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The exotic 8 — — a decay mode of 2°Na has been directly observed for the first time in the Day-
one experiment at the Beijing Radioactive Ion-beam Facility (BRIF). The 20Na source was produced
by using a 100 MeV proton beam bombarding a stack of microporous MgO thick target, and
delivered as an intense mass separated beam after on-line ionization. A high-efficiency simultaneous
measurement of 3, v and « transitions enables the 5-delayed v—~ and a—+y coincidence spectroscopy.
Three 8 —~ — a exotic decay sequences in 2°Na are discovered, which expands the rare decay modes
observed in 8 decay. Moreover, a 3 — a decay sequence to the 6130 keV 3~ state of 150 is observed,
which is likely through the 12367 keV 17 state in *°Ne. The experimentally deduced B(F) and
B(GT) are compared to the shell model calculation, the allowed [ transition strengths can be well
accounted for by using sd-shell model space interactions.

The atomic nucleus is a quantum many-body system
in which a finite number of protons and neutrons are
bound together by the strong nuclear interaction. The
stability of nucleus against spontaneous decay is related
to the proton-to-neutron ratio or in terms of the projec-
tion of isospin T, = (N — Z)/2, where N is the number
of neutrons and Z the number of protons. Light nuclei
up to “°Ca with 7, = 0 are mostly stable with large nat-
ural abundances, the so-called proton- and neutron-rich
isotopes with larger |T| values are subject to different de-
cays. [ decay is the most common radioactivity, which
provides fundamental information on unstable nuclei for
our understanding of nuclear structure [1, 2] and nuclear
astrophysics [3]. Unusual decay modes appear as a result
of weakening binding energy, such as the ground state
proton [4, 5] and two-proton radioactivities [6, 7] in nu-
clei at the proton drip line, such processes also occur
via highly excited states of daughter nuclei [8-10]. These
constitute the family of known exotic decay modes as
highlighted in recent review articles of radioactive de-
cays [11-13].

[ decay takes place between isobaric nuclei, and pro-
ceeds mainly through the allowed Fermi and Gamow-
Teller (GT) transitions to the daughter nucleus. In iso-
baric nuclei, states with the same isospin 7" and spin-
parity J”™ form an isobaric multiplet. Fermi transitions
occur between the ground state of the parent nucleus and
its isobaric analogue state (IAS) in the daughter nucleus,
thus is useful for testing the validation of the isobaric
multiplet mass equation (IMME) [14]. For nuclei with

TAS above the particle threshold, the emission of parti-
cles from the TAS is usually sensitive to the isospin mix-
ing. This provides opportunity for exotic decay mode,
particle emission from unbound levels may be partially
or even totally due to the feeding of v transitions from
the TAS. To date, exotic f — v — p decay modes have
been observed in T, = —2 nuclei 32Ar [15] and %%Zn [16],
significant corrections to both B(F') and B(GT) are in-
troduced that demonstrate the importance of the often
omitted indirect feeding by = transitions to the particle
intensity. In this paper, we report the first direct ob-
servation of exotic § — v — a decay in T, = —1 nucleus
2ONa.

Prior to the present work, many experimental inves-
tigations have been carried out for the decay of 2°Na
through S-delayed «[17-19], S-delayed ~[20] and 5 — v
angular correlation [21-23], which lead to detailed infor-
mation on ?°Na decay [24]. More than ten S-delayed «
particle lines are known summing to a total a-emission
probability of about 20%. Despite many efforts, the «
particle lines below 1 MeV first predicted by Pearson
et al. [25] were only recently realized by an elaborately-
designed a- %0 coincidence experiment at IGISOL facil-
ity [26]. Two new « particle lines below 1 MeV were iden-
tified and assigned to the known 3~ state at 5621 keV and
the 1~ state at 5788 keV in 2°Ne, respectively. Based on
these new « particle lines, exotic §—y— « sequences were
suggested, including the one from the IAS at 10277 keV
to the 5621 keV 3~ state in 2°Ne [26]. Since only the ?°Ne
resonance states with natural parity can decay directly



to the ground state of 150 via a particle emission, the 17
and 37 states in 2°Ne populated by GT transitions may
also have exotic v — « branches. Such —v— « sequences
are essential in determining the direct 3 feedings to the
low-lying o emitting states in 2°Ne. For this purpose, a
direct measurement of exotic 8 —v—« decay sequences in
20Na has been performed by using a high-intensity pure
20Na beam and the a — 7 coincidence spectroscopy.

The experiment was carried out at the Beijing Ra-
dioactive Ton-beam Facility (BRIF) [27], which was re-
cently commissioned to provide post-accelerated radioac-
tive ion beams at the Beijing HI-13 Tandem accelera-
tor laboratory. At BRIF, a newly-built 100 MeV 200 u A
proton cyclotron (CYCIAE-100) [28] serves as the driv-
ing accelerator. Reaction products diffusing out of the
thick target are ionized by an ion source, and separated
by a two-stage Isotope Separator On Line (ISOL) of
M/AM = 20000 ([29] for subsequent post acceleration.
For this Day-one experiment, the 2°Na source was pro-
duced via the ?*Mg(p, an)**Na reaction with 100 MeV
proton beam bombarding a MgO target. The MgO target
is about 10 cm in thickness comprising of a stack of MgO
slices, each with a thickness of about 2 mm. To facilitate
the effusion of neutral 2°Na atoms out of their production
lattices, each MgO slice was made into a microporous
structure, and about 1/4 of each slice was deliberately
cut off to form a diffusion volume in the target oven of
cylindric tantalum tube. A surface ionization source was
used to extract 2°Na ions with a working temperature of
about 1500°C. The design and manipulation of the MgO
target and surface ionization source assembly is similar
to the one described in Ref. [30]. After careful optimiza-
tion of the working condition, a pure 2°Na ISOL beam of
about 1 x 10° pps was reached with a 5 A proton pri-
mary beam, the overall efficiency is comparable with the
one reported from a TRIUMF-ISAC experiment [31].

The experimental setup for the B decay of 2°Na is
shown in Fig.1. The ?°Na ISOL beam of 100keV was
implanted into a 3 micron thick aluminum collection foil.
The aluminum foil was situated in the center of a compact
silicon box, which was formed by five pieces of multiguard
silicon quadrant (MSQ) of 1 mm thick to measure the
particles. At the upstream, two pieces of double-sided
silicon strip detector (DSSD) were installed 10 cm from
the collection foil to measure the S-delayed a particles.
Each DSSD was backed by an MSQ detector to reject
the § summing events in the a particle spectrum. The
DSSD has a thickness of about 70 micron with a very thin
dead-layer of only 100nm to facilitate the detection of
low-energy « particles. Two HPGe detectors, each with
a relative efficiency of 175%, were installed in two cylin-
dric flanges at angles of £90° with respect to the beam
direction to measure the v rays. The absolute efficiency
of HPGe detectors was determined in a combined way
as following. Standard sources of *2Eu and *°Co were
used to determine the absolute efficiencies of 7y rays up to

about 3.5 MeV. The extrapolation to high-energy v rays
was realized by GEANT4 [32] simulation with the experi-
mental geometry and the detector parameters. To do the
simulation, one needs to know the relative detection effi-
ciency curve up to high-energy region. This was done by
measuring the well known resonance in the 27 Al(p,y)?®Si
reaction at E, = 293keV [33] with the same HPGe detec-
tors in several different distances. The implantation rate
of 2°Na was controlled to about 1.5 x 10 pps throughout
the experiment. About 4.5 x 10° 2°Na nuclei in total were
implanted into the collection foil.

FIG. 1. Experimental setup for the 8 decay of *°Na. The
simultaneous measurement of 3, o and ~ transitions from the
20Na decay is realized by using five pieces of MSQ, two pieces
of DSSD and two HPGe detectors, respectively. The top MSQ
is removed to show the collection foil.

The « and v singles spectrum from the g decay of
20Na is shown in Fig.2. The energy calibration of
the [-delayed o singles spectrum was realized by us-
ing the well-determined « particle lines[26], with the
correction of energy-loss nonlinearity of « particle in
the aluminum foil and the dead layer of DSSD. In ad-
dition to the 1634keV 27 — 0 transition and the
3334keV 2= — 2] transition in 2°Ne, five groups of
high-energy ~ lines, each includes the full-energy peak,
single- and double-escape peaks are observed with good
resolution as shown in Fig.2(b) and 2(c), respectively.
The 11262.3keV 17 state is known with high precision
from the 1°O(a, v)?°Ne reaction [34] and the 2°Ne(vy, v')
photon scattering [35], the 11258.9(1.9) keV ~ transition
is thus used for the energy calibration of «y singels spec-
trum. The intensity of 7 rays is determined relative to
that of the 1634keV transition, while the latter is de-
duced to be 79.6(2.5)% per 100 decays of 2°Na from the
net counts N, (1634) by the following relation,

N, (1634) .
N, (1634) + N, (11259) + N, (total)’ )

1,(1634) =

The total o particle emission probability I, (total) is de-
duced to be 20.3(6)% from the total o counts N, (total)
by the similar relation.

To explore the exotic 83—~ —a decay sequences of 2°Na,
an o — v matrix was constructed taking all o — v coin-
cidence events within 140ns, as shown in Fig.3. Since
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FIG. 2. o« and 7 singles spectrum of *°Na decay . The peak
in (a) labelled by an asterisk is dominated by '°O recoils.

the readout energy of an « particle event by the front
(Ey) and back sides (Ejp) of DSSD follows diagonal rela-
tion, a criterion of |E; — Ep| < 140keV was introduced
to remove the o — v coincidence events caused by the
cross-talk effect of DSSD. The a gated v spectra were
projected at different a particle energy intervals from
the a — v matrix, as shown in Fig.4. Two v lines are
seen in Fig.4(a) at 4252 and 4655keV, which coincide
with the 9875 — 5621keV and 10277 — 5621 keV transi-
tions in 2°Ne, respectively. From the 4252 and 4655 keV
v gated « spectrum, E, = 710(10)keV is obtained that
agrees with the recently observed 714(4)keV « particle
line emitted from the 5621keV 3~ state in 2°Ne [26].
A ~ line at 6130keV is seen in Fig. 4(b), which is the
37 — 0f, transition in '°0. The 6130keV ~ gated
a spectrum gives E, = 1204(35)keV. The coincidence
events are thus due to a 8 — a — v sequence through
a 12367keV 2°Ne level to the 6130keV 3~ state in ¢0.
A 4542keV ~ line is observed in Fig. 4(c), which is the
11262 — 6720keV transition in 2°Ne. F,=1590(30)keV
is obtained from the 4542keV ~ gated a spectrum, which
agrees with a known 1589(5)keV « particle line origi-
nated from the 6720keV 07 state in 2°Ne.

A decay scheme of 2°Na is shown in Fig.5 based on
the 7, a lines and the o — v coincidence observed in the
present work. Three f — v — «a exotic decay sequences
in 2°Na are shown in Fig. 5, their intensities are listed in
Table 1 in comparison with the recently reported a par-
ticle intensities [26]. Two ~ transitions de-exciting from
the 10277 keV TAS and 9875keV 37 state to the 5621 keV
level in 2°Ne, respectively, contribute to the o particle in-
tensity observed at E, = 714keV [26]. After subtraction,
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FIG. 3. Two-dimensional o —~ coincidence spectrum of 2°Na
decay. The gates used for the projection on E, are indicated
by rectangles.
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FIG. 4. ~ spectra projected from the o — v matrix with dif-
ferent o particle energy gates. See text for details.

the direct /3 feeding has an upper limit (10) of 0.0029%,
which corresponds to a lower limit of logft > 8.5. For
the 5788keV 17 level, no v line is observed in coinci-
dence with the E,=847keV region and the intensity of
847keV « particle line [26] is taken for direct § feeding.
The 5621 keV 37 level and 5788 keV 1~ level have similar
direct 8 feedings and log ft values, which are consistent
with the first forbidden [ transition.

The energy levels of 2°Ne populated in the 3 decay of
20Na are listed in Table 2. For the 11, 2 and 3% states
in 2°Ne, the logft values are in the range of 3.8 to 6.3
that generally agree with those expected for allowed GT
transitions. The 8770(50) keV 27T state in 2°Ne is known
to have an « particle width of about 700keV [26], its «
particle intensity and logft value are difficult to evaluate
precisely due to an intense « peak centered at 3807 keV.
For the 10277keV IAS in 2°Ne, the super allowed Fermi
transition is indicated by a logft value of 3.48. For the
12367keV state, the low log ft value indicates an allowed
GT transition, which contains 12.5(5.6)% of electron cap-
ture (EC) branch according to calculation. Since a 27
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FIG. 5. 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, 8 branching ratio and logft value on the right side.

TABLE I. Exotic decay sequences of 2°Na, observed in this work by v — « coincidence.

E, (keV) E, (keV) Decay sequence I1(%)® Eo in Ref. [26] I(%) in Ref. [26]
4252 (5) 710 (10) *°Ne(9875)—2°Ne(5621)—'°0,4s 0.0018 (6) 714 (4) 0.0024 (3)°
4542 (5) 1590 (30) 2°Ne(11262)—2"Ne(6720)—'°04s 0.0024 (7) 1589 (5) 0.0013 (2)
4655 (4) 710 (10) 2°Ne(10277)—2Ne(5621)—°0,4s 0.0016 (6) 714 (4) 0.0021 (3)®
6130 (4) 1204 (35) 2°Ne(12367)—'90(6130)—='%04s 0.0016 (7) 1220 (30) 0.0010 (3)

@Absolute intensity per 100 2°Na, decay.

®An intensity of 0.0045% is reported for E, = 714 keV [26], it is split here for comparison.

T = 0 2°Ne unbound level would decay dominantly to
the ground state of 160, the 12367keV state has to be
of 17 or 37. We check the literature and find a reported
1T state at 12367(15) keV from the angular distribution
of YF(3He,d)*Ne reaction [38], which has not been in-
cluded in the compilation. This should also correspond
to the suggested new 1T state at 12389keV based on an
a particle line of 1220(30) keV in Ref. [26]. The transition
strength B(F') and B(GT) are related to the experimen-
tal ft by

K
 9vB(F) + g4 B(GT)’

where K/g% 6144.2(1.6) s and ga/gv
—1.2694(28) [12]. The B(F) and B(GT) are accordingly

It (2)

deduced as listed in Table 2.

The B decay of ?°Na is calculated in the sd shell-
model space with USDB interaction [39, 40] for the charge
independent part plus the Coulomb, charge-dependent
and charge-asymmetric nuclear Hamiltonian for the sd
shell [41]. As listed in Table 2, five 2% states, two 3T
and two 11 states in 2°Ne are predicted with 3 transi-
tion strengths from the 2°Na decay, the calculated B(GT')
values scaled with a quenching factor of q(2GT) = 0.60 [40]
agree well with the experimental ones. For the 10277 keV
IAS in ?°Ne, the calculated total 3 transition strength
has B(GT') = 0.093 and B(F') = 1.994. The reduction in
B(F) is due to isospin mixing with other 27 T' = 0 states,
this isospin mixing can account for the observed isospin-
forbidden « decay of the IAS. The calculated ~ decay



TABLE II. Levels in 2*Ne populated in the 8 decay of **Na. Logft values are
calculated with Q=13892.5(11) keV [36] and T}, = 447.9(23) ms [37]. Shell model
calculation in the sd-shell model space is listed for comparison.

Present experiment

Shell model

E, (keV) 1™ B-feeding (%) logft Brp/gr Ex (keV) Bar® B(F) T, (eV)
0.0 0"

1633.7 (2)° 27 79.3(25)  4.99 0.039 1738 0.035 0.00001 0.0006
4968.0 (7)* 27 0.114(8)  7.10

5621.4 (17)° 3~ <0.0029  >85

5787.7 (26)° 1~ 0.0016(5)%  8.73

6720 (5) 0t 6698 0.021
7423.5 (18) 2% 16.1(6)  4.19 0.245 7533 0.182 0.00044 0.020
7831.8 (23) 2% 0.69(3)  5.40 0.015

8770 (50) 2% 0.034(8)  6.30 0.002

9488.5 (22) 27  0.307(18)  4.96 0.042

9874.5 (21)® 3% 0.022(6)  5.87 0.005 10419 0.0005 0.017
10276.7 (20)® 27 2.87(12)  3.48 2.044 9947 0.093 1.994  3.947
10582 (3) 2% 0.085(4) 477 0.065 10440 0.201 0.0024 0.019
10841.5 (22) 2% 0.195(8)  4.18 0.253 10747  0.417 0.0025 0.110
10886.8 (22)® 37 0.042(4)  4.80 0.060 10538  0.086 3.782
11262.3 (19)® 17 0.157(8)  3.84 0.552 11135 0.510 18.54
11300 (10) 2T 0.035(2)  4.45 0.135

11870 (50) 2T 0.0023(1)  4.81 0.059

12367 (35) 17 0.0016(7) 3.82 0.577 12573 0.211 0.626

?A quenching factor of quT) = 0.60 [40] is multiplied.

*Determined by ~ transitions from this work. The remaining excitation energies
are determined by « particle lines or otherwise labelled.

“From compilation in Ref. [24].
“From Ref. [26].

width of the IAS is 3.95eV compared to 4.58 + 0.51 eV
observed in the *°O(a,y)?°Ne reaction [42]. If the 2 TAS
had pure T' =1, the « decay is forbidden. However, the
TAS is observed to have an « decay width of 116(20) eV
from another **O(«,y)?°Ne reaction [43]. The calculation
predicts that 2+ T = 0 states 493 and 800keV above
the TAS mix with the IAS with isospin-mixing matrix
elements of 17keV and 28keV, respectively. If we asso-
ciate these with states at 10582 and 10842keV (305 and
565keV above the TAS, respectively), they would have to
have allowed « decay widths that total of about 150 keV
in order to give 116eV for the IAS. There are four 2"
T = 0 states in the region from 10.6 to 11.9 MeV with
a widths to the 'O ground state ranging from 13 to
250keV [24, 26]. Mixing with these states may contribute
to the « decay width of the IAS, but we are unable to
calculate their contributions since they lie outside of the
sd-shell model space. The isospin-mixing matrix element
with the first excited 2 T' = 0 state is 15keV. The « de-
cay width of this state (at the energy of the TAS) would
have to be about 18 MeV to account for the 116eV «
decay width of the IAS. This is much larger than the
estimated 'O + « cluster decay width of about 1 MeV.

In conclusion, the 3 decay of 2°Na is re-investigated in
the Day-one experiment at BRIF with an intense pure
20Na ISOL beam and challenging o — v coincidence anal-
ysis. Three exotic B-y-a decay sequences in 2°Na are

successfully observed, which is the first case in its type,
thus expands the rare decay modes discovered in § de-
cay. The observed (-v-a decay sequences are essential
in determining the direct S-feedings and logft values to
the low-lying a-emitting states in 2°Ne. Although the «
decay widths for these states have not yet been calcu-
lated, the experimental 3 transition strengths to the 17,
2% and 37 states in 2°Ne can be well accounted for by
using sd shell-model space interactions.
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