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Lifetimes have been measured for the low-lying yrast levels of 3*!*2Te using y — y fast timing methods.
The excited states were populated in 8~ and IT decay of fission fragments, mass-separated by the Lohengrin
separator at Institut Laue-Langevin. Four LaBr;(Ce) detectors, placed at the focal plane of the spectrometer, were
used for the y — y fast timing measurement. Lifetimes of us isomers were measured using coincidence of an
ionization chamber with two Clover HPGe detectors. The measured lifetimes and absolute transition probabilities
are discussed in the light of systematics with the neighboring nuclei. Large basis shell model calculations have
been performed to interpret the level structure and transition probabilities in these even mass Te isotopes.
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I. INTRODUCTION

Nuclear structure studies around doubly magic '*?Sn are of
contemporary interest and are being explored with different
experimental techniques [1-3]. One of the key focuses is on
the measurement of transition probabilities for the low-lying
levels [4-6], as this provides direct insight into the nucleon-
nucleon interactions. Systematic measurements in even-even
Te nuclei, having two protons above the Z = 50 shell closure,
are useful to understand the evolution of nuclear structure
between two extreme double shell closures of '%°Sn and '3%Sn,
respectively. In this context, the measurement of nuclear level
lifetimes becomes important and can be performed with the
use of an appropriate y-y fast timing method [7,8]. The
neutron-rich isotopes of Te, with few neutrons away from
N = 82, can be populated with fission reactions and decay
spectroscopy measurements can be carried out after separation
of fission fragments in either or both of nuclear charge (Z) and
mass (A).

The even-even Te isotopes show consistent vibrational
structure having E; /E; ratios close to 2.0 between N =
50-82 [9-11]. The B(E2) values, for both 107 — 8* and
2T — 07" decays, increase with increasing number of neutron
holes around the N = 82 shell closure [10]. This increase in
B(E2), in case of even mass Te isotopes, was conjectured as
the effect of configuration mixing with pure two-proton struc-
ture in neighboring even Sn isotopes. An unusual behavior
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was observed in the trend of transition rates around N = 82
as B(E2)(2T — 0%) for N = 80 Te appeared to be higher
compared to that at N = 84 [12]. This was explained with
reduced neutron pairing beyond N = 82 in Ref. [13] but was
resolved with new measurements and shell model calculations
in the recent work of Ref. [5]. Systematic measurements of
transition probabilities and their evolution are not available
for all the low-lying levels in even mass Te isotopes below
N = 82. This information would be of substantial importance
to have a complete picture on the structural evolution as a
function of angular momentum and changing neutron number
up to the N = 82 shell closure.

Prior to the present work, in 130.132Te  the lifetimes of the
10" levels were measured through the decay spectroscopy of
us isomers [10] and the B(E2) of the 0T — 2% transition
was measured through Coulomb excitation [12,14]. The level
lifetimes of 67 and 7~ levels are known from the decay of Sb
isotopes [15,16]. The lifetimes of 7~ and 10* levels in **Te
were also measured in decay spectroscopy of mass-separated
isomers [17,18] resulting in differing values for the 7~ level,
compared to Ref. [16]. For the 4* and 8" levels no lifetime
data exist in literature. In the present work, lifetimes have been
measured for the low-lying yrast levels (2], 41, 61, 7;, and
10*) in the *%1*2Te nuclei, among which results for 4* levels
are new.

II. EXPERIMENTAL DETAILS

The low-lying excited states of **!32Te have been pop-
ulated from the combined routes of A~ decay of '**132Sb

©2022 American Physical Society
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precursors and IT decay of higher-lying us isomeric levels
in these Te nuclei, viz. 10", 1.9 us in '*°Te and 10*, 3.7 us
in '32Te. The neutron-rich Sb and Te isotopes were produced
through thermal neutron-induced fission at Institut Laue-
Langevin (ILL), Grenoble, France. A 0.13 mg/cm? 233y
target was used to produce A = 130 fragments and a 0.38
mg/cm? 23U target to produce A = 132 fragments, respec-
tively. The recoiling fission fragments were separated in mass
and kinetic energy (65 MeV and 62 MeV, respectively) at an
ionic charge state of 20" using the Lohengrin recoil fragment
separator [19] and were detected with an ionization cham-
ber (IC) placed at the focal plane. The IC provides a start
signal for decay measurements of us isomers. A parabola
spectrometer such as Lohengrin has a degeneracy in A/q,
i.e., depending on the g setting, different A with similar A/q
may reach the focal plane. However, a parabola spectrometer
is also a velocity filter, i.e., different A will have different
kinetic energies E = A. Since the IC measures moreover E
of every incoming fragment, the degeneracy can be resolved
and different A can be identified. Obviously, the delayed B
decays occur much later, outside the correlation window of
the incoming ions. Therefore, delayed decays will show the
whole A/q cocktail beam arriving in the focal plane.

An array of four 1.5” x 1.5” LaBr;(Ce) detectors, kept
at an angle of 90° with respect to each other, was used for
the detection of deexciting y radiations. The reason for using
the most compact geometry for LaBri;(Ce) detectors is to
maximize the y — ray efficiencies of the detectors. Target-to-
detector distance was 2.2(2) cm and single-detector efficiency
has been reported to be 3.7% at 122 keV of '3?Eu [20]. In
addition, two Clover HPGe detectors were also placed near
the focal plane for clean identification of y rays from the
separated fission fragments. The y decays that followed the
IT or B~ decays were selected through coincidence (IT) or
anticoincidence (87), respectively, with IC, as the case may
be.

The energy and time information from these detectors were
obtained using the preamplifier outputs from the Clovers and
the anode signals of the photomultiplier tubes (Hamamatsu
13435) connected to the LaBrj crystals. Time difference
signals among any two LaBr; detectors were generated by
constant fraction discriminators (Ortec 935), duplicated with
logic FIFO modules and measured with time-to-amplitude
converter (TAC) (Ortec 567) with a time range of 100 ns. All
the signals were digitized with a VME-based 100 MHz dig-
itizer (CAEN V1724) in triggerless mode storing the digital
time stamp information for all the parameters event by event.
The frequency or sampling rate of the digitizer module was
sufficient to digitize the three types of parameters; (i) energy
output from LaBr3, (ii) energy signals from two Clovers, and
(iii) TAC outputs.

The lifetimes were measured either (i) from the y-y co-
incidences among two LaBrs detectors when they are in
anticoincidence with IC, therefore, ensuring that the y rays
are coming purely from B~ decays of Sb precursors or (ii)
from the IC-Clover coincidence, which ensures that the y rays
are purely following the isomeric decay of the us isomers
in Te. The digitized TAC outputs with total range of 100 ns
is suitable for fast timing measurements using generalized
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FIG. 1. The total energy projection from IC-Clover data for A =
130 within 0-2 ps after ion arrival (red) and 8—10 us after ion arrival
(blue). The y lines arising from different isobars and their decay
products are marked. y rays from decay of the 10 level of ¥'Te
are shown on the right. The J™ values for the yrast levels are taken
from Ref. [10].

centroid difference (GCD) method [21] and slope method up
to level lifetimes ~30 ns. The slope method exploiting the
LaBr; — LaBr3 time stamp difference data of the digitizer
was utilized for the measurement of level lifetimes, which
are greater than 30 ns and up to few hundreds of nanosec-
onds. For the above two purposes, the 8~ —decay events were
considered owing to their higher statistics compared to the
IT decay events and lifetime measurements were performed
through LaBr; — LaBr; coincidences in anticoincidence with
IC. On the contrary, lifetimes ~ us or more were measured
using the time stamp difference data of delayed ion (IC)-y
(Clover) coincidences gathered from the digitizer, therefore,
utilizing the IT decay events only. The data analysis for the
extraction of nuclear level lifetimes has been carried out using
the SoCo2 analysis package [22].

III. RESULTS

The y transitions from the decay of all the isobaric prod-
ucts and their daughters, which are deposited in the focal plane
of Lohengrin, were studied from IC gated Clover projections.
Spectra for A = 130 were obtained with a 2 us wide coinci-
dence time window, either directly after ion arrival (0-2 us)
or delayed compared to ion arrival (8—10 us), are shown in
Fig. 1. Similarly, spectra for A = 132 that were obtained with
a 10 us wide coincidence time window, either directly after
ion arrival (0-10 pus) or delayed after ion arrival (70-80 ws),
are shown in Fig. 2. One can clearly distinguish the rapidly
decreasing y transitions that are mainly populated by IT decay
of short-lived ps isomers and the near-constant y transitions
that are populated in 8 decays. The 6% isomer in '*¢Xe is very
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FIG. 2. The total energy projection from IC-Clover data for A =
132 within 0-10 us after ion arrival (red) and 70-80 us after ion
arrival (blue). The y lines arising from different isobars and their
decay products are marked. y rays from decay of the 10" level of
132Te are shown on the right. The J™ values for the yrast levels are
taken from Ref. [10].

strongly populated in fission and due to a similar A/q ratio,
the tail of **Xe appears in the IC spectrum of A = 130.

The y rays of interest from **!32Te (shown at the right
of Fig. 1 and Fig. 2) are clearly visible in these spectra along
with other transitions from the neighboring isobars. The fol-
lowing sections describe the lifetime measurements in these
two nuclei through GCD method (for 2% and 4™ levels) and
slope methods (for 61, 7"m and 10% levels) utilizing y — y
coincidence from pure S~ decay events and ion-y coincidence
from pure IT decay events. The lifetimes of the 81 levels could
not be measured as this level is fed by very low-energy y rays,
viz. 22 keV for '¥Te and 19 keV for '*°Te and the present
setup was not equipped for the measurement of conversion
electrons.

A. Lifetimes measurement with GCD method
from g decay of 1**132Sp

In GCD method, the difference of experimental centroid
positions among the delayed and anti-delayed time distri-
butions (AC.yp), generated for a particular y-y cascade, is
measured [21]. Unless otherwise stated, the time difference
distributions for different y-y cascades were generated us-
ing all combinations among the four LaBrs detectors in the
setup. For this purpose, narrow energy gates, corresponding
to the FWHM of a y peak, were put on feeder and decay y
rays using prompt coincidence events gathered with LaBrj
detectors in anticoincidence with the IC signals. The latter
condition eliminates the y rays from IT decay of the nuclei
from the isobaric chain and, together with the prompt condi-
tion (200 ns coincidence window), reduces dead-time effects
by at least one order of magnitude. The antigate applied in
IC, as it suppresses the IT decays, allows us to see the pure
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FIG. 3. The total energy projections are shown from 200 ns
prompt LaBrs;-LaBr; and LaBr; — Clover coincidence events for
A =130 [(1a), (1b)] and A = 132 [(2a), (2b)]. In contrast to Fig. 1
and 2, here an antigate was applied for incoming ions, i.e., IT decays
are suppressed and only B — delayed y lines are observed. The
strong y lines of Te are seen with those from other neighboring
isobars.

B — delayed y transitions that are used in the GCD analysis.
The total projections from LaBrs-LaBr; prompt coincidence
events within a 200 ns coincidence time window are shown
in Fig. 3. This is overlapped with the total projection of
Clovers, generated with the same coincidence time window
from LaBr; — Clover coincidence events, to understand the
presence of contaminating transitions under any LaBr; peak
to be used for the analysis.

The GCD method can also be ideally applied through fast
timing analysis of pure IT decay data as well, for which it
is a prerequisite to consider the IC-LaBrs-LaBr; triple co-
incidence events. It has been verified that for Te nuclei with
A = 130, 132; both LaBr3-LaBrs;-IC and IC-LaBr3-LaBrs
coincidences provide consistent results. However, the former
one has much higher statistics obtained with double coinci-
dence of pure g — delayed y rays from **132Sb decay and
so, wins over the higher purity generated with IT decay events
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FIG. 4. The energy-dependent FWHM for the LaBr; setup used
in the present experiment. The data points are obtained from the
standard sources used in the experiment and are indicated.

from ps isomers. So, the y-y fast timing analysis obtained
from the pure § — delayed y rays have been considered in
the present work for the lifetime measurements through GCD
method. In the present analysis, energy gates corresponding
to different y-y cascades in **!*’Te were put to generate
the time difference distribution spectra. The gate widths were
+10 keV about the peak positions at all energies except 103
("*Te) and 182 ('3°Te) keV for which +6 keV gates were used
following the variation of FWHM as a function of y energy,
shown in Fig. 4.

Lifetimes well below the time resolution of the
LaBr;/CeBr; detectors and down to few picoseconds
can be measured through this well-established GCD method
[21,23]. The so-called centroid difference (ACeyp), corrected
for the background contribution (te. ), is used for the lifetime
measurement when compared with the prompt response
difference (PRD) of the setup, using the following relations:

© = 3[ACrgp — PRD] M
|

ACFEP = ACexp + [corr(ST

%\/ (8ACurp)? + (Stconr)? + (SPRDY.  (2)

The PRD value for each cascade is determined from the
PRD curve, shown in Fig. 5, which has been generated us-
ing the time difference distributions of known y-y cascades
from the decay of 152Eu, 1850, and '87W sources with the
same LaBr; setup. The use of '%30s and '87W sources pro-
vided background-free very fast low-energy y-y and x-ray-y
coincidences as illustrated in Ref. [20]. Experimental data
points were fitted with the PRD calibration function given in
Ref. [20]. The PRD curve, so obtained for the present work,
represents the variation of time walk as a function of y energy
of the present setup. The PRD is found to be well calibrated in
the total dynamic range and is well within 200 ps even at very
low energy. The PRD uncertainty SPRD = 3 ps, as seen from
the fit residuum in Fig. 5(b), corresponding to the standard
deviation of the experimental data to the fitted PRD curve, was
considered while calculating the error in the measured lifetime
following Eq. (1). The uncertainty in AC values depends on
the statistics (n) gathered for a time difference distribution of
any y-y cascade having a particular width (o = £ ‘;V?SM ) and
is given by Jiﬁ '

Following the measurement of experimental centroid dif-
ferences and the PRD, the background corrections (teory)
were employed for determining the centroid differences cor-
responding to the full energy peak (FEP) (ACggp) that is free
from any background contribution. The background correc-
tion is done following the prescription given in Ref. [20].
In this case, the particularity of the background is that it
has a different time response compared to full energy peak
events at the same energy. Furthermore, timing of feeding
and decay y rays are also different due to the variation in
their energy. The following set of equations was used for
the determination of t., taking care of the Compton back-
ground underlying the FEPs (feeder and decay of a cascade)
where

. P/b(Edecay) Teor(feeder) + p/D(Efeeder )-feorr (decay) .

corr —

ACexp — AC
tCOrr(feedeI') = I:CXP—BG

The t.or represent the total background correction that is
necessary to be added to the raw centroid difference ACe,
and p/b represents the peak to background ratio. The ACpg
values for feeder and decay y rays were obtained by fitting
the background pattern surrounding the energy of interest
in a particular cascade. This was done by taking the cen-
troid differences corresponding to the coincidences among
the photopeak of feeder (decay) and the Compton back-
ground neighboring to decay (feeder) y rays. The p/b ratios

p/b(Efeeder) + p/b(Edecay)

5 feorr d = [
p/b ]feeder ( ecay}

s

Acexp - ACBG]
p/b decay.

(

corresponding to feeder and decay transitions are estimated
from the corresponding gated projections of a particular
cascade. The background corrections are associated with sta-
tistical uncertainties of AC values and the error in p/b ratios.
This error is considered during the measurement of lifetime
along with the errors in ACep and PRD following Eq, (1).
Figures 6 and 7 represent the analyses for the extraction of
level lifetimes, applied for 2] levels in 130.132Te . These fig-
ures are used to demonstrate the measurement of two known
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FIG. 5. (a) The prompt response difference (PRD) curve ob-
tained for the present experiment showing the time walk distribution
with y — ray energy. (b) The fit residuum of PRD is shown with 3¢

deviation shown with dot-dashed line. One o has been considered for
determining the error in level lifetime.

lifetimes through the GCD method, one in each of '**Te and
132Te. Different centroid difference values along with their
errors, obtained from the analysis and relevant to the lifetime
measurement are also indicated within the figures as well
as in Table I. The uncertainties in the measurements can be
followed from the gathered statistics () and width of the time
difference distributions (o) that are indicated on each figure.
In case of *°Te, the 794-840 keV coincidence was found to

have no effect from the very weak 833 keV transition decaying
from the 8" level as observed from Clover-LaBr; coinci-
dences shown in Fig. 3(a) and Fig. 6. Both the lifetimes for the
27 levels of 130.132Te were reasonably reproduced, as shown
in Table II. Following the successful reproduction of known
lifetimes, the lifetimes for the 4?’ levels of 3%132Te were
measured for which the results are shown in Fig. 8 and Fig. 9.
For both these levels, low-energy transitions are involved and
the results are first obtained with all combinations of LaBr;
detectors and was also verified by excluding the combinations
of neighboring detectors to avoid the effect of interdetector
Compton scattering events [20]. In the latter analysis, the error
is more owing to less statistics as the possibly problematic
coincidence data among the neighboring detectors were ex-
cluded.  The 182 (67 — 47)-840 (2T — 0*) keV cascade
was used, in case of '*°Te, instead of 182 (67 — 41)-794
(4T — 2*) keV, resulting in the added lifetimes of the ZT
and 47 levels. This is due to the observation that the 182
keV peak in the 794 keV gate is contaminated with the 192
keV y line from '3°Sb decay. In this process, the lifetime
of the 4 level was deduced to be 6(4) ps after subtracting
the lifetime of the 2 level from the obtained result. This
follows from the Bateman equations and the experimental
procedure is called “absolute shift measurements,” as has been
introduced in Ref. [24]. The lifetime measured for this level
was also deduced with exclusion of neighboring LaBr; pairs
and the result comes out to be 8(4) ps (method 4 in Table I).
In case of *?Te, the 103—-697 keV cascade was used, which
directly provided the lifetime of the 4] level as 60(5) ps by
using all combinations of the four LaBr; detectors. However,
as this cascade includes low-energy transition, this lifetime
result was also verified excluding the combinations of neigh-
boring LaBr; detectors and the analysis provides the lifetime
of 55(5) ps for the 4] level of *?Te. In addition, the added
lifetime for 2;’ and 4;” levels was also measured as 67(7) ps

TABLE L. Lifetime results (shown in bold) for low-lying levels of '**!32Te using the GCD method. The quoted errors in the lifetimes are
calculated considering the standard deviation (= 3 ps), obtained in the PRD curve and the errors estimated for the AC values. J* values for
the levels are taken from Ref. [10]. Three different ways are used to extract the lifetime for 4;’ level of **Te; (1) including all detectors and
using cascade giving direct lifetime, (2) including all detectors and using cascade giving rise to added lifetime, and (3) excluding neighboring
detector combinations and using cascade giving direct lifetime, (4) excluding neighboring detector combinations and using cascade giving rise
to added lifetime. The adopted value is the average of results of 1 and 2. See text for details.

Nucleus E, J" cascade AC, ACgg p/b ACpg p/b teorr ACrgp PRD Lifetime (t) Method*
(keV) (keV)  (ps) (ps) (ps) (ps) (ps)  (ps) (ps)
(feeder) (decay) (total) Pres. work
130T 840 25 794-840 13(4) 27(12)  8.9(9)  31(13) 10.8(11) —2(1) 11(4) 1 5(3) 1
840,1633 2f +4] 182-840 68(3) —99(10) 4.5(4) 309(15) 7.8(8) 12(4) 80(5) 58 11(3)
1633 4f 6(4) 2
840,1633 2} +4, 182-840 60(3) —81(12) 5.8(1) —244(12) 10.2(2) 26(2) 86(4) 58 14(3)
1633 4t 8(4) 4
1633 4f 6(4) adopted
132Te 974 27 697-974 14(4)  39(8) 10.8(11) -—52(11) 16.7(17) 1(1) 154) 5 5@3) 1
1671 45 103-697 136(5) —173(19) 3.8(4) —59(15) 5.1(5) 63(9) 199(10) 79 60(5) 1
974,1671 27 +4F 103-974 154(6) —146(10) 3.7(4)  163(6) 12.8(13) 63(11) 217(13) 84 67(7)
1671 4t 62(8) 2
1671 45 103-697 137(5) —162(14) 4.4(4) —36(15) 5.5(6) 52(7) 189(9) 79 55(5) 3
1671 4 61(5) adopted
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TABLE II. Lifetime results obtained in the present work for low-lying levels of '**!**Te using the GCD method are compared with
the existing literature values from fast timing measurements, Coulomb excitation (CE) measurements, and Doppler-shift attenuation method
(DSAM). The literature value are either taken from direct measurements or deduced from B(E?2) values.

Nucleus E, J7 Presemt work ~ Ref. [25]  Ref. [26] Ref. [27] Ref. [28]  Ref.[29] Ref. [30] Ref. [31]
Fast timing CE CE Fast timing CE CE CE DSAM
(keV) (ps)
130Te 840 27 5(3) 3.3(1) 3.38(12)
1633 47 6(4) 47(10)  1.39555715)
12T 974 2 5(3) 2.6(3) 21515
1671  4F 61(5) <58

using 103-974 keV cascade. Consequently, the lifetime for
47 level of 132Te was measured to be 62(8) ps by subtracting
the lifetime of 2 level [5(3) ps], as was done for **Te. In
Table I, all the lifetimes measured through the GCD method
are shown. For the 4T levels, the lifetimes have been measured
with three different ways (1, 2, and 3) for 132Te and in two
different ways (2 and 4) for of 130Te . All the results from
different measurements are consistent with each other and
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FIG. 6. The GCD analysis for the 2] level of '*°Te is shown.
(a) and (b) show the energy gates corresponding to the 794—-840 keV
cascade from LaBr;-LaBr; (solid blue) and LaBr; — Clover (dash-
dotted red) coincidences; (c) shows the y-y delayed and antidelayed
TACs for the measurement of the centroid difference. (d) and (e)
show the background corrections obtained for decay and feeder,
respectively.

the two out of these four methods (1 and 2) are independent
measurements. The latter results could be used to find the
adopted lifetime for the 47 level of 132Te by averaging the
resultant values.

The new results obtained in the present work for the 2}
and 4] levels in 130.132Te are compared with the existing data
on measured lifetimes [25-27] in Table II. It is found that
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FIG. 7. The GCD analysis for the 2] level of '**Te is shown.
(a) and (b) shows the energy gates corresponding to the 697-974
keV cascade from LaBr;-LaBr; (solid blue) and LaBr; — Clover
(dash-dotted red) coincidences; (c) shows the y-y delayed and anti-
delayed TACs for the measurement of the centroid difference. (d) and
(e) show the background corrections obtained for decay and feeder,
respectively.
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FIG. 8. The GCD analysis for the 4 level of B30Te is shown.
The results show the added lifetimes of 2% and 4T levels through
GCD analysis of the 182-840 keV cascade. (a) and (b) show the
energy gates as in Fig. 6 and 7; (c) shows the overlapped delayed
and antidelayed TACs. (d) and (e) show the background analysis at
840 and 182 keV, respectively.

the lifetime data for the 4, level in **'**Te are obtained for
the first time in the present work except an upper limit of
lifetime for the 4] level in 132Te is known from a prelimi-
nary measurement with centroid difference technique [27]. In
addition, the lifetimes for the 2] and 47 levels of "**!¥Te
could also be deduced from the B(E2) values obtained in
Coulomb excitation measurements [28—30]. The lifetimes of
these levels, so obtained, come out to be 3.38(12) (130Te,
27) [28], 4.7(10)("*"Te, 47) [30], and 2.15130 (" Te, 2})
[29], respectively, and are shown in Table II. A very recent
measurement with Doppler shift attenuation method is also
found to be reported on 41+ level in *°Te [31].

B. Lifetime measurement with the slope method

The lifetimes can be measured by fitting the slope of the
exponential decay curve of the respective y rays obtained
with LaBr; detectors when level lifetime is more than even
a nanoseconds. Lifetimes were determined with slope fitting
for few levels in '3%132Te and two different types of analyses
were done. These were obtained using the time difference
distribution from (i) y (LaBr3)-y (LaBr3) coincidence in an-
ticoincidence with IC, therefore, taking purely the S~ decay
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600 650 700 750 800 50 100 150 200
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FIG. 9. The GCD analysis for the 4] level of *2Te is shown.
(a) and (b) show the energy gates corresponding to the 103—697 keV
cascade as in Fig. 6 and 7; (c) shows the overlapped delayed and
antidelayed TACs. (d) and (e) show the background analysis at 697
and 103 keV, respectively.

of 130:1328b precursors into consideration and (ii) ion (IC)-y
(Clover) coincidences, so, purely considering the IT decay
events. The time spectra of long-lived isomers, obtained in
y-y or IC-y analyses, only have extremely fast (<« 1 ns)
background contributions. It is absolutely unnecessary to re-
move this fast background contribution, since it has no effect
on the slope [35]. Therefore, for all the levels, slopes of the
y-y and IC-y time projections, giving rise to direct time dif-
ferences, were fitted with exponential decay functions without
any kind of background subtraction. Except for 7~ level of
132Te, clean slopes are obtained above the background due to
decay of a single level and these slopes were fitted to obtain
the level lifetimes. The two different analyses and correspond-
ing results are given below.

1. y-y coincidence from B~ decay of **132Sb

The exponential time dependence of the y(LaBr;)—
y(LaBr3) time difference distributions in anticoincidence
with IC were fitted, to measure the lifetimes for the isomers
with lifetime up to few hundreds of nanoseconds, where clean
slopes were visible. In this measurement, pure §~ — delayed
y rays were considered and two different kinds of analyses
were done for lifetime measurements: (i) time difference dis-
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FIG. 10. The slope analysis for lifetimes in the nanoseconds
range through y-y coincidence analysis using LaBr;-LaBr; (a) TAC
and (b), (¢), (d) digital time stamp data. The 10 ps time per channel
was used for the TAC data and the standard time per channel for DTS
was 10 ns. The lifetime of the 67 level of **Te is reproduced within
error from both the analysis.

tribution was measured from the digitized TAC data. This
was utilized to determine level lifetimes, which are less than
~30 ns, viz. for the 61 level of '*°Te. (ii) Time difference
information was taken from the digital time stamping (DTS).
This was used for the cases where lifetimes are larger than
30 ns. The lifetimes for the 61 level of '32Te and the 7~ level
of '3Te were measured with this analysis. As the DTS data is
used for measurement of longer lifetimes, the 10 ns/channel
calibration in DTS data was appropriate compared to the
high-resolution 10 ps/channel used for TAC data. In order to
demonstrate the consistency of both the methods, the lifetime
of the 6 level of '*Te was also deduced from DTS data
along with the TAC data. It is observed that both the methods
reproduce the lifetime quite consistently. The results from
both the analysis are shown in Fig. 10 and details are given in
Table III, in comparison to data available in existing literature.

0
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FIG. 11. The slope analysis for lifetimes in the microseconds
range through IC-y (Clover) coincidence analysis using digital time
stamp information.

2. Ton-y coincidence with IT decay of '3 Te

The ion-y coincidence has been used for lifetime measure-
ments of the usec isomers (101 levels in 3®13?Te and 7~
level in '32Te) populated through the IT decay of '3%132Te. For
this purpose, time difference was analyzed from DTS data for
IC-Clover coincidence events. The resultant time difference
distributions are shown in Fig. 11 and tabulated in Table IV
in comparison with the literature values. Pure slopes were
obtained for the 10" levels and so, the lifetimes could be
measured directly fitting the slope.

However, in the case of 7~ level of '3*Te, the time projec-
tion has a contribution from the feeding of the 10" isomeric
level. So the obtained slope for this level (z;) is the resultant
of two contributions, one feeding from direct population of
the 7~ (or short-lived precursors that decayed in flight) (N7-)
and the other from the decay of the 10" level (No+) with
lifetime t;¢+. Accordingly, the level lifetime for the 7~ level of
132Te (77-) is determined from the fitted slope (f;;) following

TABLE III. Lifetime results (shown in bold) for the low-lying levels in **!3?Te using the slope method from 8 decay of Sb precursors.
Level energies have been quoted from Refs. [25,26]. J™ values for the levels are taken from Ref. [10].

Nucleus E, JT gating cascade gating condition Lifetime
(keV) (keV) T (ns)
Present work Lit.
130 1815 6F 331-182 LaBr;-LaBr; TAC 13.5(8) 14.1(7) [25]
1815 6f 331-182 LaBr;-LaBr; DTS 14.6(2)
2147 N 502-331 LaBr;-LaBr; DTS 155(24) 159(7) [33], 166(11) [25], 268(16) [34]
2649 8F <120 -
132Te 1774 67 151-103 LaBr;-LaBr; DTS 192(5) 209(11) [26]
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TABLE IV. Lifetime results (shown in bold) for the low-lying levels in **!**Te using the slope method from IT decay. Level energies for

7 and 10" levels in '32Te have been quoted from Refs. [25,26]. The

excitation energy for 10t level in '**Te is quoted by averaging the values

from Ref. [32] and Ref. [33]. J* values for the levels are taken from Ref. [10].

Nucleus E, Jr gating y transition gating condition Lifetime
(keV) (keV) T (us)
Present work Lit.
130Te 2666 107 IC-(794+840) IC-Clover DTS 2.76(12) 2.7(1) [25]
12T 1925 7 IC-151 IC-Clover DTS 41.1(13) 40.5(22) [26], 41.3(¢) [18]
2701 8+ <1.2 -
2723 101 1C-926 IC-Clover DTS 5.4(12) 5.10(13) [18], 5.34(13) [26]

Eq. (3), given below, which is derived from the Bateman’s
prescription

N10+ X [‘L'10+ + 'L'7—] +N7— X T7-
Nip+ + N7~

Tfir =

X Tio+ + 77-, (3)

where Nis; (= Njg+ + N;-) represents the total decay from
the 7~ level and is measured from the area of the 151 keV y
line in the IC-gated Clover spectrum. The fractional feeding
of the 10" level to the 7~ level (Njg+) is measured from
the efficiency and branching corrected area of the 776 keV
transition.

The lifetimes of the 107 levels, in both '3%132Te, have been
obtained by selecting energy gates on y rays decaying from
lower-lying levels (8% in case of '**Te and 2+ and 47 in case
of 3°Te). So, the measured lifetime corresponds to (tg+ +
T10+) in case of '32Te and (1o + T4+ + Te+ + Ts+ + T10+) for
130Te. Lifetimes for all these levels, except the 8 and 10,
are measured to be much lower than ~ us, the maximum
being for the 61 levels (13.5 ns in '**Te and 192 ns for '*2Te).
Accordingly, as the data for the 10 levels could be fitted
with a clean single slope above the constant background, it
may be conjectured that the lifetimes of the 8% levels are not
comparable to the 10™ levels and lie in the nanosecond region
only. The lifetimes of the 8" levels may be assumed to be less
than the uncertainties obtained in the slope measurements for
the corresponding 107 levels, viz. < 120 ns and <1.2 usec,
respectively, for 1*°Te and '32Te. Shell model calculations, as
discussed in the following section, also predict lifetimes of a
few ns and a few tens of ns, respectively, for the 8" levels in
130Te and 132 Te.

IV. DISCUSSION

The B(E2) transition probabilities corresponding to the
decay of low-lying levels in '**!132Te have been deduced from
the measured lifetimes. For this purpose, the branching ratios
for a particular level was taken from the ENSDF database
[25,26] and the conversion coefficient for a particular tran-
sition was calculated using the Brlcc code [36]. The transition
energies for 107 — 8% decay are very low giving rise to large
conversion coefficients. This energy is 22 keV for '**Te but
for 139Te, it is less known experimentally and has been taken
as 19 keV following Ref. [32]. The 10* level in '?Te is
known to be decaying through a weak 798 keV E3 y ray

in addition to the 22 keV E?2 transition. However, this weak
branching having 2% relative intensity [10] has no significant
effect on the B(E?2) transition probability for this level. As
the measured lifetime has large errors and as the B(E2) is a
nonlinear function of lifetime, the progressive errors in B(E2)
values are expected to be asymmetric in nature and the same
has been estimated following Ref. [37]. The experimental
B(E?2) transition probabilities obtained in the present work for
low-lying yrast levels in '**!32Te are shown in Table V.

The B(E?2) transition probabilities for low-lying yrast lev-
els in 3%132Te are also shown in Fig. 12 in comparison
with the neighboring Te isotopes around '*?Sn. It is observed
that the measured B(E2) values in the present work glob-
ally corroborate with measurements in neighboring isotopes
[11,12,28-30] and reflect the expected double shell closure at
1328n. It is observed that the lifetime data for 47 level in 128Te
is missing in literature. However, B(E2)(4] — 2{") transition
probability for this nucleus is available from an exploratory
analysis of the excited-state Coulomb excitation measurement
[30]. Also, lifetime or B(E2) data is not available for the 10™
level in N = 82 '**Te and it would be important to measure
the same.

The large basis shell model calculations were performed, to
interpret the level structure and the electromagnetic transition
rates, using the NuShellX code [38]. The calculations have
been performed distributing the proton and neutron particles
above the 'Sn core over the 50-82 subshell space. The
considered model space was comprised of (1g7,2, 2ds,2, 2d32,
3s1/2, 1hy1,2) orbitals for both protons and neutrons. The cal-
culations were carried out in full valence space without any
truncation and using the sn/00pn interaction [39], available
with the code. Some details on interaction matrix elements
and single-particle energies can also be found in Ref. [7]. The
calculation is found to reproduce the experimental level ener-
gies quite well except the flipping of 8t and 10" energy levels
in 132Te and underestimation of 8 and 10* energy levels in

TABLE V. The experimental B(E2) transition probabilities for
the low-lying levels in 32 Te are shown.

Nucleus B(E2)(J[ — J}T) (W)
2t - 0t 4t -2t 6t -4t 8t - 67 10" — 8"

Te  10.075) 11005 64(Y) >25x 107 220

132 (+70) (+2) (+1) -5 (+3)
Te 47070 2000 360 >12x107° 1103
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FIG. 12. The B(E2) values for the decay of even spin positive
parity levels in even mass Te nuclei as a function of neutron number.
Several measurements exist for B(E2) values through Coulomb exci-
tation and lifetime measurements, viz. Radford 2002 [12], Stuchbery
2013 [28], Danchev 2011 [29], Coombes 2020 [30], Roberts 2013
[27], Kim 2017 [18], and Prill 2022 [31] that are also shown in the
figure. The NNDC values are taken from Ref. [11] and for 10" decay
in 'Te B(E2) value is deduced from the lifetime listed in ENSDF
[26].

130Te, as shown in Fig. 13. The difference between theory and
experiment could be related to the interaction matrix elements
used for the calculation and that may require reduction in the
p-n interaction, as described in Ref. [40]. So, the calculation
was also performed by reducing the p-n interaction matrix
elements by a factor of 0.85 keeping the n-n (already reduced
by factor 0.9 in sn/00pn) and p-p interactions same as before
and shown in Fig. 13 with Theory(mod.). It has been verified
that the modified interaction could reproduce the order of 8"
and 10 levels in 13> Te. However, this modification had almost
no effect to the energies for the higher-lying levels (6 to 107)
in 13%Te. The change in interaction matrix elements, therefore,
needs to be looked into with a global perspective in this mass
region and can be considered as a future perspective to the
present work and other studies available in this mass region.
The decomposition of proton and neutron angular mo-
menta contributing to each level was studied and the two most
intense contributions in the total wave function are shown in
Fig. 14(a) and Fig. 14(c), respectively, for '**Te and '**Te. It
is found that the angular momenta of the 8% and 10" levels
in 13-132Te have major contribution from neutrons, 80% in
case of 32Te and 70% in case of *°Te. However, mostly the

protons contribute in the generation of angular momentum
of the 67 and 4% levels. The 4* level in '**Te is found to
have 80% contribution from (J, = 4, J, = 0), which reduces
to ~ 50% in case of '*°Te. The 4* level in *°Te is found
to have considerable mixing with (J, = 2, J, = 2). The 2%
levels in both the cases were found to have mixing among two
contributions from (J, = 2,J, = 0)and (J, = 0,J, = 2). The
0" ground state of both the nuclei are found to have dominant
ground state configurations of both proton and neutron with
Jr=0,J, =0).

In Figs. 14(b) and 14(d), the major single-particle con-
figurations in all the levels up to 10" of *'Te and '*Te,
respectively, obtained with given snl00pn interaction are also
shown. All those partitions having probability > 5% are con-
sidered, wherever available, except in few cases. These plots
demonstrate the amount of configuration mixing in the struc-
ture of these low lying levels in '**!3>Te. It is observed that the
major configuration for these levels is 7 g3 2 ® vd;éhl’f/z in

130Te. Except for 8+ and 10 levels, two major configurations,
viz. 783 , ® vdy; and g3, ® vh;y, dominate the structure

in 13%Te. In both the nuclei, 8 and 10" levels have almost
pure configuration having the neutron holes in vhy, orbital.
In addition to the positive parity levels, the major configura-
tion for the negative parity 7~ level has also been observed
to be wg3, ® vdhhiy), in OTe and g3, ® vd;hhiy), in
132Te with the angular momentum contribution coming from
neutrons (J; =0, J, = 7). Therefore, it may be concluded
that for all the low-lying levels in **!3Te, only a few ma-
jor single-particle configurations dominate the wave function
indicating to a near spherical structures of these levels.

The B(E2) transition probabilities for low-lying levels in
130.132Te were calculated from shell model and are shown in
Fig. 15, along with the experimental results, for all the yrast
levels from 2 to 10} . The decrease in the B(E2) values with
the increase in angular momentum could be related to less
mixing of configurations for higher spin levels compared to
the lower spin ones, as observed in Fig. 14.

In order to interpret the observed B(E2) values for indi-
vidual levels in '3*132Te, the effective charge of both protons
and neutrons were varied. The systematic shell model study
of Ref. [41] shows that a variable neutron effective charge is
required with the variation of neutron numbers in order to
interpret the experimental data on the B(E2)(0T — 27%) of
Sn nuclei within N = 50-82. Similar changes may also be
expected with the change in angular momentum, as different
configurations, their mixing and the origin of the microscopic
structure may change, as observed in case of '**Te [28].

The transition probabilities in this mass region have often
been calculated with increased effective charges for both pro-
ton and neutron, compared to the default value in NUSHELLX
(e? = 1.5, ¢" =0.5). These were based on the reproduc-
tion of B(E2) values in even-even Sn, Te, and Ba isotopes
[34,42,43]. In the present work, first the effective charges were
tuned to reproduce the B(E?2) transition probabilities for the
decay of 2% level in '**Te (Z =52, N = 82) and 10" de-
cay in 'Sn (Z =50, N = 80). It is found that ¢’ = 1.86
reproduces the experimental data for 2] level in 134Te and
e" = 1.0 is required to reproduce the value for 107" level decay
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FIG. 13. The low-lying excited levels of **!3>Te are compared to those calculated in the shell model. The levels marked with “Theory”
shows the results obtained with sn/00pn interaction without any modification and that with “Theory(mod.)” shows the results with reduced
p-n interaction. The experimental level energies are taken from Refs. [25,26] except for the 10T state in *°Te, for which the level energy is
shown as 2666 keV taken as the average of the known values from Refs. [32,33].

in 13°Sn using sn100pn interaction. The transition probabil-
ities in 3%132Te, calculated with this tuned set of modified
effective charges (ecl), are shown in Fig. 15. It is found that
the increased proton and neutron effective charges can repro-
duce the experimental data, considering the errors, for most
of the levels in '*°Te but greatly overestimate the experimen-
tal data in case of the '3*>Te isotope with two neutron holes
compared to N = 82 neutron shell closure, especially for the
lower spin states.

It may be considered that in order to appropriately estimate
the required effective charge for the low-lying levels of these
nuclei 2%, 4%, 6™), it would be important to find the neutron
effective charge that is required to reproduce the experimental
B(E?2) data for the above spin states in '**Sn (N = 80) instead
of 10™. Moreover, in addition to the prescription for a variable
neutron effective charge as a function of neutron number, it
was shown in Ref. [41] that the isospin-dependent effective
charge suggested by Bohr and Mottelson [44] (¢" = 0.65) re-
produces the B(E2) values in Sn nuclei near shell closure. The
isospin-dependent effective charge for neutron was calculated
in case of *%132Te also, following Eq. (1) of Ref. [41] and it
comes out to be about 0.6 for both the nuclei. Interestingly,
the present calculation with sn/00pn interaction could also
reproduce the B(E2)(0* — 2*) of *°Sn [45] with effective
charge of 0.65. This finding on lower neutron effective charge
for the low-lying levels in N = 80 Sn is also consistent with
the quadrupole moment and deformation for the 2/ levels in
126.12861) nuclei [46] that demands a lower effective charge
for neutrons. Accordingly, the B(E?2) values for the low-lying
levels in 3%132Te were calculated with a reduced effective
charge for neutron (¢" = 0.65), keeping ¢” = 1.86 (ec2) and

are shown on Fig. 15. This new set of effective charges,
although it could reproduce the data much better than ecl,
provided still higher result for 4] in 132Te, which may be a
result of higher effective charge of proton tuned with 2% in
N =82 Te.

Proton effective charge of e” = 1.5 was found to reproduce
the experimental B(E2) values for 47 and 6™ but not the 2+
decays in '**Te [28]. Consequently, default effective charges
of e = 1.5, " = 0.5 (ec3) was used to calculate the transition
probabilities in '3*132Te. The default effective charge was
found to reproduce some of the B(E2) values in 1**!32Te quite
reasonably, except the 67 levels, and a gross difference for
4+ — 2% decay in '3?Te still remained in question.

In conclusion, although the systematics of B(E2) values
for individual levels are observed to fit in to the systematics of
neighboring nuclei (Fig. 14), interesting discrepancies were
observed for B(E2) values in '*?Te during their interpreta-
tion through shell model calculations using higher effective
charges, often used in this mass region. It is observed that
(e? = 1.86, ¢" = 0.65) can reproduce the B(E2) values quite
reasonably for all the levels, except 47 — 2+ decay in '**Te.
The effective charges were not tuned further below e” = 1.5
and ¢" = 0.5 and it was also found that the shell model results
remain same even with reduced p-n interaction (factor =
0.85), as shown with ec3(mod.) in Fig. 15.

The B(E2) values in N = 78, 80 Te could be related to the
near spherical structure of these nuclei around '¥2Sn, as also
reflected in the shell model configurations of the associated
levels. With addition of one valence proton to the semimagic
128Sn (N = 78) core, the electric quadrupole strength in '2°Sb
was found to be significantly enhanced [4] due to emerging
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FIG. 14. The decomposition of angular momentum for the even
spin positive parity levels are shown in (a) '*°Te and (c) '*’Te;
the dominant single particle configurations obtained for different
levels are shown in (b) '*°Te and (d) '*?Te; as obtained with
shell model calculation. In (a) and (c), the black squares mark the
major contribution and the red circle represents the minor contribu-
tion in the decomposed angular momentum of a level. In (b) and
(d), the different configurations are marked as P1 (wg? 2 ® vhl’,“/z),
P2 (7'rg%/2 ® vd;/‘;h]’f/z), P3 (7'rg%/2 ® vsl’/zzhl’lz/z), and P4 (ﬂg%/2 ®
vdy s phit,) in P Teand M1 (g3, ® vhi,), M2 (1gj ), ® vs) ),
M3 (g3, ® vd;2), M4 (g3, ® vds2), M5 (1, ® vds s, ),
and M6 (d3,, ® vhii,) in 'PTe.

proton-neutron interaction compared to that in ?#Sn. On the
contrary, with addition of one more proton in the structure
of N =78, 80 Sn, which have almost spherical structure as
appears from the corresponding E2 matrix elements [46], the
effect of neutron collectivity is reduced compared to neigh-
boring Sb. This is expected as the residual proton-neutron
interaction will be reduced in Te that has two protons in
the g7, orbital and neutron A/, orbital almost filled. The
excitation spectra and Ry (E4+ /E+) ratios for 1301326 of 1.94
and 1.71, respectively, also confirm the same and designate
their level structure to be vibrational in nature. The analogous
B(E?2) ratios for the 4f and 2fL decays are about 1.0 in '*°Te
and <1.0 in '3?Te and confirms the near spherical structure.
The above interpretation for the B(E2) values in '3%132Te
appears reasonable for all the levels, however, the very low
B(E2) for the 4t — 2% decay in '**Te could be understood
neither from its single-particle configuration nor from the
effective charges. Similar variation in B(E2) for different J
levels was also observed in '3*Te [28] where the B(E2) value

35 . 13070
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FIG. 15. The B(E2) values for the decay of even spin positive
parity levels in (a) **Te and (b) 1**Te nuclei as a function of angular
momentum. The shell model results obtained in the present work are
compared with the experimental data. The different sets of effective
charges used for shell model calculations are indicated with ecl
(e! = 1.86,¢" = 1.0),ec2 (e = 1.86,¢" = 0.65),and ec3 (e = 1.5,
" = 0.5). ec3(mod.) represents the B(E2) values obtained with the
set of effective charge ec3 and modified p-n interaction. See text for
details.

for 2% level was on the higher side compared to that for the
4F and 6% levels. In '**Te, the higher B(E2) for 2] was ex-
plained with the contribution from coupling of valence proton
particles to the vibration of '*2Sn core. It may be assumed that
the variation in B(E2) value for 4 level in '**Te is also related
to some other kind of excitations that could not be considered
in the present shell model calculation. As the proton effective
charge of 1.5 and neutron effective charge of 0.5 could repro-
duce the B(E2) value for 47 — 2% level in '**Te, it may also
be assumed that deviation in B(E2)(4* — 2%) in '3?Te is not
related to proton but to neutron excitation.

It is observed that similar discrepancies with shell model
and experimental data also exist for 4T level in '3°Te [47],
which lies symmetrically on the other side of N = 82 shell
closure of '*2Sn. So, deviation of experimental B(E2) from
the microscopic structure calculations is observed for 4]L level
in both N = 80 and 84 Te, one with two valence neutron holes
and the other with two valence neutron particles with respect
to the '*2Sn core. It is known that most of the levels in '*2Sn
core correspond to particle-hole excitations across the N =
82 shell gap [48]. The 4] level in 1328n is originated with
one neutron particle excited across N = 82 to the vf% orbital
coupled to one neutron hole remaining below N = 82 in vh%

orbital. So, the consideration of cross shell neutron excitations
across N = 82 may help in explaining the discrepant B(E2)
value in both '*2Te and °Te.
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However, the model space (jj55pna) used in the present
shell model calculation considers orbitals in the 50-82 sub-
shell space and do not include single-particle f% orbital
beyond N = 82. So, the present calculation is not capable of
considering such core excitations of neutron particles across
N = 82 and, so, to confirm if any such contribution is involved
in the structure of 4] level of 132Te. Similarly the model space
used in Ref. [47] considered neutrons only above N = 82 and
the excitations across N = 82 could not be considered in their
calculation. It might be important to perform a systematic
shell model calculation using a model space involving cross
shell excitations of neutrons, i.e., with a new model space
involving higher-lying orbitals from 50-82 subshell space (s%,
d 3 h u ) below N = 82 and lower-lying orbitals from 82-126
subshell space (f 1 ) above N = 82, in order to understand this
particular issue. This is a quite involved task [49] and can be
taken up as a future perspective to the present work.

V. SUMMARY

The lifetimes have been measured for the low-lying levels
in *%132Te among which the results for 47 levels are obtained
for the first time, except an upper limit of lifetime is known
for 47 in **Te from a very preliminary measurement. The
transition strengths corresponding to the decay from these lev-
els are studied and the present results in **!*>Te corroborate
with the systematics around the doubly closed '**Sn. The
microscopic origin of the low-lying levels in N = 80, 82 Te
were studied comparing the experimental level energies and

transition probabilities with that obtained from a large basis
shell model calculation using unrestricted model space. It is
observed that the structures of these levels solely correspond
to single-particle excitations of the valence particles (proton)
and holes (neutron) to the available orbitals in the 50-82
subshell space. The wave functions and B(E2) values indicate
that almost pure single-particle microscopic structures are
involved in the excitation of all the levels with small change
in configuration mixing as a function of angular momentum
and suggest near spherical structures for all the low-lying
levels. However, B(E2)(4] — 27) in '¥*Te, with two valence
neutron holes, could not be explained with the microscopic
structure suggested by shell model, as was also observed for
4 level in *°Te with two valence neutron particles. It is found
necessary to explore the effect of particle-hole excitation of
%lée 1328n core in the structure of this level in both **Te and
Te.
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