an a-y matrix was constructed
that included all a-y coincidental events within 160 ns, as shown in Figure 6. Since the
readout energy of a single « particle event by the front (E¢) and back sides (E;) of a DSSD is
equal, the Ef versus E; follows a diagonal relation. The fault a-y coincidence events were
removed by introducing a simple criterion, |Ef — Ey| < 140 keV. The a-gated 7 spectra
were projected at different « particle energy intervals from the a-y matrix, as shown in
Figure 7. The '°0 recoil events in Figure 5 are related to the a groups by E(1°0) = 1/4E,,
and no v lines are observed in coincidence with the °O recoils, as is indicated in Figure 7a
as an example.

Using o particles in the range of E, = 640-780 keV as the gate, which corresponds to
the o transition from the 3~ state of 2’Ne to the 0" state of °O, y rays with energies of
4252 keV and 4655 keV were observed. These y rays originate from the de-excitation of the
3T state at 9875 keV to the 3™ state at 5621 keV and from the de-excitation of the 27 state at
10,277 keV to the same 3~ state at 5621 keV in 2°Ne, respectively.

With the use of a particles in the range of E, = 1520-1640 keV as the gate, corresponding
to the known o transition from the 07 state at 6720 keV in 2°Ne to the ground state of 16Q,
a y ray with an energy of 4542 keV was observed. This vy ray results from an M1 transition
from the 17 state at 11,262 keV in 2°Ne to the 07 state at 6720 keV. These three coincidence
events constitute the -y-o decay sequence of ?’Na and represent the first experimental
observation of this exotic decay mode [27].

8000

7000 10°

6000

5000

10?

4000

E,(keV)

3000

10
2000

1000

© IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

o

PR RS RS E S S RS ST RS
1000 2000 3000 4000 5000 6000

E,(keV)

Figure 6. Two-dimensional a-y coincidence spectrum of 2Na decay.

A v line at 6130 keV is seen in Figure 7c with an a particle energy gate at
E, =1110-1240 keV. The 6130 keV 7 line is the 6130 keV 3~ — 07 transition in '6O;
the « particle energy gate indicates a central energy of E, = 1175 keV. Combining this
information together reveals that the a-y coincidence events are attributed to a known 2"
level at 12,327 keV in 2°Ne, which was previously established in high-resolution °O(a,)
scattering [40]. The new 12,390 keV 17 level in 20Ne suggested in Ref. [20] is, therefore, not
supported in the present work. No 7 line is observed in coincidence with the E, = 846 keV
region, which indicates that the 846 keV « particle intensity observed in Ref. [26] comes
from the direct f feeding to the 5788 keV 1~ state in 2°Ne.

Gating on the 4252 keV and 4655 keV vy rays, we observed an o particle group with
energy of 710(10) keV, consistent with the previously reported value of 714(4) keV in
Ref. [26], as shown in Figure 8.

The exotic decay sequences observed in this work by a-y coincidence are listed in
Table 3.
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Table 3. Exotic decay sequences observed in this work by a-y coincidence.

E,(keV) E;j(keV) E¢(keV) I7 If I,(%)1 E,(keV) Decay Sequence
4252(5) 9874.5 5621.4 3t 37 0.0018(6) 710(10) B-y-a
4542(5) 11,262.3 6720 1 0t 0.0024(7) 1590(30) B-y-a
4655(4) 10,276.7 5621.4 2t 37 0.0016(6)  710(10) B-y-o
6130(4) 6130 0 3t 0" 0.0016(7) 1204(35) B-a-y

! Absolute intensity per 100 2°Na decay.

3.4. B(F) and B(GT)

The energy levels of 2’Ne populated in the 8 decay of 2’Na are listed in Table 4. The
B-feedings to the excited states of 2’Ne and the corresponding logft values are calculated
by the relative intensities of «, v and the a-y coincidence obtained in this work, except
for the 5788 keV 1~ state that is taken from Ref. [26]. As one can see from Table 4, for the
17, 2% and 3+ states in the daughter nucleus 2’Ne, the logft values ranging from 3.8 to
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5.9 generally agree with the allowed G-T transitions. For the 10,277 keV IAS in ?°Ne in
particular, the super-allowed Fermi transition is indicated by a logft value of 3.5. The
8767(30) keV 27 state in 2Ne is known to have an a particle width of about 700 keV [26]; it
is difficult to evaluate the resonance energy and the « intensity precisely from Figure 5 due
to an intense & peak centered at 3810 keV. The B(F) and B(GT) values listed in Table 4 are
computed from the experimental logft by the well-known relation [41]

K
~ ¢2B(F) +¢4B(GT)’

ft ()

where K/g% = 6145(4) s, and g4 /gy = —1.2670(35).

Table 4. The levels of 2’Ne populated in the 8 decay of 2’Na. The Logft values are calculated with
Qp =13,892.5(11) keV [9] and Ty /5 = 447.9(23) ms [8]. B/t indicates the experimentally deduced
Fermi or Gamow-Teller transition strengths. The shell model calculation in the sd-shell model space
is listed for comparison.

Present Experiment Shell Model
E. (keV) It B-Feeding (%) logft BrigT E, (keV) Bgr“ B (F)
0.0 0t
1633.7 (2) 2+ 79.3(25) 4.99 0.039 1738 0.035  0.00001
4968.0 (7) b 2- 0.114(8) 7.10
5621.4 (17) € 3~ <0.0029 >8.5
5787.7 (26) © 1~ 0.0016(5) 4 8.73
6720 (5) 0t 6698
74235 (18) 2+ 16.1(6) 4.19 0.245 7533 0.182  0.00044
7831.8 (23) 2+ 0.69(3) 5.40 0.015
8770 (50) 2+ 0.034(8) 6.30 0.002
9488.5 (22) 2+ 0.307(18) 4.96 0.042
9874.5 (21) b 3+ 0.022(6) 5.87 0.005 10,419  0.0005
10,276.7 (20) b 2+ 2.87(12) 3.48 2.044 9947 0.093  1.994
10,582 (3) 2+ 0.085(4) 4.77 0.065 10,440 0201  0.0024
10,841.5 (22) 2+ 0.195(8) 4.18 0.253 10,747 0417  0.0025
10,886.8 (22) 3+ 0.042(4) 4.80 0.060 10,538  0.086
11,262.3 (19) 1t 0.157(8) 3.84 0.552 11,135  0.510
11,300 (10) 2+ 0.035(2) 4.45 0.135
11,870 (50) 2+ 0.0023(1) 4.81 0.059
12,367 (35) 1+ 0.0016(7) 3.82 0.577 12,573 0211

? A quenching factor of q%GT) = 0.60 [42] is multiplied. b Determined by < transitions from this work. The
remaining excitation energies are determined by a particle lines or otherwise labeled. ¢ From compilation in
Ref. [39]. ¢ From Ref. [26].

The B decay of ?’Na is calculated in the sd-shell model space with a USDB interac-
tion [43] for the charge-independent part plus the Coulomb, charge-dependent and charge-
asymmetric nuclear Hamiltonian obtained by Ormand and Brown for the sd shell [44].
As listed in Table 4, five 27 states and one 17 state in 2’Ne are predicted with B transi-
tion strengths from the 20Na decay, and the calculated B(GT) values scaled with a typical
quenching factor of 0.6 agree well with the experimental ones. For the 10,277 keV IAS
in 2'Ne, the calculated total f transition strength includes about 3% of B(GT) mixing to
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the B(F) of 2.0. Three 3* states in 2’Ne are predicted within the excitation energies from
10.5 to 11.6 MeV, and the shell model 3] state agrees very well with the experimental one in
terms of the excitation energy and B(GT) value. For the 3] state in 2’Ne, the experimental
B(GT) value is only less than one-quarter of the shell model prediction; the discrepancy
arises from the predicted strong E2 v transitions to the low-lying 25 and 4, states that
were not observed in this work. Another 3] state is predicted at 11.611 MeV in 2°Ne with a
weak B branching of about 0.0016%, which has not been observed in the decay of 2’Na to
date. We notice that the lowest excitation levels in '°F are probably single-valence proton
excitation from 2s; /, to 1p1,, and 1ds;, as well as single-valence neutron excitation from
2515 to 1ds /5 and 1py /» in Ne; the main configurations for the lowest 2~ and 3~ levels
in 2°Ne may involve 7tlp; /» © vlds/, and 7lds/, @ vlpy ;. Naively, the lowest 17 and
4~ levels in 2’Ne could have originated from the coupling of the proton and neutron 1ds,
and 1pj3,, single-particle orbitals. A shell-model calculation in the psd—shell model space
with a YSOX interaction [45] indeed predicts the 2~ and 3~ states in 20NJe at reasonable
excitation energies of 7696 and 7941 keV, respectively.

3.5. Decay Scheme

A decay scheme of 2’Na is shown in Figure 9. Three 3-y- decay sequences and one
B-0-v exotic decay sequence in 2’Na that were observed in the present work are marked in
red in Figure 9.

2*:T=1 447.9ms

20 :I_
Na 2m,c2
1:T1=0 12,367 _0.0016  3.82
270 B3 o 11,885 0.0023  4.78
PERERR N S 11,320 0035 441
15 7=1 o < S " 11,262.3 ‘0.157 3.84
3-:T=0 6130 3t T=1 o @ _ 10,884  0.042 4.80
2*: T=0 © % - i g 10,843  0.195 4.18
[2+:7=0 A S 10,584 _0.085 _ 4.76
2+ T=1 0 < N Qun Y 10,273.2 2.87 3.48
[ 3+:1=0 ® & N 9873 _0.022 587
2*: T=0 9487 < 0.307 4.96
2*:T=0 8767 0.034 6.30
2+:T=0 7833.4 0.69 5.40
2*:T=0 7421.9 16.1 4.19
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9+ T=0 ! ~ 16337 793 499
010 ‘ O stable
ZONe

Figure 9. Decay scheme of 2’Na. The newly discovered exotic decay sequences are shown with red
arrows. The 2’Ne states are labeled by excitation energy in keV, the  branching ratio, and the logft
value on the right side.

The 4252 keV and 4655 keV vy rays contribute to the intensity of the 714 keV « particle.
This occurs because the 37, T = 0, state of 2’Ne at 5621 keV is populated by a first-forbidden
beta transition (Logft > 8.5) from 20Na, while the 3T, T = 0 state at 9874.5 keV, which emits
the 4252 keV v ray, and the 2%, T =1 state at 10,277 keV, which emits the 4655 keV vy
ray, are populated by allowed beta transitions from 2’Na with Logft values of 5.87 and
3.48, respectively. Both y rays correspond to E1 transitions. Notably, the 2, T = 1 state
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at 10,277 keV can decay by o particle emission only by mixing with nearby 2" states with
T = 0. The intensity of the 1589 keV o particle comes dominantly from 4542 keV y ray
indirect feeding, instead of the second-forbidden direct {3 transition. The 1220 keV « particle
line originates from the decay of the 12,367 keV excited state in 2’Ne to the 6130 keV state
in 1°0. With a Logft value of 3.82, this transition is classified as allowed. An angular
distribution analysis from the F(*He,d)?*’Ne reaction determines the spin-parity of this
state as 1. Given that the 3™ state of 10 has an isospin values of T = 0, the 12,367 keV
state is consequently assigned an isospin of T = 0.

4. Summary

In summary, the B decay of 2’Na was investigated in the day-one experiment at BRIF
with an intense, pure 2’Na ISOL beam and a challenging a—y coincidence analysis. Three
exotic B—y—-a decay sequences in 2’Na were successfully observed, comprising the first
case of its type and, thus, expanding the rare decay modes discovered in B decay. The
observed f—y—a decay sequences are essential in determining the direct B feedings and
log ft values for the low-lying a-emitting states in 2’Ne. Although the a« decay widths for
these states have not been calculated, the experimental B transition strengths for the 17, 2,
and 37 states in 2’Ne can be well accounted for using sd shell-model space interactions.
It is clear that the low-lying negative parity states in ?’Ne involve 1p, instead of a 1f
single-particle orbital; however, the complexity of cross-shell excitation limits the precision
of the predictions for these negative parity states in 2’Ne from a shell-model calculation in
the psd-shell space.
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