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Gamow-Teller decay of 1**Te to 21
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The B decay of '**Tey to '*?Igy was investigated for the first time. The parent nucleus was produced by the in-
flight fission of a 2**U beam with an energy of 345 MeV per nucleon, impinging on a °Be target at the Radioactive
Isotope Beam Factory of RIKEN. Excited states in '“>] were established by S-delayed y-ray spectroscopy. The
observed (1) states in '**] could be interpreted to be predominantly the v0hg/» ® 70hy;,, configuration formed
by a Gamow-Teller transition between a neutron in the Okg, orbital and a proton in the Ok, orbital. Additional
features of the (1) states are discussed by comparing with neighboring heavier isotones, such as '“*Cs and
1461 ;a. In the context of deformed shell-model calculations, the ( lT) state is closely related to the v[5, 3,2]3/2 ®
7[5, 5, 0]1/2 configuration, which may be related to the weak Gamow-Teller transition strength.

DOI: 10.1103/PhysRevC.107.014311

I. INTRODUCTION

In astrophysical environments, 8 decay of unstable nuclei
plays a crucial role in generating the final isotopic abundances
along with the rapid neutron-capture reaction (r process)
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[1-4]. The B-decay strength is largely influenced by the so-
called Gamow-Teller (G-T) transition that is closely related
to the spin-isospin interaction [5]. This spin-isospin excita-
tion is one of the important ingredients for modeling the
nuclear shell structure as well. Consequently, the role played
by the G-T transitions provides plenty of information on
both nuclear structure and nuclear astrophysics. In general,
G-T response is concentrated on the G-T giant resonance
region at highly excited states above 5 MeV in a daughter

©2023 American Physical Society
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nucleus [6]. In contrast, low-lying G-T transitions determine
abundances of isotopes produced at low temperature in the
decay from the r-process line [7]. The G-T decay can oc-
cur between identical proton and neutron orbitals, near the
N=Z7 line, i.e., 7T0f7/2-1)0f7/2, 7T0g9/2-1)0g9/2, and 7T0h11/2—
v0hyy/, or between spin-orbit partners such as w0h;/2-v0hg ),
in neutron-rich nuclei.

Investigating neutron-rich nuclei beyond the doubly magic
1328n nucleus has attracted much attention because they are
expected to reveal changes in nuclear structure and contain
information on nucleosynthesis along the r-process paths
[8—19]. In this region, the only allowed G-T transition involves
the transformation of a Ohg,» neutron to a Ok, proton. Such a
G-T B decay of an even-even nucleus populates 17 states with
a configuration of v0hg/; ® 0hy(/; in an odd-odd daughter
nucleus [20,21]. Therefore, observing 17 states from the B8
decay of a parent nucleus provides crucial information on
the evolution of single-particle states beyond '*2Sn, especially
for Oh orbitals, by comparing with theoretical predictions. In
this work, the level scheme of 4’] including newly observed
(1) states from the B decay of '*’Te is established for the
first time. The observed levels are discussed in the context
of the deformed shell-model calculations focusing specifically
on the G-T transitions.

II. EXPERIMENT AND RESULTS

The experiment was performed at the Radioactive Isotope
Beam Factory (RIBF) operated by the RIKEN Nishina Center
for Accelerator-Based Science and the Center for Nuclear
Study of the University of Tokyo. Secondary beams were
produced by the in-flight fission of a primary 2*U beam at
345 MeV per nucleon, impinging on a *Be target [22]. The
produced rare-isotope beam was selected at the first stage of
the BigRIPS spectrometer, and identified by the Bp-AE-TOF
(time-of-flight) method at the second stage of the BigRIPS and
the Zero-Degree Spectrometer [23]. During the beam time, a
total of 4.48 x 10° '*2Te ions were accumulated.

The ions were implanted on the Wide-range Active Sili-
con Strip Stopper Array for § and ion detection (WAS3ABI)
system [24], composed of five layers of 1-mm-thick double-
sided silicon strip detectors (DSSSD) with an active area of
60 x 40 mm>. The implantation and decay position infor-
mation was provided by 60 and 40 strips with 1-mm pitch
along the x and y axis, respectively. The y rays emitted
from the implanted ions and the daughter nuclei were de-
tected by the EUROBALL-RIKEN Cluster Array (EURICA),
which consisted of 12 cluster detectors, each with seven
hexagonal-tapered high-purity germanium crystals [25]. The
detection efficiencies of the emitted y rays with and without
the add-back algorithm were 11.3(6)% and 8.7(4)% at 1 MeV,
respectively.

Figure 1(a) represents the S-delayed y-ray energy spec-
trum of '#?Te. The spatial correlation criterion between an
implanted ion and emitted S rays in a layer of WAS3ABi was
strictly constrained to the same pixel to minimize background
correlations. Moreover, the timing condition, which is defined
as the time difference between an implantation event and
a B-decay event, was set to 0-300 ms. From this analysis,
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FIG. 1. (a) B-delayed y-ray singles spectrum of '#*Te. The num-
bers represent the energies of the y-ray transitions in '*’T following
the B decay of '**Te while background peaks in '**Xe from the
decay of '*’[ are labeled with asterisks (*). The y-ray transitions
with ampersands (&) are candidate transitions in '*'T from -delayed
one-neutron emission decay. (b) Half-life measurement of the ground
state of '4*Te based on y-transition intensities in '*?] as a function
of time. A red solid line indicates the overall fit result including a
single-component exponential decay curve (a red-dashed line) and a
constant background (a red dashed-dotted line).

seven y-ray transitions could be newly assigned to T, as
shown in Fig. 1(a). The background peaks associated with the
granddaughter nucleus '“*Xe were also identified. The tran-
sitions with ampersands (&) are candidate transitions in '#'T
from p-delayed one-neutron emission decay of '*’Te. These
assignments were supported by B decays of '*’I and '*!Te
in our data set, but they are beyond the scope of this paper.
Two strong peaks at 409 and 672 keV were also observed.
However, they could not be explicitly assigned to either '4’] or
1417, mainly due to the experimental limitation such as the lack
of y-y coincidence information. The half-life of the ground
state of '*>Te was determined by gating on the 191-, 276-,
and 887-keV transitions, as shown in Fig. 1(b). The decay
time distribution was fitted by using the maximum-likelihood
method with a fit function composed of a single-component
exponential decay and a constant background. The half-life
value of T;, = 148 £ 18 ms was obtained, and this result is
consistent with the previously measured value of 147 &= 8 ms
[9].

Figure 2 contains several y-y coincidence results for es-
tablishing the level scheme of '#’I. In addition to these y-y
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FIG. 2. y-y coincidence spectra of '*?] with gates on the (a) 95-keV, (b) 191-keV, (c) 276-keV, and (d) 634-keV transitions. The coincident

transitions are indicated with their energies.

coincidence data, the y-ray energy-sum information was also
used to construct the level scheme. As a result, a level at 33.8
keV could be assigned to '#’1 since three y-ray transitions
with energies of 252, 529, and 888 keV fit into the scheme
with a same energy gap of 34 keV by deexciting the 286.1-,
562.4-, and 920.8-keV levels, respectively. Figure 3 illustrates
the decay scheme of '**Te observed in the present work with
level information of '#?] such as excitation energies, spin par-
ities, B-branching ratios, and log ft values. The experimental
details of the y-ray transitions are summarized in Table I.
The spin parity of the ground state of '*?] was determined
by examining the levels populated in '**Xe [26]. In Fig. 1(a),
the 2] — 0] transition in '**Xe with an energy of 287 keV
is relatively strong, while the 403-keV transition correspond-
ing to the 4] — 2| transition in 142Xe is much smaller in
intensity. Moreover, a similar aspect of this large difference
in y-ray intensities was also observed in the direct B-decay
channel of 2] to '*>Xe from our data set [27]. Based on the
selection rule of the first-forbidden transition, the ground-state
spin-parity of '*’] can be (17,27,37). However, the (37)
state was ruled out due to the large discrepancies in the in-
tensities. The 4/ — 2/ transition in '**Xe would be half as
strong as of the 2] — 0 transition when the ground state of
the parent nucleus has a spin parity of 37. The (17) state is
also unlikely, since the 404-keV transition is still quite intense
in the B-y energy spectrum as shown in Fig. 1(a), even though
it is much weaker than the 287-keV transition. Therefore, the
ground-state spin and parity were assigned to be (27). On
the other hand, the spin parities of other levels are tentatively

assigned based on the log f7 information [28-31]. For in-
stance, the 286.1-keV level is proposed to have a spin parity
of (07, 17) based on its log ft value of 5.7(1), which may
be populated by a first-forbidden transition. Although the log
ft value cannot provide a clear assignment of the spin parity
due to its ambiguity associated with the Pandemonium effect
[32], the 562.4-keV level is a candidate for (17) based on its
log ft value of 5.5(1) and excitation energy. Even though the
log ft value is quite high for an allowed G-T transition, this
assignment is supported by the systematics of the observed
(1) states in neighboring isotopes and isotones, as shown in
Fig. 4. The spin-parity assignment to the 920.8 keV level is
also ambiguous. Since it has a log ft value of 5.6(1), the 8
transition into this level can be either an allowed G-T tran-
sition or a first-forbidden transition. Nevertheless, (17) is a
reasonable assignment for this 920.8-keV level in terms of the
energy systematics of the 13 states in I and La isotopes. For
instance, the (13) levels in *°Ig; and '*°Lagy have excitation
energies of 1188.2 and 880.2 keV, respectively. However, it
should be emphasized that the possibility of first-forbidden
transitions to these levels cannot be ruled out.

III. DISCUSSION

Figure 4 shows the systematics of the (1T) levels in s3],
55Cs, and s7La nuclides as a function of neutron number.
It is apparent that as N increases from 82, the excitation
energies of the (11") levels as well as the 2]L levels of neigh-
boring even-even nuclei decrease monotonically, suggesting a
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FIG. 3. B-decay scheme of “*Te. The half-life of the ground
state of “’Te is based on the present work. The Qp- value is
taken from Ref. [33]. Level information such as excitation energies,
proposed spin parities, S-branching ratios, and log fr values are
provided. The widths of the arrows represent relative intensities of
the y rays.

possible onset of deformation. Accordingly, the interpretation
of the observed (17) levels in '*’] might be more appropriate
with the deformed shell model rather than the spherical-shell
model. For instance, the spherical-shell-model calculation

TABLE I. Summary of transition energies (E, ), relative y-ray
intensities (/,) without and with the internal conversion electron
(ICE) coefficient, and placements of y rays observed following the 8
decay of '“>Te. The number in the parentheses is an uncertainty in the
last digit. Systematic uncertainties of 0.25 keV and 5% for E,, and /,,,
respectively, are included. The relative intensity I, jcr (rel.) should
be multiplied by a factor of 0.11(2) to obtain the absolute intensity
per 100 decays. This factor was deduced by the ratio between the
95.1-keV y-ray events and the total B-ray events after background
subtraction.

E, (keV) I, (rel) I,scp (rel)*  Ejeyer, (keV)  Ejoyel , (keV)

95.1(3)  65(21)  109(36)° 95.1 0

191.03) 100Q27)  100(27)° 286.1 95.1
2522(3)  21(17) 19(15) 286.1 33.8
2763(3)  63(18) 56(16) 562.4 286.1
529.4(6)  19(12) 17(11) 562.4 33.8
634.7(4)  14(12) 12(11) 920.8 286.1
887.6(5)  36(17) 32(15) 920.8 33.8

*The relative y-ray intensity, ,, is normalized to the intensity of the
191.0-keV transition.

®J, reported here is the total y-ray and internal conversion intensities,
calculated assuming M 1 multipolarity.

with the CWG interaction [34,35] predicts the first and second
1" states in '%?] associated with the v0hg/» ® 70hy; /> config-
uration to be located at 1381 and 1852 keV, respectively. Even
higher excitation energies of 2435 and 2930 keV in '4’T were
proposed by the KHHE interaction [36-38]. As the predicted
energies of the 1 states are inconsistent with the present
results, further discussion assuming nonzero quadrupole de-
formation is proposed.

For the Xe isotopes with N = 88 and 90, the 2] exci-
tation energies, their energy ratios to the 47 states, Ry/» =
E(41)/E(2]), and the measured 2 state lifetimes [39] sug-
gest that their deformation magnitudes might be around &, =
0.2. On the other hand, Te nuclei are less deformed than
Xe nuclei in terms of the 2? excitation energies and Ry,
ratios, which are representative of typical vibrators [14-16].
Howeyver, a subtle shift in terms of deformation could be ob-
served in the odd-mass '3 Teg; nucleus [40]. A rotational band
structure built on the band-head (9/27) state in this nucleus
suggests a moderate deformation based on the transition ener-
gies of 535 keV [(21/27) — (17/27)],436 keV [(17/27) —
(13/27)], and 357 keV [(13/27) — (9/27)], which resem-
bles the core excitation of the neighboring '*°Xegs nucleus
with the transition energies of 582 keV (6 — 41), 458 keV
(4T — 2%), and 377 keV (2T — 0T). Moreover, the energies
of the (17/27) — (13/27) — (9/27) cascading transitions
at N =87 are 516 and 376 keV for '*'Xe, and 493 and
343 keV for '**Ba, respectively. It is noted that the defor-
mation in '**Te may be driven by a high-angular momentum
orbital of vOhg/, with [ = 5. Very recently, moderate defor-
mations of '**Te and "**Xe were hypothesized as Ba(e,) =
0.18(0.17) and 0.20(0.18), respectively [41]. Accordingly, the
excitation energies of the neutron-proton configurations in
921 around the deformation parameter &, = 0.16-0.20 are
discussed in the context of the deformed shell-model calcu-
lation. The predicted excitation energies associated with the
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based on the Nilsson model. Each line follows the occupied proton
or neutron number as represented in the legends. At &, = 0.20, some
low-lying orbitals are marked with the Nilsson asymptotic quantum
numbers.

deformed configurations, originating from the vOhg;; ®
70hy1 /2 spherical-shell configuration, are inspected.

The quasiparticle energies of %> with a deformed-shell
(Nilsson) model were calculated, as shown in Fig. 5 [49-51].
The Nilsson-BCS with pairing correlation calculations de-
fine a deformed quasiparticle basis with asymptotic quantum
numbers, [N, n,, A]2(= A + X). Here, A and 2 are the pro-
jections of the orbital angular momentum and the total angular
momentum including the intrinsic spin (), respectively. For
example, the v[5, 4, 1]1/2 Nilsson orbital corresponds to the
spherical-shell-based v1/2[0h,>] orbit. The quasiparticle en-
ergies were obtained by summing their respective energies
given by E, = /(E — 1)* + AZ?, where E is the single proton
or neutron energy from the Hartree-Fock calculations, A is the
Fermi level, and A is the proton or neutron pairing strength
parameter, respectively. The pairing parameters A, = 0.855
MeV for protons and A, = 0.639 MeV for neutrons, were
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FIG. 6. Excitation energies for the components of the v0hy;, ®
70k, configuration as a function of deformation for '*?I. The
measured (1) excitation energies are also indicated as dashed red
lines.

deduced from the recent atomic mass evaluation [33]. Several
orbitals above the Fermi levels are marked by the respec-
tive Nilsson asymptotic quantum numbers. It is worth noting
that the proton « [5, 5, 0]1/2, 7[5, 4, 1]13/2, and 7[5, 3, 2]5/2
Nilsson orbitals arise from the 7r0hy, orbital while the neu-
tron v[35, 3, 2]3/2 and v[5, 4, 1]1/2 Nilsson orbitals are from
the v0hg,, orbital. The excitation energies were obtained by
setting the low-lying states in Fig. 5, [4, 3, 1]3/2 for protons
and [5, 2, 1]3/2 for neutrons, as to be 0.

Our results are given in Fig. 6 for the quasiparticle energies
of the v0hg/» ® m0hy/, configuration as a function of defor-
mation parameter &. One can clearly see that the lowest 17
state is dominated by the v[5, 3, 2]3/2 ® =[5, 5, 0]1/2 con-
figuration from the theoretical calculations. Intriguingly, for
the configurations including the v[5, 3, 2]3/2 orbital, a shape
increase in energy appears between ¢, = 0.14 and 0.16. This
sudden increase is attributed to an interchange in the wave
functions between the v[5, 2, 1]3/2 and v[5, 3, 2]3/2 orbitals,
originating from the v1f7,, and vOhyg, orbitals, respectively.
These v1f7,, and vOhg,, orbitals in the I isotopes with N
from 88-90 are strongly admixed, and according to defor-
mation the projection components such as 2 = 1/2 and 3/2
are interchanged. As mentioned above, as far as the excitation
energies are concerned, the (IT) state could be explained by a
large contribution of the v[5, 3, 2]3/2 ® =[5, 5, 0]1/2 config-
uration at &, ~ 0.20. As shown in Fig. 6, the lowest 17 level
formed by this configuration is predicted at 654 keV. More-
over, the observed (1) state at the excitation energy of 921
keV may be dominated by the v[5, 4, 111/2 ® =[5, 5, 0]1/2
Nilsson configuration, whose energy is hypothetically 814
keV. These theoretical results at £, = 0.20 are reasonably con-
sistent with the experimental results in terms of the excitation
energies. However, the G-T transition to the (1?’) state in '#?]
with the v[5, 3,2]3/2 ® 7[5, 5, 0]1/2 configuration may be
hindered due to the projection quantum number of the angu-
lar momentum difference of AA = 2, even though the spin
difference of AY =1 satisfies the condition of an allowed
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G-T transition. It should be emphasized that those orbitals
correspond to the Ok partner orbitals, thus the G-T transi-
tion is dominant when the spherical-shell basis is considered.
The main reason for this hinderance is that the 7[5, 5, 0]1/2
orbital cannot contribute to the optimal G-T transition since
there is no spin-flip partner in the quasineutron shell, specif-
ically the Ohg/, orbital. On the other hand, neutron-proton
interactions between the v[5,4, 1]1/2, v[5, 3,2]3/2, and
V[35, 2, 3]5/2 orbitals and the 7[5, 4, 1]3/2, 7[5, 3, 2]5/2, and
[5, 2, 3]7/2 are more likely to allow G-T transitions. There-
fore, the most favorable G-T transition to a 1 state would
be the transition from a neutron in the v[5, 4, 1]1/2 orbital to
a proton in the m[5, 4, 1]3/2 orbital. This is the case of an
allowed transition with conditions of AA =0 and AQ = 1.
However, this v[5,4, 1]1/2 ® w[5, 4, 1]3/2 configuration is
predicted to lie at 1129 keV with ¢, = 0.20 (see Fig. 6),
which is far above the (IT) state observed at 562 keV. Further-
more, the v[5, 3,2]3/2 ® 7[5, 3, 2]5/2 configuration which
is one of the optimal G-T transition candidates is predicted
at 1617 keV, which is even higher in the excitation energy.
Such a A hindrance due to the 7[5, 5, 0]1/2 Nilsson orbital
might explain the relatively weak G-T transition strengths,
i.e., higher log fr values of 5.5-5.6 compared to 4.5-5.0 in
other deformed nuclei with a higher Z such as La [45-48]. For
instance, the B decays to the (17) and (17) states in '**Lagy
have log fr values of 4.8 and 5.1, respectively. The allowed g
transitions in the well-deformed rare-earth nuclides are known
to be suitable probes of a theory of G-T rates, because the
single-particle Nilsson wave functions are known to be very
precise [52].

Some calculated results of the 17 states in the N = 89
isotones of I, Cs, and La are plotted in Fig. 7. One is based on
the v[5, 3,2]3/2 ® 7[5, 5, 0]1/2 configuration and the other

0hyy/, orbitals as a function of deformation.

one is formed by the v[5, 4, 1]1/2 ® 7[5, 4, 1]3/2 configu-
ration. From comparisons to the experimental results, two
distinctive aspects appear in these three isotones. First, the
predicted energies as a function of proton number decrease
more drastically compared to the experimental values. This
rapid decrease in the calculated excitation energies is closely
related to the proton O/, orbital, because the Fermi surface
leads to lower excitation energies for the m[5,5,0]1/2 or
71/2[0hy1/2] component as Z increases from 53-57. Sec-
ond, the (lf) state in “°La is close to the v[53, 4, 11172 ®
w[5,4, 1]3/2 configuration with optimal conditions of the G-
T transition while for [ it is located near the v[5, 3, 2]3/2 ®
w[5,5,0]1/2 configuration. Despite the absence of experi-
mental data for '**Cs, the IT state might be inferred to be
associated with the v[5, 3, 2]3/2 ® 7[5, 5, 0]1/2 configura-
tion. Therefore, the weak G-T transition strengths for 4] are
attributed to the 7[5, 5, 0]1/2 orbital while for '*°La the G-T
transitions are thoroughly induced by the v[5,4, 1]1/2 and
the 7[5, 4, 1]13/2 orbitals, giving rise to the strong transition
strengths.

The G-T transition amplitude is proportional to the occu-
pation (v) and vacancy (u) (v? 4+ u? = 1) coefficients, specifi-
cally v,u,, for creating one quasineutron in the [N, n;, A]Q(=
A — 1/2) orbital and one quasiproton in the [N, n,, AJQ2(=
A + 1/2) orbital [7]. Therefore, a strong G-T strength is likely
due to high occupation of the v[5, 4, 1]1/2 and v[5, 3, 2]3/2
orbitals, while the 7[5, 4, 1]3/2 and =[5, 5, 0]1/2 orbitals
would be relatively empty. Figure 8 shows the occupancy
distributions of the Nilsson orbitals of interest as a func-
tion of deformation. For ¢, > 0.16, the v[5,4, 1]1/2 and
[5, 3, 2]3/2 orbitals are surely occupied with v? = 0.85-0.9,
while the 7[5,5,0]1/2 and [5, 4, 1]3/2 orbitals are almost
empty as v?2 < 0.1. However, at &, = 0.20, the occupation
of the [5,5,0]1/2 orbital is not negligible. Then a weaker
probability for the G-T transition is anticipated as this orbital
is filled. In summary, the number of nucleons and deforma-
tion in '#’T lead to a strong contribution of the 7[5, 5, 0]1/2
Nilsson orbital originating from the 70h;;/, spherical-shell
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TABLE II. The calculated excitation energies, E, and occupation
probabilities, v,u, for the neutron-proton configurations responsible
for Gamow-Teller transitions from '“*Te to '*2] when deformations
are &, = 0.20.

Configuration E, (keV) VU
v[5,3,2]3/2 ® 7[5,5,0]1/2 654 0.81
v[5,4,1]1/2® =[5, 5,0]1/2 814 0.85
v[5,4,1]1/2 @ 7[5, 4,1]3/2 1129 0.94
v[5,3,2]3/2 @ 7[5, 3,2]5/2 1617 0.91

orbital. This effect leads to a hindered, weak G-T transition
strength due to the absence of the spin-flip partner Nilsson
orbital. In Table II, the excitation energies and the occupation
probabilities for the neutron-proton configurations leading to
the G-T transitions are summarized.

IV. CONCLUSION

In the present work, an experimental S-decay scheme of
2Te to 1421 was observed for the first time. Two levels at 562
and 921 keV were suggested to be (1) states by assessing
their log ft values. Our assignments were consistent with
the energy systematics of the Cs and La isotones. In order
to investigate the observed levels, a deformed shell-model
approach was adopted instead of a spherical-shell model due
to the moderate quadrupole deformation of '#?]. The observed
(1%) states could be interpreted as a manifestation of the
v0hg/» ® m0Oh/> configuration related to the G-T transition
between a neutron in the v0hg/, orbital and a proton in the
70hy1 /2 orbital. By considering the excitation energy and oc-

cupation factors, these (17) states were suggested to possess
a dominant 7[5, 5,0]1/2 Nilsson orbital component due to
circumstantial evidence such as the number of nucleons and
the assumed deformation parameter ¢, = 0.20. Upon detailed
scrutiny of various theoretical results, this 7[5, 5, 0]1/2 Nils-
son orbital may be the reason for the weak G-T transition
strengths observed in %I due to the absence of the spin-flip
partner orbital on the quasineutron side.
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