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We report on spectroscopic information and lifetime measurements of even-even neutron-rich Te isotopes.
Excited states were populated in fast-neutron induced fission of 228U at the ALTO facility of IJCLab with the
LICORNE neutron source and detected using the hybrid v-ball spectrometer. We provide first results on lifetimes
of the 6] state in '**Te and the (67), (4]), and (2]) states in '**Te and discuss the results in the context of
large-scale shell-model calculations. The level schemes of '*Te and '**Te are revised in terms of lifetimes of
their 27, 47 states and updated information on the (47) state in '*Te is presented. In addition, previously reported
data on spectroscopy and lifetimes in '**Te are reexamined. This work provides new insights into the evolution
of collectivity for Te isotopes with N = 82, 84, 86.
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I. INTRODUCTION

The study of neutron-rich nuclei with few valence particles
outside the doubly magic '*>Sn has been of major interest for
several decades. These nuclei have become more accessible
with the advancements of experimental facilities using ra-
dioactive ion beams. Neutron-rich tellurium isotopes, having
two protons outside the Z = 50 closed proton shell, provide
one of the best testing grounds to determine two-body matrix
elements for nuclear theory. Despite the general understand-
ing of vibrational character with coexisting single-particle and
collective structures with quadrupole and octupole degrees of
freedom [1,2], the development of collectivity above N = 82
for these isotopes is yet to be fully understood [3—12]. From
theoretical point of view it has been suggested that the reduc-
tion of the 2] excitation energy beyond 1328n is caused by
a stabilization going from sphericity in '*°Te [13,14], with
a transition in '*¥Te [15] to a soft prolate deformation in
140Te [16]. Instead, a smooth behavior of the excitation energy
ratios Ey(47)/E;(2]) is observed in '¥*14Te [17,18]. Also,
the unexpectedly low B(E2;2{ — 0)) transition strength in
136Te [19] triggered more investigations on the collectivity and
the evolution of deformation both from theoretical and experi-
mental points of view. This was attributed to a proton-neutron
configuration mixing from realistic shell-model calculations,
to a neutron-pairing reduction from quasi-particle random-
phase approximation [3], and more recently to a neutron
dominance through particularly asymmetric proton-neutron
couplings in Monte Carlo shell model calculations [1]. While
describing the transition strengths over excitation energies in
these Te isotopes in comparison to Xe isotopes, the authors of
Ref. [20] suggested that in the shell-model approach a partial
quenching of the proton strength is needed. This enhances the
relative weight of the neutron configurations with respect to
proton ones and effectively reduces the B(E2) shell-model
strength to the anomalous experimental observations of the
first excited state [19]. At the same time, no further conclu-
sions could be drawn as data on the higher-lying states in '*6Te
or for the heavier *®Te are still unavailable and theoretical
predictions on the B(E2) strength beyond the '**Te ZT state
remain scarce.

The nucleus '*6Te has been studied in several Coulomb
excitation experiments at the Oak Ridge National Labora-
tory [9,14,19] and in a fast-timing experiment performed at
ISOLDE, CERN [21,22]. Most recently, '*®Te was inves-
tigated at the RIBF, RIKEN [23] via Coulomb excitation
on a Au and inelastic scattering on a C target. These mea-
surements provide different values for the B(E 2;2?r — OfL)
transition rates which are not consistent with each another.
This highlights the importance of studying this nucleus with
complementary experimental techniques to provide indepen-
dent and, potentially, more deterministic measurements, and
when possible, to extend this information beyond N = 84.

The experimentally deduced lifetimes can be used to
calculate reduced transition probabilities. Apart from the well-
known 3*Te, up to now, no direct lifetime measurement for
states above the 2 in '**Te are reported in the literature. Ex-
cited states in '*¥Te have been observed through spontaneous
fission of *8Cm [15,24] and B decay of '*¥Sb [17] but no

information on lifetimes of low-lying excited states has been
reported. The interplay between collective excitations and the
single-particle nature of nuclei with few valence particles is
expected to result in sub-ns low-lying excited states that are
accessible through fast electronic timing.

In the previous studies the radioactive Te isotopes have
been produced via neutron-induced fission, spontaneous fis-
sion, or 28U fragmentation on a °Be target. To date,
neutron-induced fission to study fission fragments has mainly
been employed at cold neutron energies, as for example during
the EXILL campaign [25]. Fragments from fast neutron-
induced fission have not been investigated in that manner and
provide complementary information on neutron-rich isotopes
while being important for nuclear energy applications [26,27]
as well as relevant for the r-process path nuclei [28-30].

This article is structured in the following way. In Sec. II
details on the experimental setup and production mechanism
are provided. Section III covers the experimental results, fol-
lowed by a discussion within the framework of the nuclear
shell model in Sec. IV.

II. EXPERIMENTAL DETAILS AND METHODS

The experiment was carried out at the ALTO facility as part
of the v-ball fission campaign [31]. Fast neutrons inducing
the fission were produced with the LICORNE neutron source
[32] using a pulsed "Li primary beam (400-ns repetition time
and width of approximately 2 ns) provided by the 15-MV
Tandem accelerator. The neutrons with an average energy
of approximately 1.7 MeV were kinematically focused on
a 81-g 238U target. This was surrounded by the 47 v-ball
hybrid spectrometer to measure y rays emitted by the fission
products [33]. The spectrometer consisted of a combination
of high-purity Germanium (HPGe) coaxial 75% detectors
and Clovers for high-resolution spectroscopy, combined with
two types of LaBr3(Ce) scintillators for sub-ns lifetime mea-
surements. Ten 1.5” x 2” cylindrical and ten 1”7 x 1.5” x 2"
conical LaBr;(Ce) crystals were used. The HPGe detectors
were surrounded by BGO shields for Compton suppression.
The array was designed symmetrically in several rings around
the target position with one ring of 10 coaxial HPGe detectors,
two rings of twelve Clover type HPGe detectors, and two rings
of ten LaBr3;(Ce) scintillators.

Energy and time information were acquired in a triggerless
mode with the FASTER data acquisition system [34]. For
HPGe and BGO detectors, 14-bit ADCs with a 125 MHz sam-
pling rate and trapezoidal filters were used. The LaBr;(Ce)
signals were processed with QDC-TDC modules that in-
clude a CFD algorithm, interpolating the zero crossing of the
discriminator signal to achieve a time resolution of 7.8-ps
least-significant bit accuracy.

During the experiment, a total of about 12.5 TB raw data
were acquired from which fission events had to be recon-
structed offline using the following logic. Events are selected
according to the total energy deposited in the v-ball array and
the total number of detector hits (multiplicity). Due to the
beam pulsing, a separation between prompt and delayed mul-
tiplicity could be made. To select fission events the following
trigger conditions were used in this analysis: either two HPGe
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TABLE I. Experimental information on the isotopes of interest,
populated in the present experiment. Fission yields for even-even
neutron-rich Te isotopes are taken from Ref. [36]. The fission part-
ners for one up to five (evaporated) neutron channels and their
relative population are given in square brackets, assuming all partner
channels sum up to 100%. For the odd partner cases, the given
yields have the uncertainties of multiple (up to three) other transitions
feeding the ground states and of unobserved contributions. Isotopes
labeled with a { have “delayed” transitions from isomeric states with
Tl 2> 100 ns.

n-Evaporation channel

Nucleus Yield (%) 1 2 3 4 5
134TCT 42(2) 104Zr 103Zr lOZZr IOIZI. IOOZI.
[19(4)] [18(8)] [39(®)] [15#)] [10(2)]
136 3.91(9) '92zr Oz 1007, P7r BZr
[32(14)] [18(D] [34(13)] [8(4)] [7.5(18)]
138Te 0.73(7)  '97zr P7Zr Bzr Tzt %7r

[26(14)] [34(14)] [26(6)] (93] [6(H)]

hits (after Compton suppression and addback) within 400 ns
or two LaBr3(Ce) hits within the 15 ns of the prompt peak.
The Compton suppression and addback are applied in the full
400-ns range before the HPGe timing was set as “prompt”
(0-100 ns) and “delayed” (>100 ns).

The typical energy resolution of the HPGe detectors is
2.5keV at 1.33 MeV [33]. The time resolution measured with
a ®Co source was about 200 ps FWHM for the LaBr;(Ce)
detectors and about 13 ns for the HPGe detectors [33]. In the
analysis we performed a check for any Doppler broadening of
y-ray peaks from fission fragments in comparison to source
data to assure a good control of the data. The HPGe detec-
tion efficiency after addback procedure is determined to be
4.1(2)% at 1.33 MeV. The LaBr3(Ce) efficiency at 1.33 MeV
amounts to 0.7(1)%, resulting in a total detection efficiency of
4.8(2)% compared to 6.7% given in Ref. [33] for an optimal
geometry. The efficiency at low energies deviates from the
source measurement due to self-absorption in the thick target.
Taking into account absorption effects, a GEANT4 [35] simu-
lation of a '>?Eu source inside 2*U material of the target shape
is used to determine the efficiency at lower energy. It results in
about 2.5% at 200 keV, limiting the effective energy-detection
range of y rays down to about 100 keV. Overall, the relative
uncertainty of the efficiency was estimated to be about 10%
over the energy range analyzed in this work.

Isotopes of interest were identified using multiple y-ray
coincidences thanks to the excellent energy resolution of the
HPGe detectors. For '*°Te, the strongest y rays have energies
of 606, 424, and 353 keV for the 2] — 0], 4] — 2], and
6 — 4] transitions, respectively. Note that 136.138Te do not
have long-lived (77, > 100 ns) isomeric states populated in
the reaction and, therefore, only prompt y-ray spectra are
used for the fast-timing analysis. Table I presents the fission
yields for the three isotopes of interest based on a previous
23U(n,f) measurement with an average neutron energy of
Eeuron = 1.97 MeV [36]. It also shows the relative popu-
lation of the fission partners from this experiment for one

up to five evaporated neutrons, indicating that the dominant
evaporation channel is between two and three neutrons. The
intensities for even-even partner fragments were deduced
by measuring the intensity of the corresponding 2] — 07
transition. For the odd-A cases, the unknown intensity was
estimated based on known values from Refs. [37,38]. For
example, for the '%Zr nucleus, the unknown feeding to the
147 keV (9/27) — (7/27) transition is deduced using the
observed relative intensities and, therefore, 1(!®*Zr) = I 00 +
bse + Lunobserveda = 1.961147. The intensities in this example are
taken from Ref. [37], while the contribution from the two un-
observed ground-state transitions, also previously unobserved
in fission, is assumed to be of the order of 5%. In the case of
the ’Zr nucleus, the intensities of all observed ground-state
transitions are taken relative to the 1103 keV, 3/2% — 1/2%
transition.

In order to measure lifetimes in the sub-ns range, HPGe
gated and background-subtracted symmetric LaBr3;(Ce) E, -
E,-AT cubes are produced in the analysis. The method is
described in References [39,40] and relies on measuring the
time difference between y rays feeding and depopulating an
excited state of interest. The time distribution can be described
by a convolution of the detector’s prompt response function
(PRF) with an exponential decay, generating a time distribu-
tion that is delayed with respect to the PRF.

D(t) = %No / PRF(t)e~(F7)ar’. (1)

In Eq. (1), D(¢) is the delayed time distribution, 7 is the
lifetime of the excited state and N is a normalization factor
depending on the number of y rays feeding and depopulating
the excited state [39]. If the lifetime is large enough in com-
parison to the width of the PRF, then an exponential tail is
visible in the time distribution which can be attributed to the
lifetime of the excited state. If the lifetime is small compared
to the width of the PRF, then the centroid difference (or
centroid shift) method can be applied to measure the lifetime
[39,41,42]. This method is based on measuring the difference
(or shift) of the centroid of the time difference distribution
AC, which is directly related to a shift of the prompt distri-
bution by 27 (or 7). Note that for the centroid difference, the
additional use of the antidelayed time distribution is needed,
which is obtained by inverting Eq. (1). For more details the
reader is referred to Refs. [39,40,42,43].

In the current analysis, the time difference spectra were
fitted either using the convolution and/or the slope method.
In the first case, the width is estimated from measuring
the prompt distributions of comparable energy combina-
tions. In order to estimate the uncertainties, except statistics,
contributions from varying fit region, background (bg) and
prompt-response width are included in the fit error:

At = \/Aflgit + A‘L’l%egion + A7"I%G + AT%rompt' (2)

In the case of the slope method Atpomp 1S set to zero.
In order to get a handle on the prompt distribution, different
prompt transitions (t < 10 ps) from well produced fission
fragments are used as a calibration. An example is shown in
the inset of Fig. 1 for the time difference of the 6 — 4
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FIG. 1. Width, o, of the prompt distribution as a function of
energy interpolated with a linear function. The interpolated values
for different transitions in isotopes of interest are labeled. The inset
shows the time distribution for the 6] state in '*°Xe, demonstrating
the prompt-time resolution for this energy (Egeedqer = 566.6 keV).

transition in '“°Xe with lifetime T < 8.6 ps [44] which can be
considered prompt with the sensitivity of this measurement.
The resulting energy dependence of the prompt distribution
is shown in Fig. 1. As a linear function is used to interpolate
the region between 300 keV and 1 MeV, it should be noted
that the characteristic CFD time-walk function [39] is taken
into account to properly estimate the interpolation uncertain-
ties. To show the sensitivity of this method for the lifetime

measurements in the 13138 Te isotopes of interest, we indicate
their y-ray energies in Fig. 1.

Another important aspect considered in the measurement
of short-lived states is the background. Besides the y back-
ground from transitions in other fission fragments, the main
background arises from inelastic-neutron scattering on the
detectors and fusion-evaporation reactions with the primary
beam on oxygen contaminating the beam stop at the end of the
H; gas cell. While the prompt y rays from fission fragments
occur in the same time window and can only be eliminated
by using clean HPGe gates, the other two reactions show
distinct and characteristic time structures. The y rays from
the fusion-evaporation reaction are produced at the same time
as the neutrons and hit the detector a few ns before the prompt
fission y rays due to the finite time-of-flight of the neutrons
from the hydrogen cell to the target. Similarly, neutrons which
are inelastically scattered appear approximately 5 ns after the
prompt y rays. While the time resolution of the HPGe detec-
tors is insufficient to disentangle the different reactions, they
do result in separate timing peaks for the LaBrs(Ce) detectors.

III. RESULTS AND DISCUSSION

A. Spectroscopy and level schemes of 134136138 ¢

The observed y rays and deduced level schemes for the
134136138 jsotopes are presented in Fig. 2 and Table II. For
the well-produced '**136Te nuclei, states up to J = 14 or 15%
are observed in the reaction. Experimental y-ray intensities
are normalized to the 2] — OT transitions in the respective
nucleus and summarized in Table II. In the case of **Te,
the three delayed y-ray transitions below the 6 isomer are

7049.6 (14%)
1041
(117) 6098.5 6008.8 (13%)
S
5803.1 _206 _ (12* *
(107) 42 5566 5620.5 '183‘f210+; 16.4(17) ns
| sor2 | %% (e%
516 1064 4793.9 (151
(&) mﬁ 4561.8 1607 | 45565 | 522 (8%
(7)1 4299.4 257
@) 3% 40132 1ore
3719.5 (14+)
534
A ooz L 3185.9 (12+)
394
2505 \ \2726.7 ) pssas (4) 2791.4 10* 2672.1 (10%)
2397.9 ‘T 329 (63) (4f) ___2385.0" 660 585 2198.6 (85)
115‘1 e o 21316 | 8* (7) 20209 20876 | (8% 96.6 (5
164.1(9) ns 1691.3 |_ g+ . 749 74 o 6 760
) 1576‘04L2115/‘21:1_4(1)ns 23) Jﬁ\ﬁ&o 1382.3 |_6+320Jf97p8 58% 1439.1 (64) /5O+2375ps*
1279.1 35 ’
8 352 4+ 15+38 o« 536
962 1029.8 : 4 142_60 ps 903.5 I (4% 1 13+63 pS*
1279 \MMFT <45 ps* 4607 4% (2 +_3454 *
o % '69 o7PS
0.0 o+ 00 §_ ot 00 %8 or
134 136 138
55 €2 52 €34 52 1€gg

FIG. 2. Experimentally observed level schemes for '*!3133Te isotopes from this experiment. The intensities are normalized to the
respective 27 — 07 transitions. Spin and parity assignments are taken from evaluated data sheets [45-48] and new states are marked with
an asterisk. Where applicable, states are labeled with their lifetime (in ps) or half-life (in ns) and highlighted with asterisks when newly

measured in this work.
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TABLE 1II. Transitions associated with the '3*!3¢13Te isotopes as observed in the current work. Spins and parities are taken from
Refs. [45—47]. Intensities are normalized to the 2] — O transitions and corrected for efficiency. Literature values represent **Cm fission
data taken from Refs. [24,49,51]. Unobserved energies as taken from Ref. [46] are marked with x and show their intensity limit from this

experiment.
I, (rel)
Nucleus J" E, (keV) Jr =T E, (keV) This work Lit.
134Te 2f 1279.1(5) 27 — 0f 1279.1(5) 100(10) 100(20)
4f 1576.0(7) 4F —2f 296.9(5) 74(14) 88(18)
67 1691.3(9) 67 — 4f 115.3(5) 66(9) 20(4)
65) 2397.9(11) (6,)* — 6} 706.6(7) 5.9(6) 9.2(18)
4 2554.5(8) 45 — 4f 978.5(4) 4.0(11) 6.4(13)
5 2726.7(13) (57)— (62)F 328.7(6) 2.0(4) 3.3(6)
(57) — 4F 1150.7(4) 3.3(8) 3.7(7)
Ch) 4013.2(13) 97) — 6 2322.0(10) 8.4(11) 10(2)
O7) = (62)* 1615.2(7) 0.61(14) 1.8(4)
a7 4299.4(13) (77) = (62)F 1901.5(6) 0.47(14) 0.60(12)
€39 4556.5(13) 87) — 6f 2865.2(7) 9.9(11) 6.9(14)
87— (77) 257.1(7) <2 0.20(4)
87 4561.8(15) &7) = ) 548.6(8) 1.5(2) 4.0(8)
Ch) 5078.2(16) 7)) = (8)) 521.7(9) 0.3(2) 1.3(3)
7)) = 8)) 516.4(5) 0.7(3) 2.0(4)
(107) 5620.5(13) (107) — (8) 1064.0(6) 1.52) 2.4(5)
107) — (9)) 542.3(10) <0.8 1.5(3)
107) — (97) 1607.3(8) 0.55(13) 0.4(1)
(107) 5656.6(15) (107) = (97) 1643.4(8) 0.37(11) 1.2(2)
(121) 5803.1(14) (125) — (10}) 182.6(6) 1.1(3) 1.43)
(139 6008.8(16) 13hH — (12H) 205.7(7) 0.9(7) 1.3(3)
(117) 6098.5(18) (117) — (107) 441.9(8) 0.33(13) 0.20(4)
(14}) 7049.6(17) (145 — (13H) 1040.8(7) 1.1(3) 0.3(1)
136 2f 606.3(6) 2F - of 606.3(6) 100(10) 100
4t 1029.8(8) 4F —2f 423.5(5) 84(12) 94(10)
67 1382.3(9) 67 — 4f 352.5(5) 68(11)° 79(2)
@29 1568.0(8) (25) — 2f 961.7(6) 0.47(12)
8+ 2131.6(11) 8 — 6] 749.3(5) 39(4) 37(4)
4 2385.0(13) 4 — 2 817.0(10) <0.25
10f 2791.4(12) 10f — 8} 659.8(5) 19(2) 19(2)
12 3185.9(14) (12}) — 107 394.5(5) 8.5(16)
(14}) 3719.5(14) (145 — (12)) 533.6(5) 3.9(1.2)
(157) 4793.9(15) (157) — (14)) 1074.4(6) 1.2(5)
138Te 2N 460.7(5) 2 —of 460.7(5) 100(10) 100(3)
“hH 903.5(8) @hH—eh 442 .8(6) 97(10) 85(7)
67) 1439.1(10) 67) — 4h) 535.6(6) 62(9)° 48(5)
(7h 2020.9(11) (77 — (6)) 581.8(5) 7(3) 8.5(7)
@) 2087.6(12) &) — (6 648.5(6) 25(3) 19.0(9)
€39 2198.6(12) &) — (6)) 759.5(7) 9.3(19) 5.8(3)
(10™) 2672.1(13) (107) — (87) 584.5(6) 7.3(13) 8.8(7)
(107) — (87) 474.2(2)% <0.8 1.8(3)
(10%) 2759.8% (10%) — (8)) 671.8(1)% <05 2.1(4)
(10%) — (8)) 561.1(1)% <09 3.8(3)

#Spin and parity assignment from Ref. [48].

*Tntensity is corrected for the 352 keV, 47 — 27 transition in the partner isotope '®Zr.

“Intensity is corrected for the 536 keV transitions in the partner isotopes

corrected for any undetected intensity due to its half-life and
the limited time window.

As observed in Fig. 2, the experimental level scheme for
134Te from this experiment is in a full agreement with the
previous measurements [45]. Our experimentally deduced in-

99, lOOZr

tensities are generally consistent (within 30') with the values,
reported in Ref. [49]. The differences may come from differ-
ent reaction types, correction methods, types of analysis in the
determination of the relative intensities, experimental condi-
tions or uncertainty levels. In the following, we will discuss in
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FIG. 3. Prompt HPGe spectrum gated on the 606-keV, 2} — 0
transition in '**Te and (1) the 424-keV, 4} — 2} transition (black),
(2) the 962-keV (25) — 2 transition (red), and (3) Zr partner gates
(blue). Transitions are labeled with their respective energy and the
newly assigned transition in '**Te is highlighted with an asterisk.

more detail the new spectroscopic information on '**Te and
138Te nuclei, including y-ray intensities and lifetimes of their
excited states.

1. 3Te

A candidate for a second excited (4; ) state in '*°Te above
the (22+ ) state at 1568 keV has been reported in Ref. [23].
The energy was determined to be 810(15) keV with a large
uncertainty due to the limited energy resolution of the DALI2
array [50]. In order to measure this transition more accurately,
we utilize the good energy resolution of the HPGe detectors
present in this experiment.

Figure 3 shows three y-ray spectra with different gates in-
volving the 606-keV, 2 — 0 transition in the region where
the (43) — (2F) transition is expected. In the 606- to 962-
keV gate combination (red), a strong peak at 817 keV is
visible which is consistent with the previous findings. A small
contribution from a 814-keV transition is present, originating
from contamination of '**Xe which has a much higher pro-
duction yield than 136Te In addition, a gate on the 606-keV
transition together with several Zr partner nuclei is shown
(blue). A clear double peak structure of 814 and 817 keV
is emerging. Note that the background contribution is much
higher, and thus, the 814-keV line is stronger. To confirm
that this peak is the transition of interest and it is correctly
placed in the '*Te level scheme, a spectrum gated on 606-
to 424-keV y rays is provided (black), where, as expected,
no such y peak can be seen. In coincidence relations with
the partner nucleus and the 2; transition of 961.7 keV, the
817-keV transition can still be seen, proving its position in the
level scheme. In this data set we do not observe a direct branch
to the ground state which gives an additional argument for the
spin assignment of the state.

Taking all the aforementioned arguments into account, the
energy of this transition including systematic and statistical
uncertainties can be fixed to 817(1) keV. This reduces the

N o
e r < 0 N
< 300(- )
g 2
S 250 ;l: < )
S = 8 o ©
re N - < =
2002 8 o~ s
F X 3 & o
L I
150 == - - | |
C| N ~— cog
H 5| 88
100% \/

o
C ©
50 T
[l
(0] e S AP LTI VPR i B T ‘\“MMMM[M
600 70

100 200 300 400 500 0] 0
Energy [keV]

FIG. 4. Prompt sum-energy spectrum gated on 443- and 461-
or 536-keV yrast transitions in '*Te. y peaks belonging to *¥Te
are labeled with their respective energy (highlighted in green) while
partner isotopes and contaminants are labeled as such (black). The
positions of weak transitions in '**Te are indicated by black arrows,
see text for details.

uncertainty by a factor of 15 and results in an excitation energy
of 2385.4(12) keV for such a (4; ) state. An upper limit for the
intensity of this transition relative to the 2] — 0] intensity is
deduced to be <0.25%. We note that in general, the intensities
observed in this work are consistent with those from previous
measurements from 2**Cm fission data [48]. Intensity reduc-
tions (e.g., about 10%) represent small differences only for
the low-lying yrast transitions up to the 6] state. Overall, the
intensity information from this work could be extended up to
the (15%) 4793.9-keV state.

2. 3¥Te

Yrast excitations in the '3¥Te isotope have been reported
in two different articles from only one 2**Cm fission study
with Eurogam II [15,24]. Except other discrepancies with
Ref. [15], in Ref. [24], the order for the first and second
excited-states energies has been corrected, as observed in an
independent and more recent S-decay measurement [17]. In
the following, the excitation level scheme is discussed, based
on transitions observed in the present experiment, populating
predominantly yrast excitations.

Figure 4 shows a HPGe spectrum with a sum of all pos-
sible double gate combinations from 443-, 461-, or 536-keV
transitions. Observed energies with respective intensities and
deduced levels from this experiment are listed in Table II. The
intensities are comparable with the previous measurement,
except the intensity of the 536 keV, (6]) — (4]) transition
which deviates by more than 10%, and could be explained
through different reaction processes and detection mecha-
nisms. In Ref. [24] two additional y rays with 534.5 and 535.0
keV have been observed but their intensities sum up to only
3.5(10)% which is well below the obtained intensity differ-
ence. Therefore, with the current level of statistics one cannot
investigate the existence of a second (and third) 535-keV y
transition, as proposed in Ref. [24].
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E HPGe gate: 1279, 297, 115 keV
I T(1064 keV) + T(2865 keV)

Counts / ns

T, =16.4(17) ns
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Ll N
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FIG. 5. Time distribution of the (12%) isomer in '**Te, obtained
by summing up the HPGe time distributions of the 1064- and
2865-keV transitions. The spectrum is fitted with a sum (red) of an
exponential (green) and a constant (black) background, together with
the exponential decay of the isomer (blue).

In addition to the first excited 10" state at an energy of
2672.1 keV, a second state of the same spin and parity has
been proposed earlier [24] and placed in a side band. Intercon-
necting transitions between first and second excited 8" and
10™ states, respectively, have also been proposed. However,
we do not observe all of them in this experiment, possibly due
to lower statistics, although the previously quoted intensities
in Ref. [24] should be above our detection limits, as given in
Table 11. For example, the intensity of 10] — 8 transition
in other populated nuclei are, 18(1) % for '“*Xe [24] or
17(4) % for '3%Te measured in this experiment. According
to the present data, the observed transition of 584.5 keV to
the known first excited 8% state connects with the 2672.1-keV
level as it is observed with stronger intensity, while the 671.8-
keV transition is not observed. Reference [15] reported the
observation of the 671.8-keV transition only and assigned it
to the deexcitation of a 10" state, while in Ref. [24] it has
been reported with a much lower intensity than the 584.5-keV
transition. In the latter case, the assignment was unchanged
and thus the 584.9-keV line assigned as the deexcitation of a
second 107 state. This created discontinuity between the yrast
and yrare states such as the y branches above the 10" state
and the 12" and 147 states, assigned to the yrast band [24].
As the 97 state is expected at the same excitation energy, the
10™ assignment of Ref. [15], adopted in Ref. [24] without a
multipolarity measurement is revised. This suggests that the
10" state at 2674-keV excitation energy actually belongs to
the yrast cascade, resulting in the level scheme presented in
Fig. 2.

B. Remeasurement of half-lives in >*Te

The time resolution of HPGe detectors is sufficient to mea-
sure isomeric states with half-lives, Ti,», of the order of few
ns. It can be measured using the HPGe time information with
respect to the regular beam pulse. The time distribution to
measure the 7;, of the (12) state is shown in Fig. 5. First, a

i HPGe gate: 1279, 706, 2860 keV
LaBr,(Ce): AT(297,115)

Counts / 500 ps
o

10

Nk
N N
NN
NN \\\\\\\§ AR N

\3\ k\z\\\\ﬁ\\\ NAN

4 6
Time Difference [ns]

A T TTTTT]

|
N

FIG. 6. Time distribution of the 4* state in '**Te, fitted with a
convolution (red) of a prompt Gaussian (blue) and a constant back-
ground (black). The uncertainties of the fit variation are indicated by
the shaded areas.

delayed HPGe sum of single gates on transitions below the 6
isomer is applied to tag the nucleus. In a second step, the time
distribution of the 1064- and 2865-keV transitions is produced
and fitted with an exponential decay and a time-dependent
background. The background contribution is obtained for
gates on both sides of each energy peak and included in the
fit as fixed parameters. Note that the 183-keV transition is not
used due to low efficiency and the moderate time resolution
at lower energies. From the fit, a value of 77, = 16.4(17) ns
is obtained, consistent with the only previous measurement of
18(2) ns [49].

Due to its short half-life, the 41+ state iS not measurable
with HPGe detectors. Instead, it can be determined by mea-
suring the time difference AT (297, 115) =¢(297) —t(115)
in LaBr;(Ce)-LaBr;(Ce)-AT coincidences. Due to the fact
that the state of interest is below the long-lived 61 isomer, we
use delayed LaBr3;(Ce) events in a similar way as described
in Ref. [52]. A HPGe sum gate on the 1279 keV, 2T — OT
transition together with a prompt transition above the isomer
is used to tag the '**Te nucleus. The time difference spectrum
is shown in Fig. 6. The distribution was fitted using a con-
volution of prompt Gaussian and an exponential decay. The
width of the prompt function is limited by the function given
in Fig. 1. The resulting half-life of 77, = 1.4(1) ns is con-
sistent with previous measurements of 77, = 1.36(11) [45].
The error takes into account the variation of the fit region,
background and prompt width and its effect is visualized by
the shaded area in Fig. 6.

C. Lifetime measurements in **13¥Te

In this section we discuss results on sub-ns lifetime mea-
surements in 1**13Te isotopes. The lifetime measurements of
the 4] and 6 states are summarized in Fig. 7. To select the
nucleus of interest, spectra from background-subtracted sum
of single HPGe gates (on transitions above or below the state
of interest) are used. Then, the time difference between the
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FIG. 7. Energy projections for LaBr3(Ce) (blue) and HPGe (red) after applying a first HPGe sum gate to select the '**Te nucleus and a
LaBr;(Ce) gate on the deexcitation 424- or 353-keV transitions for the (a) 4% and (b) 6™ states, respectively. Time-difference distributions

to determine the lifetimes of the (c) 41 and (d) 67

states. The spectra were fitted using a convolution of the prompt Gaussian distribution

(blue) with an exponential decay and a constant background (red). The shaded areas mark the 1o error band, arising from varying the prompt

distribution, fit region and background.

feeding and depopulating transition is measured, following
the method described in Sec. II.

In the case of the 4f state, denoted as AT (424, 353), the
time difference between the 353-keV (feeder) and 424-keV
(decay) transitions is measured. Figure 7(a) shows LaBr;(Ce)
(blue) and HPGe (red) energy projections. They are obtained
after summed up HPGe gates on several decay transitions
in 3Te and on one LaBr3(Ce) gate. The 353-keV y ray,
deexciting the 6] state is clearly visible in the LaBrs(Ce)
spectrum and from the HPGe spectrum, no contamination can
be seen, which thus allows rather clean gate selections. The
resultant time difference spectrum is depicted in Fig. 7(c). As
the time difference method is at the limit of its sensitivity for
the lifetime of the state, we apply the convolution method
taking into account the tail originated from the lifetime of
the state. This results in 7 of 1424'2‘0 ps and takes all previ-
ously described uncertainties into account. Although longer
compared to the previous experimental attempts [9,23] using
different methods, the lifetime is within the same uncertainty
range as listed in Table III.

The 6] lifetime is determined by measuring the
AT (353, 749) time difference. As for the 4‘{ state, energy

projections and time difference spectra are shown in Figs. 7(b)
and 7(d), respectively. After a LaBr3;(Ce) gate on the de-
caying 353-keV transition, the 750-keV peak appears rather
clean. The obtained AT (353, 749) spectrum [see Fig. 7(d)]
was fitted in the same way using the information on the
prompt-time distribution from Fig. 1. Resulting in a lifetime
of T = 320+;;‘ ps it is the first experimental measurement of
this state.

The lifetime of the 2] state in '*°Te has already been
measured several times (see Table III) with an evaluated value
of 31(6) ps [46]. As this is well below the sensitivity limit
of the convolution method, the measurement of the centroid
difference will be used as introduced in Sec. II. Delayed (red)
and antidelayed (blue) time distributions are shown Fig. 8.
From measuring the centroids of both distributions, a value
of AC =90(10) ps is obtained. From that centroid difference
an upper limit for the lifetime of T < 45 ps for the 2] state
can be set.

The production yield of the '*®Te isotope is approximately
a factor five lower than for the *®Te isotope (see Table I) and
hence, lower statistics is expected. Similarly to '**Te, the 6/
state has the longest lifetime among the first three yrast states.
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FIG. 8. Delayed (red) and antidelayed (blue) time distribution for
the 2?’ state in '*°Te. The distributions are fitted with a Gaussian
function in accordance with Ref. [42].

Energy projections for the single LaBr3(Ce) (blue) and HPGe
sum (red) gates in 138Te are shown in Fig. 9(a). A peak at
582 keV mainly originating from '4°Xe dominates the spec-
trum, however next to the 511-keV peak, a structure around
530-540 keV is also visible. Gating on this structure [blue
spectrum for LaBr;(Ce)] and choosing various background
regions results in a small peak around 650 keV belonging
to the 649-keV, 8 — 6/ transition. The AT (536, 649) time
difference spectrum can be seen in Fig. 9(b). From the con-
volution fit, a lifetime of T = 5033 ps is deduced. As this
value is at the limit of the sensitivity, it cautiously takes into
consideration all the uncertainty factors from Eq. (2).

The time distributions for the 2| and 4] states are obtained
in a similar manner. For the 2? state, an additional HPGe
gate on the 1222-keV, 2;’ — OT transition in the partner nu-
cleus *Zr is used to select the cascade of interest. The time
difference AT (461, 443) between the decaying 461-keV and
feeding 443-keV transition is used to gain information on the
lifetime of the 2 state in '*¥Te. The spectrum is shown in
Fig. 10(b). After the analysis of the x? values from different
convolution fits as a function of lifetime and uncertainty, a
value of T = 69%3ps is obtained. The x> minimization plot
is shown in Fig. 10(a). In Fig. 10(b), the AT (443, 536) distri-
bution is also shown with the deduced experimental lifetime
of 1131“23 ps for the 4 state. Despite the large uncertainties
in these lifetimes, reflected by the low isotopic population in
this reaction and low detection efficiency, this measurement
%);gsents the first lifetime information on excited states in

Te.

The results for all lifetime measurements are summarized
in Table III. They include the direct lifetime measurements
of the 47, 6] states in '**Te as well as the 2, 4], 6] ex-
cited states in '*¥Te performed for the first time. Whenever
available for the investigated states, literature values are given
in addition to the ENSDF data evaluation. In general these
are consistent with all the new measurements. Reduced tran-
sition probabilities are calculated and also given in Table III.
Furthermore, they are compared to results from shell-model
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FIG. 9. Lifetime measurement of the 6] state in the 38 Te iso-
tope. LaBr;(Ce) energy projection (a) gated on HPGe (red) and
additionally on LaBr;(Ce) (blue). The LaBr;(Ce) gate is indicated
by vertical lines (green) with various background regions (gray
lines). Time difference spectrum (b) between the 536- and 649-keV
transitions.

calculations that will be discussed in the following Sec. IV as
well as to other available in the literature theoretical sources.

IV. SHELL-MODEL CALCULATIONS AND DISCUSSIONS

In order to compare the new experimental data on
spectroscopic measurements of neutron rich-Te isotopes
to theoretical predictions, large-scale shell-model calcu-
lations (SM) are used as a theoretical reference. The
present calculations are performed using N3LOP effective
interaction, including the model space r4h — r5i, spanned
by 1f7/2, 0]19/2, 1f5/2, 2p3/2, 2p1/2, 0i13/2 orbitals for neu-
trons and 0g7,2, 1ds,2, 1d3/2, 2512, Ohyy 2 orbitals for protons,
taken above the closed **Sn core. The corresponding single-
particle energies for neutrons and protons are input parameters
taken from the experimental data on '**Sn and '¥3Sb [55]. The
0i13/2 neutron and 2s;,, proton orbital energies are empirical
values taken from Ref. [62] and Ref. [63], respectively.
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FIG. 10. x?/NDF (NDF = 108) distribution as a function of lifetime for the determination of the (27) state in 138Te. Solid lines are
drawn to guide the eye and a distinct minimum is visible which corresponds to the lifetime of that state. Time distributions for the lifetime
determination of the (b) (2?') and (c) (4?’) states in '*®Te. The spectra are fitted using a convolution (red) of a prompt Gaussian (blue) and an
exponential decay. The shaded areas represent the uncertainties from various fits. See text for details.

The N3LOP effective interaction was successfully used
before in describing the spectroscopic properties and collec-
tivity of even-even chains of nuclei [7,8,64] and for odd-even
and even-odd mass nuclei [6,10,11,65] in the vicinity of
1328n nucleus. The diagonalization of the considered systems
134.136.138Te has been achieved using the Antoine shell-model
code [66,67]. The results from the calculations are illustrated
in Table III and Figs. 11 and 12. According to the these
results, a very good agreement is achieved with respect to
the experimental data. Several points are discussed further in
details.

A. Level schemes and configurations

In the level scheme of the semimagic nucleus '**Te both
single-particle and collective structures coexist [2]. As it can
be seen in Fig. 2, the level sequence is rather different than
the N = 84, 86 neighbors with visibly compressed excitation
energy levels. Apart from the yrast structures with two ns
isomers, the 6f state and the (12%) state, both examined in
this work (see Sec. III), also the negative-parity band with
interconnecting transitions is populated. While the first yrast
states are built on the n(g% /2) configuration, according to the
calculations, the higher-lying states above 6] strongly involve
the 7 (g7/2ds2) configuration. The negative-parity states in-
volve the proton m(g7,2h11,2) configuration [2], with large
energy difference between the wds;, and why; , orbitals.

In addition to these distinct single particle-type structures
and neutron-core breaking configurations of type u(d;/l2 f7'/2),
E3 transition branches between the negative-parity (97) and
the 6, state have been suggested to appear theoretically [68].
This is due to the octupole effective charges needed in the
description, respectively suggesting presence of octupole col-
lectivity in **Te. However, so far such negative-parity states
were not observed in the 3%13¥Te nuclei [55]. Instead, their
excitation schemes are more compressed with the increase
of the valence neutrons and the transition to a rotational
sequence, typical for vibrational nuclei. The excitation level

schemes of 13%13Te as observed in this work are compared to
level schemes from shell-model calculations in Fig. 11. One
recognizes a perfect matching for the first three yrast states
in both nuclei. In '*Te, the 4] state is predicted at 1986.7-
keV excitation energy, thus if compared to the experimental
level at 2385.0 keV with uncertain spin/parity (3%, 4™), also

Exp. SM Exp. SM

14+ 41417
(14%) 37195
N
(127 3185.9/,,12*3293'3
10 2957.3
. 107 2957.
(107) 27914.- (101) 26721 10" 27108
N
37 23081
3%4%) 23850 _-51\ /5355
e SSILAT\S22774 g4y yi986 8 22546
87 213161 87 21365 (g%) j0876 8" 21056
4t 1986.7 f::"ﬁ
e I (7F) 20209 7t 20487
(2*) 15680 216828
: +
67 13823 6" 13974 (6%) 14391 67 14735
4 102098 4" 10751
(4*) 9035 4" 9150
2T 6063 2T 6148 N
Q+) 4607 2 4844
ot 00 0" 00 of 00 0t 00
136 138
521€g4 5 €56

FIG. 11. Comparison of experimentally observed and theoreti-
cally calculated level schemes for the **!*¥Te isotopes. Details on
these shell-model calculations are given in the text.
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FIG. 12. Decomposition of the wave functions for several yrast
states in 3*Te (left), 1**Te (middle), and '*®Te (right). The size of the
squares corresponds to the respective amplitude for configurations
with 25%.

examined in this work, it would be rather underestimated.
According to the calculations, a 3" state with a similar origin
lies well in the excitation range at 2308.1 keV. This may
induce the appearance of a fast M 1 transition to the known 2
state, e.g., corresponding to the new experimentally observed
817.0 keV transition, thus the 3* spin/parity state would be
a good candidate for the experimental level at 2385.0 keV.
The position of the theoretical 47 state is also shown. The
observed difference between experiment and theory may be
attributed to the unexpectedly large v( f72/2 g (g% /2) component
(>45%) in the wave functions of the 43 and the 4 states with
respect to the rather mixed 4, state (~20%). Slight theoretical
overestimation is present in the excitation energies for the rest
of the yrast states shown in Fig. 11.

Shell-model results for the main configurations of states
examined in this work are presented in Fig. 12. As expected
for these Te isotopes [3,20], the strongest role is played by
the protons with reasonably small influence on the neutron
excitations despite the clear neutron dominance and large N/Z
ratio. In '*Te, the ground state is dominated by the 33%
v( f72/2)rr (g% /2) configuration with about twice lower n(d52/2)
contribution in the wave function of the state. The purity of the
V(f7,)7(g5,) configuration is reduced to 20% for the 2
and 4T states. However, interestingly, the second excited 2;
and 45 states contain almost 50% of the same configuration
as the ground state. One may note that for the 6] state and
the states above, the 7 (ds,;) orbital becomes dominant in the
wave functions, inferring some excitation energy difference
needed to promote such proton excitation. Furthermore, in
the studied Te nuclei, for the yrast 67 up to the yrast 14*
states, the w(ds;,) orbital contribution rises from about 30%
up to more than 80% according to the calculations. Typically,

the v(f7,)7(g7/2ds/2) and v(f7,)7 (d52/2) configurations, are
almost continuously competing in the wave functions of all
low-lying states (except for the ground state), such as the first
and second excited 2" and 4 states.

As expected with the increase of A, the wave functions of
the excited states in **Te appear to be much more fragmented
according to the shell model, with reasonably small isolated
strengths. Already at the ground-state level, only with about
12% strengths, the v(f74/2)71 (g%/z) and v(f74/2)71 (g%/zdS/z) con-
figurations are commensurable. Their proportion is reduced
to ~*8% for the excited 2, 4T states. It is for all yrast states
above, where the 7 (ds/») orbital becomes more important than
others, reaching up to 30% relative strength, e.g., for the 10"
state.

Interestingly, the levels of the same configurations are con-
nected in both nuclei. For example, the 27, 41 states have
the same configuration as the branch to the ground state in
136 e In 38T, although known from Ref. [18], the 2;' state
at excitation energy of 1323.4 keV, decaying by a 862.6-keV
transition to the 2} state could not be observed experimentally
here, possibly due to its very low y-ray intensity. Instead,
the earlier-identified side branches such as the 7 and the 8"
states [24] are observed. Theoretically, these states are pre-
dicted to have the same dominating 7 (ds/>) configuration as
the 67 state to which they connect in the deexcitation scheme
(see Fig. 2). It may therefore be possible, that a resulting effect
is responsible for the more compressed energy excitations and
some of the B(E2) transition strengths (see Sec. IV C).

B. Mixed-symmetry state

It has been suggested that while the excitation energy
of the 2] state for the basic two neutron and two proton
configurations are comparable, another 27 state of mixed
symmetry character is present in the '**Te isotope [14]. In a
more balanced proton-neutron character with respect to the
more unbalanced '**Te, in terms of proton-neutron exchange
asymmetry, it would be interesting to investigate the proper-
ties of such one-phonon 2% state. It should be a vibrational
state with mixed proton-neutron symmetry and possess ten-
sorial character such as the expected for 25 in **Te [1]. A
large M1 transition strength would be an indication for the
properties of the state. As several works suggested [1,3,69]
the observed peculiar properties for 2] state in 136Te is due to
the neutron dominance in the wave function. Thus, tracing the
behavior of a mixed-symmetry state related to that of the first,
became quickly a hot topic in the experimental measurements.
At the same time, none of the higher lying states in '**Te
has been investigated, especially in terms of transition rates to
disregard or confirm such strongly unbalanced proton-neutron
scenario. Although several works have set theoretical limits to
the observation limit for the 2 state, no firm evidence exists
to date.

Using the current technique it is also not possible to probe
whether the suggestions for a mixed-symmetry character of
the 27 state in '**Te are correct as for experimental limit of the
B(E2;2+ — 01)<50 ¢? fm* [23] is given, implying a very
small B(E2) to the ground state (with 7> 1.5 ps). According to
the range set for > Te [14,70] the large B(M 1) of 5.4(3.5) 12,
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FIG. 13. Evolution of excitation energies (a), excitation energy ratios (b) and B(E2) transition rates (c) for the first excited 2%, 4T, 6+
(and 23’ ) states (whenever known) for even-even Te isotopes around the semimagic N = 82. Experimental B(E?2) values for N < 82 are taken
from the latest literature [5,49,71,72] and ENSDF [55,73,74]). Values of this work (empty symbols) are given to expand the experimental
systematics (in the inset) and compared to the latest known (filled symbols) literature for N > 82 [2,9,14,21-23,49,53] and ENSDF [45-47].
Our shell-model results for the '*~1“Te isotopes are shown with dashed lines (comparison to other known theoretical calculations can be

found in Table III).

results in an expected lifetime of the state in the sub-ps range.
Apparently, in Ref. [23] some expectation for an enhanced E2
transition probability is stated, while in References [14,70],
an enhanced M1 strength is expected as in '**Te. It would,
therefore, be interesting to produce the '**Te nucleus with
sufficient statistics to perform the lifetime measurement for
the yrare states in addition and resolve this debate.

C. Transition rates and evolution of collectivity

The first excited 21, 47, 67 states in the chain of Te iso-
topes are shown in Fig. 13(a) together with the 23 states, when
known. The expected trend of increase as for Sn isotopes [55]
can be seen at N = 82, corresponding to A = 134 for Te in
comparison to its neighbors. It is remarkable that the 25 ex-
cited state is even more sensitive than the 2] for these isotopes
which may indeed indicate some specific feature. One can no-
tice the good matching between theoretical and experimental
excitation energies for the 2; state in '**!**Te; however, a
slight overestimation of its position may be seen for '*Te.
The wave function is dominated by the v(f;,,)7 (g3 ,) config-
uration of the order of 48% for the 2; state in comparison to
only half (=23%) for the ZT state, thus more sensitive to the
excitation of these extra neutrons with the increase of N, in
particular.

The 4T and 6;“ states have a fast drop in excitation energy
for A = 136, indicating that there is a similar proton-neutron
balance for these states with respect to A = 132, for example.
They present a smooth trend possibly due to some of their
configurational mixtures, different from those in the wave
function of the 2 state. As the calculated shell-model en-
ergies for the nuclei of interest '**!3Te follow reasonably

well the experimental values, one can interpret the exper-
imental ratio between these excitation energies as a good
indicator for the development of collectivity. This is presented
in Fig. 13(b), where apart from the excitation energies of the
4T, also those for 6] and 27 states are given with respect
to the ZT states. A smooth increase from about 1.5 toward
2 is visible for the ratio Rs» = E(4%)/E,(2") typical for
vibrational nuclei. The ratio for the 6] and 27 states also
follows the collective trend of the 4] state, thus no extra
enhancement would be expected.

In Fig. 13(c) the B(E2) transition rates from this work
(shown with empty symbols) are appended to those known
previously (shown with filled symbols) either to show the
systematics (in the inset) or compare to the previously known
results for the nuclei of interest. Literature values for N < 82
are taken from the newest available data [5,49,71,72] and data
evaluation [55,73,74] (see also Table III). For the nuclei of
interest in this measurement with N > 82, except latest eval-
uation [45-47] and the available literature values [2,9,14,21—
23,49,53], the experimental results are compared to our shell-
model values [shown in Fig. 13(c) with dashed lines]. The
new experimental results for A = 136 present to be lower than
the previous ones and generally both A = 136 and A = 138
results are below the theoretical expectations.

Despite the large uncertainties in our data values due to
insufficient statistics and/or insensitivity in certain lifetime
ranges, the systematics can be extended. We note that the
staggering in the values for the experimental 6] states looks
rather artificial as similar is present also below A = 134 for the
Te. The values for experimental 4, states also follows a slight
increase within the experimental uncertainty and may indi-
cate slowed-down collectivity for A = 138. The upper-limit in
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lifetime detection of the 2] state in our work enables us to
set the lower experimental limit in the B(E2) transition rate
for A = 136 which is not in disagreement with the previous
results, also reporting lower transition strength than theoreti-
cally expected. The value indicated in the figure, corresponds
to the lowest possible experimental collectivity. With the
increase of A the experimental 2 result follows a slightly in-
creasing trend with a gentle increase of this collectivity. Such
a trend is indicated also in the shell-model results by mixtures
in the composition of the two wave functions. The collec-
tive nature is indeed evident from the large fragmentation of
strengths, despite being somewhat overestimated. Compara-
ble to the experimentally detected ones (within the experimen-
tal uncertainty), the theoretical B(E2;21+ — 0T) transition
rates present steep increases for both 2¢138Te nuclei.

The values for the 4], 6] states are indicative of a very
small or almost no development of collectivity according to
the experiment. Indeed, although being yrast states at higher
excitation energy, their shell-model wave functions are less
mixed than those for the 2% states, and this may be even
underestimated theoretically. It may also indicate unbalance
in the proton-neutron strength. Such was suggested to explain,
e.g., the g factor of the 21+ state in '*°Te, found much less
collective than those of other N = 84 isotones [5]. Following
Refs. [75,76] this was attributed to the relative differences in
the proton and neutron excitations and the coupling between
them. This may be valid also for the 4], 6] states in A = 136
and extend to A = 138, where the unbalanced character could
even be stronger.

In this work, it is found that in the calculated strengths and
the shell-model wave functions certain configurations have
larger predicted strength with respect to all (see Fig. 12).
From this one may conclude that actually no strong collec-
tive mixtures evolve beyond A = 136, e.g., for *®Te with
respect, e.g., to 3>13*Te which is in contrast to some earlier
expectations (e.g., '*Te [16]). In performing a more detailed
comparison with the theory one may see a satisfactory agree-
ment with the present and the previous measurements within
experimental uncertainty for '**Te and '*°Te, calculated using
the effective charges 0.6e for neutrons and 1.6e for protons.
The same accord was also noted in comparing two differ-
ent SM calculations, the present one using N3LOP effective
interaction, and that of Ref. [77] using jj56pnb interaction,
except for the 4]L — ZT decay of '*%Te, where the experimen-
tal value is well reproduced by the present calculations. In
addition, the different SM?2 transitions on '3°Te carried out in
Ref. [4,9], using different effective charges (e, = 0.7¢, e, =
1.7¢) are very close to our SM results. These are given as
SM-II in Table III. Also, our quadrupole moment Q(ZT) =
—33 ¢fm? value agrees very well with their measurement
[—45(23) efm?] [9], and that of their SM1 (=30 e fm?), re-
ported in the same reference. We also compare our results
with several other types of shell-model calculations using
different interactions and set of effective charges in Table III
such as NSM [57], MCSM[ 1], as well as QRPA [3,58] and
a-cluster model [59,60]. The experimental margin is well
covered with the various theoretical results especially for A =
136. For !*3Te, except by MCSM of Ref. [1], the experimental

results for the B(E2;2] — 0]) is well reproduced by the
predictions of our SM. However, some pronounced discrep-
ancies are noticed, where a visible SM overestimation of the
calculated B(E2;6] — 4) and B(E2;4] — 2{) transitions
is detected compared to the new experimental information.
It could be related to the used (neutron, proton) effective
charges, successfully used in Refs. [7,8,64], in describing the
experimental B(E2;2 — 07) strengths for the region above
1328n, while even larger ones are suggested in Refs. [57,78]. It
appears from the present work, that the used set overestimates
the newly measured [B(E2; 6] — 4) and B(E2;4] — 2])]
transitions in 3 Te. As a test, using the standard effective
charges (0.5e, 1.5¢) improves slightly the agreement with the
data of both transitions in '*¥Te (~700 €2 fm*).

In order to give more theoretical information about the
spectroscopic properties of these nuclei, additional SM cal-
culations are performed using N3LOP effective interaction to
the gyromagnetic factors of different states. They are calcu-
lated using the effective spin and orbital g factors obtained in
Ref. [64] (g, &) = (3.250, 1.069) and (&', g,) = (—1.506,
0.019) for protons and neutrons, respectively. The experimen-
tal knowledge on g factors (u=gJ) as well as on quadrupole
moments Q(J) of these states that have a very particular
sensitivity on their structure are compared to our SM calcu-
lations and to the available theoretical data in the literature
[5,9,61,72] also in Table III. From the values displayed, one
can distinguish a perfect accord with the experimental data
procured from [9,61,72]. It is worth noting that the calculated
g(27) magnitude in 136Te is consistent with the SM1 result
exposed in Ref. [9], compared to the other theoretical calcu-
lations (SM2 of Reference [9], MCSM [1], and QRPA [3]).
It is clear that more profound theoretical investigation will be
necessary in this direction, where more experimental data will
be useful in order to investigate effect on nuclear moments as
well as fix exactly the effective charges for this mass region.

One can draw some conclusions from the results presented
above, following some criteria serving well as an indicator
for the noncollective character of 133 Te, such as the relatively
low B(E2; 21+ — 0%) transition rate, the excitation energy
ratio R4/» < 2 and the transition ratio By, = B(E2;4] —
2?)/B(E 2;21F — 07) < 1.5, providing critical information
on the nuclear structure. To complete the information on
138 Te with other features, it can be compared to the onset
and the evolution of the quadrupole collectivity Xe and Ba
isotones with N = 84, 86, evidenced within the SM frame-
work [7,8,64]. These calculations unveil the presence of a
distinct y-soft band, with an enhancement of the collectivity
from "“Xe to "*Nd nuclei. Whereas in '*®Te being distinct
from the other isotopes, theoretically, but now also experi-
mentally can be a candidate for some triaxiality signature that
may be assigned with a weak collective nature, distinguished
by 8 =0.12 and y = 11° as deformation parameters, esti-
mated from Kumar sum rules [79]. Other recent theoretical
works also predicted mild axial deformation for these nuclei
[12] with, e.g., B, ~ 0.16 for *3Te [80], which would be
in conjunction with the very weak collectivity resulted in
our experimental observations. Also HFB with Skyrme force
SLy4 predicts a mild quadrupole deformation 8, of 0.1, 0.12,
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0.14 for N = 84, 86, 88, respectively, milder than for the Xe
isotones with, e.g., B, to 0.18 at N = 88 [3,81], while even
smaller 8, &~ 0.1-0.11 was predicted for '*®Te in Ref. [24].

As for Te isotopes, it would be important to obtain more
precise experimental measurements with better statistics and
better experimental tools to examine these 4+, 6?’ states with
a more constrained precision. The excitation energies of these
first yrast states suggest reasonably smooth behavior without
any sudden changes [see Fig. 13(a)], it would be very interest-
ing to experimentally extend the 27 lifetime information also
to A = 140, which has been part of this study, however, the
isotopes were insufficiently populated. Thus, a future mea-
surement with an advanced and a more efficient detection
setup would be of a high interest.

V. SUMMARY

In this work we have studied the deexcitation schemes of
three even-even 13413613 Te jsotopes beyond '*2Sn. We have
reported whenever possible, e.g., due lifetime range and/or
poor statistics, new experimental outcomes on the highly de-
manded lifetimes of the first excited states in these nuclei. For
the first 2% states in the '**Te we have provided an upper life-
time limit only, which agrees reasonably with some previous
investigations, while for '3¥Te we present first experimental
data. The deduced transition rates for the 2}, 41, and 6] states
in 13138 Te were compared with state-of-the-art shell-model
calculations, indicating reasonable agreement with the data
and while synthesising all the available information on these
nuclei this work provides valuable input for future theoretical
works in the region. Interestingly, the behavior of the B(E2)
strengths and the expected fast development of collectivity
for 136138 Te seems not to be indicated from the present data.
Moreover, the collectivity is slowed down significantly with
the addition of neutrons. This is especially visible for the
4F, 6/ states examined in this work, while for the 2" it is only

mildly increasing and opens interesting area for the measure-
ment of higher-lying states and for more exotic species around
N =90.

Furthermore, in the fission reaction induced by energetic
neutrons, we have populated an angular momentum domain
earlier accessible from spontaneous fission or ultracold neu-
tron data. As we are able to detect similar spins to those
previously known for these even-even Te isotopes, we provide
complementary data to those obtained in reaction-induced
fission. Such investigations can trigger further studies in both
fundamental as well as reactor-related applications.
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