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Nuclear structure of Te isotopes beyond neutron magic number N = 82
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Newly observed decay schemes of the nuclei *’Sb and '*Sb are reported. The neutron-rich Sb isotopes
were produced by the in-flight fragmentation of a 23U primary beam with an energy of 345 MeV /nucleon.
Several new excited states of '*’Te with tentatively assigned spin-parities of (5/27), (9/27), and (7/2) have
been established which play an important role in the evolution of neutron levels beyond N = 82. The study of
the B decay of *8Sb led to a considerable extension of the level scheme of *®Te including the identification
of several nonyrast states. The structure of '*'Te and **Te is discussed on the basis of large-scale shell-model
calculations performed using two different effective interactions.

DOLI: 10.1103/PhysRevC.103.034320

I. INTRODUCTION

Nuclei around '*?Sn with the neutron magic number N =
82 play a significant role in nuclear structure and nuclear
astrophysics. The region north-east of '*?Sn, in particular, pro-
vides crucial information on the nature of the nucleon-nucleon
interactions. Moreover, this region is closely related to the
rapid-neutron capture process, the so-called r process, one of
the nucleosynthesis mechanisms in the cosmos [1-3]. There-
fore, the nuclear structure properties are essential to reproduce
the r-process abundances and to understand the origin of the
elements in the universe [3-5].

Among the nuclides in this region, tellurium (Te) with
two protons above the shell closure at Z = 50 is of special
interest. Particularly, the '*Te isotope with one proton and
one neutron pair outside the robust double magic **Sn core
has attracted much attention of nuclear physicists for a long
time [6—11]. Through Coulomb excitation experiments, the
collective behavior of '*Te is revealed to be dominated by
the pair of valence neutrons [6-8]. Moreover, recent S-decay
experiments established the collective behavior of the heavier
Te isotopes '*Te [12] and '*°Te [13], showing typical vibra-
tional characters. Consequently, the neutron-rich Te isotopes
are expected to have their own peculiar characteristics in terms
of the collective motion, which is different from both the
semimagic character of the Sn isotopes [14] and the well-
developed quadrupole and octupole deformations appearing in
the Xe and Ba isotopes [15]. On the other hand, very limited
experimental information is available for the odd-mass (A)
Te isotopes beyond the neutron magic number of N = §82.
Therefore, further investigations of the neutron-rich Te iso-
topes are important for a better understanding of the neutron
shell evolution in this region.

In the present work, the SB-decay schemes of 3713Sh
and the level structures in the daughter nuclei '37-'3¥Te are
reported. The latter are discussed in the context of large-scale
shell-model calculations. Based on the comparison between
the experimental and theoretical results, detailed structure in-
formation such as the neutron dominance is revealed.

II. EXPERIMENT PROCEDURE

Two individual experiments were performed at the Ra-
dioactive 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. Sec-
ondary beams were produced by the in-flight fragmentation of
238y primary beams at 345 MeV per nucleon, impinging on a

9Be target [16]. Neutron-rich '37-138Sb isotopes were selected
in the first stage of the BigRIPS spectrometer and identified by
the Bp-AE—time-of-flight method along the second stage of
the BigRIPS and the Zero-Degree Spectrometer [17]. One of
the experiments is called the Te campaign since the BigRIPS
and Zero-Degree Spectrometer were tuned on the '“*Te iso-
tope. The other experiment is nominated the Sn campaign, in
which the spectrometers were optimized for the transmission
of 133Sn. The numbers of the identified '*’Sb and *®Sb ions
from the Sn campaign were 1.3 x 10° and 5.6 x 10°, respec-
tively, while 5.0 x 103 1¥7Sb and 1.4 x 10° 138Sb ions were
transmitted during the Te campaign.

The selected secondary beams were implanted into the
Wide-range Active Silicon Strip Stopper Array for 8 and ion
detection (WAS3ABiI) [18], composed of multiple layers of 1-
mm-thick double-sided silicon strip detectors (DSSSD) with
an active area of 60 x 40 mm?. The correlation between the
implanted ions and the emitted g rays could be achieved based
on the position resolution of WAS3ABI, since each Si layer
consists of 60 vertical and 40 horizontal 1-mm wide strips.
Five and eight layers of WAS3ABi were installed during the
Te and Sn campaigns, respectively. The y rays emitted from
implanted ions were detected by the EUROBALL-RIKEN
Cluster Array (EURICA), comprised of 12 cluster detectors
with seven hexagonal-tapered high-purity germanium crystals
each [19]. The y-ray detection efficiencies without the add-
back algorithm were 8.7(4)% and 6.7(3)% at 1 MeV for the
Te and Sn campaigns, respectively, and the difference in the
efficiencies was mainly from the different configuration of
detectors.

III. EXPERIMENTAL RESULTS

A. B decay of 1Sb

Collective band structures based on the (7/27) ground
state of '¥’Te were established using spontaneous fission of
24Cm [20]. In that work, only high-spin states were popu-
lated, so that the (11/27) member of the ground-state band at
an excitation energy of 608 keV is the level with the lowest
spin whose decay could be observed. In the present work, for
the first time, information on low-spin states in this nucleus,
populated in the 8 decay of '37Sb, is reported. Figure 1 shows
the background-subtracted §-delayed y-ray singles spectrum
of '¥7Sb. In order to identify the y-ray transitions following
the B decay of !*’Sb, singles spectra were obtained with
two different time conditions, one with a gate in the prompt
(0-1500 ms) and the other one with a gate in the delayed
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FIG. 1. Background-subtracted B-delayed y-ray singles spec-
trum of '¥’Sb. Black numbers represent the energies of the y-ray
transitions following 8 decay while red (blue) numbers marked by
“&” (#) indicate transitions following the S-delayed emission of one
(two) neutron(s). Several unlabelled peaks, such as in (b) and (c),
could not be assigned due to their small statistics and absence of
y-y coincidence information. The inset in (c) shows the half-life
measurement of '>’Sb with gate on 606-, 608-, 633-, and 974-keV
transitions.

(2500-4000 ms) region. Here, the timing information is de-
fined by the time-stamp correlation between the implanted
ion and emitted B-ray events. Moreover, only events in which
the ion and the f ray were detected in the same pixel of
the WAS3ABi array were considered in order to improve
the data quality by reducing the background. The assigned
transitions are indicated with their energies in black for g
decay, red for B-delayed one-neutron emission, and blue for
B-delayed two-neutron emission. The half-life of '*’Sb was
determined by gating on the 606-, 608-, 633-, and 974-keV
transitions, as shown in an inset in Fig. 1(c). The fit was
performed by using the maximum-likelihood method with
a fit function composed of a single-component exponential
decay and a constant background. The deduced half-life value,
Ti» = 507(27) ms, is consistent with the value of 492(25)
ms reported in the literature [21]. As shown in Fig. 2, the
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FIG. 2. y-y coincidence spectra for (a) the 62-, (b) the 633-, and
(c) the 974-keV transition in '*'Te. Coincident transitions are indi-
cated with their energies and contaminants are labeled with asterisks

.

y-y coincidence method was applied to construct the level
scheme of '*’Te. In addition, also y-ray energy sums were
used. The experimental information on the y -ray transitions is
summarized in Table I and Fig. 3 illustrates the decay scheme
of 1378b as established in the present work.

The ground state of '¥7Sb is proposed to have a spin-parity
of (7/2%) based on the following arguments. Firstly, the ob-
servation of the 608-keV transition is crucial. This transition
decays from a (11/27) state [20] and therefore suggests a
minimum spin of 7/2 due to the selection rule. Secondly, the
observed cascading y-ray transitions in '*®Te, emitted follow-
ing fB-delayed neutron emission, show intensities similar to
those in '**Te following the decay of '3°Sb [22]. The reported
neutron-feeding branching ratios are 21(3), 11(2), and 6(1)%,
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TABLEI. Transition energies (E, ), relative y-ray intensities (1, ),
and placements of y rays emitted following the 8 decay of '*’Sb.
The number in the parentheses is an error in the last digit. Systematic
uncertainties of 0.25 keV and 5% for E, and I,, respectively, are
included. The relative intensity should be multiplied by a factor of
0.23(2) to obtain the absolute intensity per 100 decays. This factor
is deduced by the ratio between the 606.2-keV y-ray events and the
total B-ray events after subtracting the backgrounds.

E, (keV) I, (rel)® Eievel; (keV) Ejevel; (keV)
61.8(3) 93(26)° 61.8 0
352.4(3)° 14.0(39) 13823 1029.9
423.7(3)¢ 45.9(71) 1029.9 606.2
571.1(4) 12.2(68) 633.1 61.8
606.2(4)° 100(9) 606.2 0
608.1(4) 31.3(64) 608.1 0
633.2(3) 52.1(80) 633.1 0
752.2(5) 7.8(22) 1725.6 974.0
799.3(3) 17.1(42) 799.3 0
859.3(4)° 9.2(36) 1889.2 1029.9
912.4(4) 7.8(34) 974.0 61.8
961.1(4)° 10.2(31) 1567.3 606.2
973.8(3) 18.7(43) 974.0 0
998.3(4) 9.7(35) 998.3 0
1091.9(3) 20.5(44) 1725.6 633.1
1136.6(4) 13.1(57) 1136.6 0
1179.2(3)° 16.2(44) 1179.2 0
1663.8(4) 10.3(37) 1725.6 61.8
1725.7(3) 28.1(65) 1725.6 0

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

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

¢y -ray transitions observed following B-delayed neutron emission.

respectively, for the 2%, 4%, and 6% states of '3*Te, while
in the present work absolute branching ratios of 10.0(27),
5.2(18), and 3.2(9)% for the same states in '**Te were deter-
mined. Although differing by roughly a factor of two on the
absolute scale, the relative intensities are very similar. If the
spins of the ground states of '*3Sb and '*’Sb were different,
significant differences between the relative intensities would
be expected.

The 62-keV transition is predominant in the low-energy
region of the spectrum shown in Fig. 1(a). It is observed in
prompt coincidence with several other transitions as shown
in Fig. 2(a). Since the energy of this transition is low, the
internal electron conversion effect has to be considered. This
transition might be an M1 or an E2 transition because the
62-keV level is a candidate of 5/27 or 3/27, and the internal
conversion coefficients are ay;; = 2.69(14) and ag; = 9.4(6),
respectively. Based on these values, £2 multipolarity can be
ruled out since otherwise the absolute 8 feeding of the 62-keV
level would become enormous. Consequently, a spin-parity of
(5/27) is proposed for this state in '3’ Te which decays by an
M 1 transition to the (7/27) ground state.

As shown in Fig. 2(a), the 571-keV transition is coincident
with the 62-keV transition. The y-ray energy sum produces

633 keV, which corresponds to one of the predominant peaks
in Fig. 1(a). Thus, a new excited state with an energy of
633 keV is established which decays to the low-lying (5/27)
state at 62 keV as well as to the (7/27) ground state. Taking
into account the relative y-ray intensities, this state is a strong
candidate for a (9/27) state. Moreover, the systematics of
the excitation energies of 9/2~ states in neighboring nuclei
supports this assignment. A more detailed discussion will be
presented in Sec. IV A.

Additional excited states with energies of 799, 974, 998,
and 1137 keV are proposed. These states are populated with
log ft values corresponding to first-forbidden transitions
[24-27] and therefore are expected to have spin-parities in the
range from (3/27) to (11/27). However, the spin-parities for
these states can be further limited by (5/27,7/27,9/27) if
we consider only unique decays. Specifically, among them,
the 799- and 974-keV levels could be more strictly assigned
as (9/27) based on the systematic approach and shell-model
calculation results. Details will be discussed later in this paper.
Finally, a state at an excitation energy of 1726 keV was estab-
lished in the current work based on y-y coincidence relations
and y-ray energy sums. This level has a log ft value of 5.6(1),
in agreement with either a fast first-forbidden or an allowed
transition. While it is thus not possible to firmly assign a
parity, the observation of three decay branches to states with
spins of (5/27), (7/27), and (9/27), respectively, suggests a
spin of (7/2) for the new 1726-keV level.

In Fig. 3, lower limits for the B-delayed 2n, 1n, and On
emission probabilities to *>1%137Te can be estimated by the
sum of the B-branching ratios, Ig-. Unfortunately, only lower
limits could be determined since these values are estimated
based on the y-ray intensities and direct feeding to the ground
states is thus not accounted for. Note that such feeding must
exist since the sum of the 8 feeding to excited states does not
yield 100%. In the B decay of '3°Sb [22], the ground state
of 133Te is strongly populated via the spin-flip first-forbidden
transition from (7/2%) to (7/27). Consequently, the branch-
ing ratio of the ground state of '¥’Te probably accounts for
most of the missing intensity of 13.3(85)%. Finally, we note
that the y-ray intensities quoted in Fig. 3 may be influenced
by the pandemonium effect [28], which leads to apparently
stronger populations of the low-lying levels.

B. B decay of *Sb

The structure of '*¥Te has already been investigated in
several experiments prior to this work [12,29,30]. In the first
measurement using spontaneous fission of **Cm, the yrast-
band structure was established [29], although the order of the
first two transitions, and therefore the energies of the 2? and
4;’ states, was wrongly assigned. A first S-decay scheme of
138Sb, established on the basis of the data from the Te cam-
paign (see Sec. II) was previously reported in Ref. [12]. The
prominent difference between the relative intensities of the
461- 2+ — 07) and 443-keV (4T — 27) transitions allowed
to correct the 2] and 4] level energies [12]. In addition, a re-
cent measurement, again using spontaneous fission of >*3Cm,
allowed to further extend the high-spin level scheme and the
collective-band structure, particularly related to the y-soft
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FIG. 3. B-decay scheme of '*’Sb. The half-life of the ground state of '*’Sb is based on the present work. The Qg- and neutron separation
energies (S,, S»,) are taken from Ref. [23]. Level information such as excitation energies, spin-parities, S-branching ratios, and log ft values
are represented. Excited states newly established in the present work are represented in red.

vibration [30]. In the present work, we extend the known
excitation scheme by several new non-yrast states, populated
in the B decay of '3%Sb.

The background-subtracted §-delayed y-ray singles spec-
trum of '*Sb is represented in Fig. 4. Since '*¥Sb has a
shorter half-life as compared to '*’Sb, the prompt and delayed
time gates were set to the ranges 0—1000 ms and 2500-3500
ms, respectively. As in the case of '*’Sb, only those events

were considered in which the ion and the B ray were de-
tected in the same pixel of WAS3ABi. Table II summarizes
the y transitions observed following the B decay of '*8Sb.
y-y coincidence spectra with gates on the 443-, 461-, and
536-keV transitions are shown in Fig. 5. As can be seen in that
figure, the 863-keV transition is observed in coincidence with
both the 443- and 461-keV y rays. This result contradicts the
previous assignment of a 2] state with an excitation energy

034320-5



B. MOON et al. PHYSICAL REVIEW C 103, 034320 (2021)
6000E  (a) _ 350
> 5000F 2 > 300
=2 4000F £ 250
£ 3000F Q g 200
g 3 3 S 150
§2000F & S 100
1000;— f 50
0 100 200 300 400 500 600 700 _ 800 900 _ 1000
Energy (keV) Energy (keV)
(c) &3 120E (d) &
200 Sen— < s Ny NA
> — S| Z 100z =
< 150 ol < 802
S 100 2 Zg?
Q Q
50 20
10001100 1200 1300 1400 1500 1500 1600 1700 1800 1900 2000
Energy (keV) Energy (keV)
SOE (e) *
C <
> 40F N >
£ . F 2
z 30p 2
=) =)
10f
2000 2100 2200 2300 2400 2500 2500 2600 2700 2800 2900 3000
Energy (keV) Energy (keV)

FIG. 4. Background-subtracted g-delayed y-ray singles spectrum of **Sb. Black numbers represent the energies of the y-ray transitions
following B decay while red (blue) numbers marked by “&” (#) indicate transitions following the -delayed emission of one (two) neutron(s).

of 1323 keV [12]. In Fig. 4(b), a weak line is visible at an
energy of 536 keV, i.e., the energy of the 67 — 4% transition
in 13¥Te [15,29,30]. The observation of a 536-keV y ray also
in coincidence with the 461- and 443-keV transitions, see
Figs. 5(a), 5(b), and 5(d), confirms that this y ray does not
belong to a contamination or one of the neutron emission
channels but indeed stems from the decay of the 6 state.
The direct population of this state in the decay of the (37)
ground state of *8Sb is not expected since the maximum spin
difference for a first-forbidden transition is AJ = 2. There are
three possible explanations for the observation of the 536-keV
y ray in the present data. The first is, that the '*¥Sb ground
state spin is actually higher than (37), although the 8 feeding
and the log ft values measured in this work do not seem
to support this hypothesis. The second possible explanation
is the existence of a B-decaying isomer in '*¥Sb, which has
a higher spin than the (37) ground state. In order to search
for experimental evidence for this scenario, the decay curves
obtained in coincidence with the 461, 443, and 536-keV tran-
sitions are shown in Figs. 6. The half-life values obtained
from a fit of these curves are in agreement and therefore
do not provide any evidence for the existence of more than

one B-decaying state in '3¥Sb. However, due to the large
uncertainty of the half-life determined in coincidence with the
536-keV transition this option cannot completely be excluded.
An alternative method to detect multiple S-decaying states is
to compare the B feeding to the 2; and 4] states in two differ-
ent B-decaying cascades, namely '*¥Sb — 3Te and '*¥Sn —
138Sb — 38Te. However, this method can unfortunately not
be applied in the present case due to the low statistics obtained
for the '3¥Sn decay in the present experiment [31]. As shown
in Fig. 6(d), a half-life of T}, = 313(4) ms is determined from
the sum of the gates on the 47 — 2% and 2+ — 07 transition.
This value is smaller as compared to the previously published
measurements, 346(19) ms [12] and 350(15) ms [21], but
similar to the value 71/, = 326(8) ms reported recently in
Ref. [3]. Finally, the third explanation for the observation
of the 536-keV transition is the population of the 67 state
via y transitions from higher-lying states rather than direct
B feeding. This explanation has already been put forward in
a similar case, namely, the S decay of the 1~ ground state
of *°Sb [32]. In that case, a population of the 4T state in
136Te was detected by the observation of a weak 4t — 2+
transition, in complete analogy to the present situation. On
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TABLE II. Transition energies (E, ), relative y-ray intensities
(I,), and placements of y rays emitted following the B decay of
138Sb. The number in parentheses is an error in the last digit. Sys-
tematic uncertainties of 0.25 keV and 5% for E,, and I, respectively,
are included. The relative intensity should be multiplied by a factor
of 0.62(5) to obtain the absolute intensity per 100 decays. This factor
is deduced by the ratio between the 460.8-keV y-ray events and the
total B-ray events after subtracting the backgrounds.

E, (keV) 1, (rel)* Eieyel; (keV) Ejevyel.; (keV)
61.6(3)° 29.0(55) 61.6 0
442.9(3) 46.2(38) 903.7 460.8
460.8(3) 100(6) 460.8 0
535.5(4) 0.76(34) 1439.2 903.7
606.0(10)° 1.19(57) 606.0 0
608.0(10)¢ 3.13(79) 608.0 0
627.5(3) 4.16(74) 1531.2 903.7
633.3(3)° 3.19(71) 633.3 0
778.1(3) 3.69(97) 1681.8 903.7
798.9(4)° 3.9(18) 798.9 0
862.9(3) 5.83(98) 1766.6 903.7
870.0(3) 1.10(39) 1773.7 903.7
973.7(5)° 2.7(15) 973.7 0
998.3(4)° 2.8(11) 998.3 0
1007.1(3) 4.5391) 1467.8 460.8
1120.3(3) 5.6(11) 1581.1 460.8
1135.4(4) 1.72(58) 2037.0 903.7
1137.3(4)° 1.76(60) 11373 0
1154.9(3) 5.87(98) 1615.7 460.8
1191.4(3) 2.99(76) 2093.1 903.7
1247.4(4) 1.81(70) 3365.2 2117.8
1273.4(3) 4.59(90) 1734.2 460.8
1317.1(4) 1.69(57) 2220.8 903.7
1429.2(4) 2.05(75) 1890.0 460.8
1452.0(5) 2.13(97) 1912.8 460.8
1463.6(4) 1.59(43) 2367.8 903.7
1467.6(4) 1.94(51) 1467.8 0
1501.2(4) 2.76(66) 1962.0 460.8
1504.2(5) 1.15(76) 2407.8 903.7
1542.3(4) 1.72(75) 24455 903.7
1574.2(3) 3.8(10) 2037.0 460.8
1630.3(4) 3.42(64) 2093.1 460.8
1656.9(4) 5.22(98) 2117.8 460.8
1718.2(4) 1.80(74) 2179.0 460.8
1900.3(4) 1.79(65) 2361.1 460.8
1907.4(3) 0.94(75) 2367.8 460.8
1984.2(7) 1.62(72) 24455 460.8
2437.9(4) 2.4(14) 3341.8 903.7
2704.5(6) 0.53(39) 3165.4 460.8
2881.3(8) 0.62(39) 3341.8 460.8

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

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

¢y -ray transitions observed following B-delayed neutron emission.

the basis of the currently available experimental information

we tend to adopt this explanation also in the present case.
The decay scheme of 133Sh, which was considerably ex-

tended in the present work, is illustrated in Fig. 7. The
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FIG. 5. y-y coincidence spectra with gate on (a) the 443-keV,
(b),(c) the 461-keV, and (d) the 536-keV transition. Coincident tran-
sitions are indicated with their energies and contaminants are labeled
with asterisks (*).

assignment of spins and parities to the levels of '**Te was
carried out based on the log fr values [24-27]. However, it is
not possible to propose unique spin-parity values since most
of the B decays in this region are governed by first-forbidden
transitions. Nevertheless, for several levels spin values or
ranges can be proposed. For instance, the level located at
1774 keV was assigned as (6) in the spontaneous fission
experiment [30]. Moreover, the 1468-keV level is proposed to
be the (23L ) state due to its decay paths to the ground state and
the 2 level. On the other hand, three groups of levels could be
restricted in their spin-parities based on the y-decay patterns.
One of them has two y-decay paths, levels do not only decay
to the ZT state, but also to the 4f' state. Therefore, these levels
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1200 (a) Gate on 461 keV in ths}ir spin-parities to (2%, 3%, 4) if only unique decays are
1000 considered.

g - T =313(5)ms
S 800 2 IV. DISCUSSION
‘g 600:_ In order to quantitatively understand the observed level
S 400F structures of 137 Te and '*Te, large-scale shell-model calcula-
o tions with two different effective interactions were performed.
200:_ The shell-model spaces of both calculations are based on
0E SPPIRNII o . o the same valence region outside the doubly magic '*2Sn
0 500 1000 15%). 2000 2500 3000 3500 core with Z = 50 and N = 82: the 0g72, 1ds), 1ds)2, 2512,
ime (ms) and Ok, proton orbitals and the 1f7/2, Oho/2, 2p3/2, 1f5/2,
S00F (b) Gate on 443 keV 2pi1s2, and Oig3/, neutron orbitals. Both interactions were
400 derived within the framework of many-body perturbation the-
@ o T =315 ory starting from free nuclear potentials renormalized using
g r = (8) ms X .

S 300E 2 the low-momentum potential approach [33]. In particular,

g . the Q-box-folded-plus-folded-diagram method [34,35] has

§ 200F bee1'1 employ'ed by inclqding in the perturbative d.iagram—

@) - matic expansion of the O box one- and two-body diagrams

100 up to second order in the interaction. The first interaction,

C which in the following is called Napoli, is based on the

Qe T : : — CD-Bonn NN potential [36], and has been adopted in sev-

: 500 1000 1500 2000 2500 3000 3500 eral previous studies of neutron-rich nuclei beyond '*?Sn

Time (ms) p Y

[37]. Particularly, it is shown that it reproduces very well

80f (c) Gate on 536 keV the observed level scheme of '*Sb, with one valence pro-

ton and one valence neutron, and the low-lying 5/2% state

g 60 in 1*°Sb [38,39]. The second employed interaction, named
g b T =331(68) ms o o ; :

2 - 12 , is derived from the realistic chiral effective

s | + N3LOP, is derived from the realistic N3LO chiral effect

% Y field theory potentials [40]. Some monopole and multipole

2 B adjustments are included in order to reproduce the isomeric
© 3 transitions in the Sn isotopes with N > 82 [14,41] and the
single-particle energies of N = 82, 83 isotones. The N3LOP
‘ interaction has been employed to describe the spectroscopy
O ™" 500 7000 1500 2000 2300 3000 3300 and the overall feature of collectivity in isotones with N =
Time (ms) 84-88 beyond doubly magic '*>Sn [42-45], showing nice
agreement with the data. The present Napoli and N3LOP
1600 (d) Gate on 461 and 443 keV calculations are performed using the ANTOINE shell-model
. 1400 code [46,47].
£1200 —
21000 T,,=313(4) ms
2 200 A. Neutron levels and seniority-3 configurations in '*"Te
=
2 600 For neutron-rich Te isotopes beyond N = 83, the single-
© 400 particle states are not very well established so far [15]. In
200 the case of 'Te, excited states with spins of 7/2, 3/2",
1/27,5/27, and 9/2~ are assigned [22]. From shell-model
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Time (ms)

FIG. 6. Half-life measurements of the ground state of 1**Sb. Red
solid lines indicate the fit results with a single-component exponen-
tial decay curve (red-dashed lines) and a constant background (red
dashed-dotted lines).

may have a spin-parity of (27, 3%, 4%). The other group has
the spin range from 1 to 4, and the levels belonging to this
group have a y transition to the 2] state. The remaining levels
which populate 47, are left with spin-parities in the range 2+
to 57. However, last two groups might be more strictly limited

calculations [48], it turns out that the first 7/27, 3/27, and
1/27 states have the largest spectroscopic factors for adding
a neutron in the corresponding single-particle orbital to the
134Te ground state. The second 9/2~ state, which can be
associated with the experimental 1.38 MeV state with un-
certain spin-parity assignment, carries the largest fraction of
the single-particle strength. As for the v1fs,, orbital, no sig-
nificant strength is predicted to be carried by the low-lying
5/2~ states. Moreover, it should be emphasized that when
more valence neutrons occupy the 1f7,, orbital, as in the
N = 85, 87 isotones, low-lying (7/27), (5/27), and (3/27)
states close to the ground states are formed that are not ob-
served in the N = 83 isotonic chain [15]. In particular, the
yrast excitations in '*’Te are supposed to be formed by the
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FIG. 7. B-decay scheme of '*®Sb. The half-life of the ground state of '33Sb is based on the present work. The Qg- and neutron separation
energies (S,, S2,) are taken from Ref. [23]. Level information such as excitation energies, proposed spin-parities, S-branching ratios, and log
ft values are represented. Newly assigned excited states from the present work are represented in red.

three valence neutrons in the 17/, and Ohg,, orbitals coupled
to core vibrations [20]. On the other hand, the properties of
the **Te nucleus indicate that, at neutron number N = 87,
a transition between spherical and prolate shapes takes place
along the Te chain of isotopes [49]. Consequently, it is crucial
to investigate the low-lying levels in odd-A Te isotopes to
understand the nuclear structure evolution, specifically the
neutron one, beyond 1328y,

Figure 8 shows the systematics of excitation energy differ-
ences along the N = 85 isotones, in which the newly observed
levels from this work are included. The reported excitation
energies are referred to the low-lying 7/27 states. Particularly,
one may notice that the 11/2~ levels correlate with the 2 lev-
els in the neighboring N = 84 nuclei, which are also displayed
in the figure. This result strongly supports that the observed
11/2- state in '*'Te is formed by a neutron coupled to the
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FIG. 8. Excitation energy differences of excited states in the N =
85 isotones relative to the 7/2; levels. Data for 137Te are taken from
this work, and all others are taken from Ref. [15]. For 9/2; states
of 3Ce (Z =58) and 'Gd (Z = 64), the levels at 817 keV and
1085 keV without explicit spin-parity assignment are included, based
on systematics.

2] state of '**Te, namely (v1f7/2 ® 2¥)11/2-. Moreover, we
see that low-lying (5/27) and (3/27) states near the (7/2])
states are present in the spectra of the N = 85 isotones for
Z > 54. The systematic trend of the 5/27 states reasonably
supports our 5/2~ assignment for the first excited state of
137Te. However, a 3/2~ state is not identified in the present
work. It is probably located close to the 62-keV 5/27 state.

As for the 633-keV level in '¥"Te, we propose a spin-parity
value of J* = 9/27 as suggested by the behavior of the first
9/27 states in the heavier N = 85 isotones. On the other hand,
the newly established state at 799 keV is associated with the
second 9/27 state. In fact, with this assignment, the energy
difference between the (9/2;7) and (9/2; ) states is consistent
with those observed in the other isotones with Z > 54 as
shown in Fig. 8.

The shell-model results obtained with the Napoli and
N3LOP interactions are reported and compared with the ex-
perimental data in Fig. 9. Moreover, in order to obtain a better
insight into the structure of '3’ Te, the percentage contributions
of the v(1 f; /2)3 configuration from both interactions are sum-
marized in Table III, together with some spectroscopic factors
involving the addition of one neutron to the ground and first
2+ states of '*°Te, indicated, respectively, as C2S(0%) and
C2S(2%). First of all, both calculations nicely predict a 7/2~
ground state, together with the low-lying 5/27 excited state
whose energy is in good agreement with the experimental
value. It is worth noting, however, that the Napoli interac-
tion overestimates the 7/2~ — 5/2~ gap, which, in contrast,
is slightly too small when using the N3LOP interaction. A
similar difference between the two calculations is found for
the unknown yrast 3/27 state (see Fig. 9) and for the yrast
572+ and 3/27 states of '¥’Sb [31].

It is of great importance to understand the origins of these
low-lying 7/27,5/27,and 3/2~ levels since these levels close
to the ground state are not observed in the N = 83 isotones
with a single neutron above the N = 82 shell gap. Based on
both shell-model calculations, the 7/2~ ground state can be
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FIG. 9. Comparison between the experimentally established
negative-parity states of '*’Te (middle) and theoretical predictions.
The Napoli (left) and N3LOP (right) interactions are employed in
the large-scale shell-model calculations.

identified as a single-neutron state. As reported in Table III,
both calculations produce large spectroscopic factors coupling
a neutron in the 1f7/, orbital to the OT state of '3°Te. This
ground state is also dominated by the v(1f; /2)3 configuration
which is contributing with 61% and 54%, respectively in the
Napoli and N3LOP calculations. Moreover, the neutron occu-
pancies of the 1f7/, orbital are 2.4 (Napoli) and 2.3 (N3LOP)
over 3. On the other hand, the yrast 5/2~ and 3/2~ states
show essentially a seniority-3 (v = 3) nature. For these states,
a large contribution arises from the v(1f;,2)* configuration:
53% (5/27) and 44% (3/27) from Napoli; 46% (5/27) and
37% (3/27) from N3LOP. Furthermore, large spectroscopic
factors are found for the addition of a neutron in the 1f7/,
orbital to the ZT state of 3°Te [see the C2S(2%1) values in
Table II1].

TABLE III. The calculated one-neutron spectroscopic factors
coupled to the ground state (C2S(0™)) and the 2] state (C2S(27)),
and the percentage contribution of v(f5,2)* in the wave functions of
137Te from the Napoli and N3LOP interactions. See text for details.

C*S(0") Cc*s(2%) v(1f72)* (%)
3"Te  (Napoli/N3LOP) (Napoli/N3LOP) (Napoli/N3LOP)
7/27 0.72/0.67 0.10/0.04 61/54
7/25 0.01/0.03 0.45/0.54 29/29
5/27 0.01/0.02 1.13/0.96 53/46
5/2; 0.19/0.18 0.00/0.01 4/1
3/27 0.01/0.01 0.47/0.45 44/37
3/2; 0.71/0.64 0.09/0.12 5/3
1727 0.48/0.35 3/1
9/27 0.01,/0.00 0.38/0.41 27/27
9/2; 0.01/0.40 0.28/0.09 70/7
9/2; 0.49/0.05 0.00/0.24 2/55
11/27 0.65/0.61 59/48
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The first 9/27 state predicted by both calculations is dom-
inated by the v(1f; /2)2(2p3 /2)1 and v(1f; /2)3 configurations.
Moreover, this state mainly originates from the coupling be-
tween a neutron in the 1f7/, orbital and the 2? state of *°Te,
as shown by the corresponding spectroscopic factors of 0.38
(Napoli) and 0.41 (N3LOP), as. The observed 633-keV level
might be a good candidate for this state, predicted at 660 keV
by N3LOP, and at a slightly higher energy of 777 keV by
Napoli. The second 9/27 state at 920 keV from Napoli and
the third 9/2~ state at 1078 keV from N3LOP also show the
same v = 3 nature, but they are both dominated by only the
v(l f7/2)3 configuration. On the other hand, the third 9/2~
state at 1035 keV from Napoli and the second 9/27 state at
1023 keV from N3LOP are predicted to be of single-neutron
nature, v0hg/» ® 0T, based on the calculated spectroscopic
factors (see Table III) and the vOhy/» occupation which is 0.86
(Napoli) and 0.74 (N3LOP).

From the experiment, the observed level at 799 keV might
be a 9/27 state, as described previously in terms of the sys-
tematic approach. On the other hand, the strong candidate
for the third 9/2~ state from the present work is the level
at 974 keV, since it shows the similar decay pattern as the
633-keV level. Thus, we can suppose that this 974-keV level
is governed by the v1f;,» ® 2% configuration, corresponding
to the second and third 9/2~ states predicted by the Napoli
and N3LOP interactions, respectively. The 799-keV state may
therefore be recognized as a single-neutron state and associ-
ated to the predicted 1035 and 1023 keV levels. It is worth
noting, however, that its excitation energy is overestimated
by about 200 keV in the calculations, which may lead to the
conclusion that the *’Te nucleus adopts a more deformed
shape than expected. This statement is also supported by the
predicted 11/27 level energies, which are also slightly overes-
timated by both calculations. This result highly recommends
direct reaction experiments that could confirm these findings
providing precise spectroscopic factors of the excited states.

A similar scenario is noticed for the 3/2~ states. As dis-
cussed above, the yrast 3/27 state is of v = 3 seniority nature,
while it is the second one that carries the largest fraction of
single-neutron strength. For this single-neutron nature 3/25
state, the Napoli and N3LOP interactions predict excitation
energies of 655 and 673 keV, respectively. The 1/2; state is
also expected to be formed by a neutron in the 2p;, orbital
coupled to the '**Te ground state. At this point, it could be
speculated that the sudden decrease of the energies of the
first 3/2~ and 9/2 states from '3Te to *'Te is influenced
by the drastic decrease of the yrast 2" state energy between
134Te and !*Te, whose nature changes from proton to neutron
excitation. In contrast, the 1/2] state energy remains constant,
keeping its single-particle nature. However, unfortunately no
experimental information about these levels could be obtained
from the present data.

The 7/25 level is predicted to be formed by significant con-
tributions from the v(1 ]‘7/2)2(2p3/2)1 and v(1 f7/2)3 neutron
configurations, while a broadly mixed configuration involv-
ing all the neutron 1f7/5, Ohg/, 1f5/, and 2p3,, orbitals is
expected for the 5/2; state. There is no clear evidence to
assign these states from the experiment, but levels at 997 and
1137 keV might be candidates.

The 11/27 levels from both calculations show, despite
a small overestimation, good agreement with the observed
level at 608 keV. This level is expected, as discussed previ-
ously, to arise from the coupling between a neutron in the
1f7/, orbital and the ZT state of *°Te. Theoretical predic-
tions show that this 11/27 level is strongly dominated by
the v(1f72)* configuration with 59% and 48%, respectively
deduced by the Napoli and N3LOP interactions. On the other
hand, the collectivity in terms of the energy ratio parameter
E(15/27)/E(11/27) = 1.88 [20] shows a transitional phase
from *Te [Ry, = E(4T)/EQ2") = 1.69] to *¥Te (Ry)» =
1.96).

With respect to the proposed (7/2) level at an excita-
tion energy of 1726 keV, populated with a log fr value of
5.6(1), the interpretation is unfortunately not obvious. In most
of the B decays of Z =150, 51 nuclei studied so far only
first-forbidden transitions to excited states below the neutron
separation energy in the daughter nuclei were observed. Ex-
amples are the decays of '3*13°Sn and '*>13°Sb [22,32,50,51].
The only relevant Gamow-Teller (GT) decay in this region
is the vOhg, — mOhyy ), transition, which is hindered by the
small occupancy of the vOhg/, orbital in the ground states of
these nuclei. Recently, the population of a state at 2641 keV
in 1%Sb in the B decay of 1*°Sn with log ft = 5.2(2) was
proposed to correspond to such an allowed 0" — (1) transi-
tion [31]. In that case, 17 states with the proper configuration
were identified in the shell-model calculations 0.64/0.86 MeV
too high in energy. For 1*"Te, the calculations performed with
the Napoli and N3LOP interactions predict the first positive-
parity states at 2086 keV and 1847 keV, respectively, but these
states are 13/2% states. The lowest 7/27" states are expected
to be located at 2814 keV (Napoli) and 2765 keV (N3LOP),
i.e., about 1 MeV above the experimentally identified (7/2)
level. However, these levels do not have the configuration re-
quired for a state which is populated via the allowed vOhg/, —
w0hy1/> decay. In contrast to the case of 1365p, for 37Te no
matching calculated 7/27 state is found around 1.7 MeV. The
only possible explanation for the observation of a positive-
parity state would be the coupling of the odd 1 f7/, neutron in
37Te to the octupole 3~ state in '*%Te. Although the energy
of the latter is unknown, the systematics of 3~ states in the
N = 84 isotones suggests a much higher excitation energy for
a positive-parity state of this origin in '*’Te. Given the log ft
value of 5.6(1), the 1726-keV state could as well be a (7/27)
state populated via a first-forbidden transition. We note that in
neighboring nuclei, several decays via the v1f7,, — w0g7/2
spin-flip transition have been observed with log ft values
in the range 5.2-5.8 [22,32,50,51]. The present shell-model
calculations indeed predict several 7/2~ states in the energy
region around 1.7 MeV.

B. Nuclear structure of '**Te

The collectivity of the N = 86 isotones has been investi-
gated in detail in Refs. [30,42—44], where the first evidence
of the y-vibrational band in '*¥Te was discussed. On the other
hand, the recent experimental result of Ref. [13] has suggested
for 40Te with N = 88 a typical vibrational character in terms
of the energy ratio R4/, = 2.01. Consequently, the Te isotopes
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FIG. 10. Comparison between the experimentally established
levels of '*¥Te (middle) and theoretical predictions. The Napoli (left)
and N3LOP (right) interactions are employed in the large-scale shell-
model calculations. A modified version of the Napoli interaction is
shown in red, see text for details.

beyond the neutron magic number N = 82 turn out to show a
different nature in the structure evolution as compared to the
neighboring Sn [14] and Xe [52] nuclides.

In the present work, new abundant nonyrast states have
been observed with a very high level density as shown in
Fig. 7. Even though a one-to-one correspondence between cal-
culated and observed levels is not free of some ambiguity due
to the experimental uncertainties in the spin assignment, the
levels below 1800 keV can be reasonably well explained by
theory. Figure 10 shows the experimental excitation energies
together with the results from the Napoli and N3LOP calcu-
lations. As one may see, both theoretical predictions are in
good agreement with the observed levels. Note that the spec-
trum in red in Fig. 10 is obtained by employing the modified
Napoli interaction of Ref. [53] which will be discussed below.
Additional information from the calculations, namely reduced
transition rates B(E2), spectroscopic quadrupole moments Q,
and dimensionless nuclear magnetic moments g factors are
summarized in Table IV. All g-factor calculations are achieved
using the effective spin and orbital g-factors (g%, g.) =
(3.250, 1.069) and (gi,g’v) = (—1.506,0.019) for protons
and neutrons, respectively [43,45].

Most of all, it is worthwhile to discuss the yrast states
of 13Te. The predicted levels from N3LOP agree very well
with the observed 2, 4], and 6] levels. Particularly, the
B(E2;0% — 2%) = 0.316 *b® value, calculated by using

TABLE 1V. Reduced transition rates B(E2) in e?b?, spectro-
scopic quadrupole moments Q; in e fm?, and dimensionless nuclear
magnetic moments g factors of '*Te from the Napoli and N3LOP

interactions.

Te Napoli Mod. Napoli® N3LOP
B(E2;0{ — 2]) 0318 0.324 0316
B(E2;2] — 4)) 0.155 0.164 0.162
B(E2;4] — 6/) 0.071 0.127 0.129
B(E2;2] — 3]) 0.074 0.097 0.156
B(E2;3] — 57) 0.006 0.122 0.100
B(E2;2; — 47) 0.010 0.021 0.055
0,(21)/22)) -47/0.21 -47/0.21 -49/0.30
O,(41)/2(4]) -68/0.20 -70/0.22 -69/0.32
0.(67)/2(61) -34/0.05 -70/0.35 -80/0.55
0.(37)/2(3)) -1.0/0.06 -2.1/0.08 -3.9/0.13
0s(50)/g(57) 35/-0.10 35/-0.09 -47/0.18
0:(27)/2(27) 29/0.04 34/0.02 42/0.05
0,(47)/2(43) 34/-0.10 32/-0.06 0.04/0.07

“Napoli interaction with modified v(1 f; /2)2 matrix elements, see text
for details.

e, = 1.6e and ¢, = 0.6¢ as effective charges, indicates the
evolution of collectivity in '*¥Te. The recently measured
B(E2;0" — 27%) values of '¥Te, which are 0.181(15) ¢*b?
[7] and 0.191(26) e?b? [8], support this statement in terms
of the nice agreement with systematics. The Napoli inter-
action, by using e, =1.7 e and e, = 0.7 e, also provides
a consistent reduced transition rate of 0.318 e?b? although
the 2] excitation energy is overestimated by 140 keV. Addi-
tionally, the two calculations predict very close B(E2;2" —
4%) values, which indicate a modest nuclear structure evo-
lution as compared to the corresponding measured B(E2)
in Te (0.060(9) €*b* [7] and 0.061(31) ¢*b* [8]). On
the other hand, B(E2;4T — 27)/B(E2;2T — 07) =143
(N3LOP) and 1.35 (Napoli) ratios give a strong evidence
of the K = 0 quantum number for the yrast-band structure.
Other features are already exposed in Refs. [43,44], where
the onset and the evolution of the quadrupole collectivity in
N = 86, 88 isotones are evidenced. The N3LOP calculations
have unveiled some triaxiality signature in '*¥Te with a weak
collective nature, distinguished by § = 0.12 and y = 11° as
deformation parameters [43]. This result strongly encourages
a future measurement of the 2] and 4] lifetimes, which are
expected to be around T = 62 and 54 ps, respectively, based
on the calculated B(E?2) values from the N3LOP and Napoli
interactions, to confirm the nuclear structure evolution of Te
isotopes in terms of quadrupole correlations.

On the contrary, it should be emphasized that different fea-
tures are predicted by the N3LOP and Napoli interactions for
the first 67 state. In fact, the absolute Q; and B(E?2; 4T — 6T)
values from Napoli are about a factor 2.3 and 1.8 smaller than
those predicted by N3LOP (see Table IV). Moreover, from
N3LOP this yrast 6T state is expected to be dominated by the
proton 7'[(0(517/2)1(1075/2)1 configuration accounting for 31%
of the calculated wave function, while the Napoli interaction
provides only a 6% contribution of this proton configura-
tion. In order to explain the differences between the two
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calculations, we have employed a modified version of
the Napoli interaction. This new version, as discussed in
Ref. [53], results from small changes of the / = 2, 4, 6 matrix
elements of the v(l f7/2)2 configuration, which were intro-
duced to reproduce the isomeric transition B(E2;6] — 4])
in 3°Sn. For the same reason, a similar modification was
previously included in the development of the N3LOP ef-
fective interaction [43]. The new Napoli interaction leads to
0,(67) and B(E2;4] — 6]) values very close to those ob-
tained with the N3LOP interaction, and to an increase of the
proton 7 (0g7,2)" (1ds/2)" contribution from 6% to 29%.

In this context, it is very interesting to investigate the
seniority nature of the yrast 47 and 6" states. In both cal-
culations, using either the Napoli or the N3LOP interaction,
the 47 state turns out to be governed by seniority admixtures.
It is dominated by the v = 4 component (50%), while the
v =2 and 6 contributions range from 20 to 30%. On the
contrary, different features are predicted by the two calcula-
tions for the 6] state. With the Napoli interaction, a large
contribution, 52%, arises from the v = 2 component, while
the v =4 component only accounts for 15% of the wave
function. However, when the modified Napoli interaction is
employed, a significant seniority mixing is found for the 6,
state: v =2 (31%), v = 4 (32%), and v = 6 (37%), which is
comparable to the N3LOP result, marked by v =2 (21%),
v =4 (42%), and v = 6 (37%). It is worth noting that the
seniority structure of the 6]L state predicted by the modified
Napoli interaction is similar to that of the 4;r level, as it is
also the case with the N3LOP interaction, which gives rise to
larger reduced transition rates as compared to the result from
the original Napoli interaction (see Table IV). Consequently,
we can suggest that the seniority in '3¥Te plays a different
role as compared to the case of the neutron-rich Sn isotopes
[14]. In the semimagic Sn isotopes with N > 82, the major
seniority difference between the yrast 47 (mixed seniority)
and 61 (v = 2) states originates a long-lived 6" isomer. In
contrast, for 13 Te, the mixture of the seniorities is almost the
same for the 41+ and 6f states, which might be the reason for
the absence of such an isomeric 6T state.

We turn our attention now to the y-band structure of '*Te,
which was previously discussed by employing the N3LOP
interaction in Ref. [43]. Since the calculated QS(ZZF) has the
same size as QS(ZT) but an opposite sign, the 2; state from
N3LOP could be interpreted as a y-band head state. The
fact that Qs(3f’) is predicted to be close to zero and the
B(E2;25 — 3]) is rather large (see Table IV) also supports
this statement. Moreover, sizable transition strengths between
the 25 and 47 states, and the 3] and 5] states can be noticed
in Table IV from the N3LOP interaction. On this basis, the
27, 3], 47, and 5] levels from N3LOP shown in Fig. 10
can be considered as belonging to the same y-band struc-
ture. In the case of the Napoli interaction, we could draw
similar conclusions about the y-band nature of the 25 and
37 states. Although the absolute Q; values are smaller than
those from N3LOP, they firmly represent analogous aspects.
It is worth noting, however, that this is not the case for the 4;
and 51+ levels. We see, in fact, that very small B(E?2; ST —
57) and B(E2;25 — 47) values are predicted by the Napoli

interaction. In contrast, the modified Napoli interaction repro-
duces reduced transition rates which are more consistent with
the N3LOP results, although it is worth noting that Q; values
for the 57 and 45 states still remain very different. Therefore,
it can be concluded that the modification in matrix elements
of Napoli generally leads to results for '*Te consistent with
those of N3LOP. Unfortunately, it is difficult to confirm that
the observed levels from the present work are formed by
the y-soft vibration because no linking y-ray transition is
observed. In Ref. [30], however, the minimum spin state of
the y-vibrational band is proposed to be a 7% state and lower-
spin members such as the 47, 57, and 65 levels are also not
linked to each other. Thus, it can be suggested that the weak
quadrupole correlation of '3¥Te is insufficient to form a robust
y-band structure like that observed in the heavier isotones.

V. CONCLUSION

In the present work, the 8 decays of the '37-!3Sb isotopes
studied in two different EURICA experiments performed at
the RIBF of RIKEN are reported. From the experimental
results with respect to the '*’Sb B decay, several important
excited states such as the (5/27) and (9/27) levels could
be established. The '*’Te nucleus turned out to form the
seniority-3 configuration of v1f7, in the low-lying states.
Moreover, different nature of the observed 9/2~ states could
be explained by employing two independent shell-model cal-
culations based on the Napoli and N3LOP interactions. In
particular, the calculated spectroscopic factors from both in-
teractions show the excellent agreement, and this theoretical
result paves the way to the future direct reaction experiments
of this isotope.

Regarding the B decay of '*Sb, the observed levels in
138Te are in general well described by the shell-model calcula-
tions. Based on the theoretical predictions, the 133 Te nucleus
is expected to exhibit a weak quadrupole deformation with
B = 0.12. It can be concluded that the '*¥Te nucleus shows
a modest nuclear structure evolution with a weak quadrupole
correlation based on the overall features supported by theory.
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