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Lifetimes are measured for the low-lying states of '*'T and !*?Xe nuclei populated from the decay of
radio-chemically separated Te fission fragments. The VENTURE array comprised of eight fast CeBr; detectors
is used for the lifetime measurement with y-y fast timing technique. Large basis shell model calculations have
been performed with the “NUSHELLX” code to interpret the low-lying level structure and to calculate level
lifetimes in *'T and '3?Xe. The measured lifetimes and absolute transition probabilities are discussed in the
light of systematics with the neighboring nuclei. Single particle excitation and loss of collectivity is observed
with increasing neutron number up to N = 82, validating the double shell closure at '*2Sn. Enhanced B(E1) and

B(E3) strengths are found for the 1646-keV, 11/2~ level in 'L

DOLI: 10.1103/PhysRevC.99.014306

I. INTRODUCTION

The availability of spectroscopic information around *2Sn
is in striking contrast to the richness surrounding the classical
doubly magic nuclei, viz., 160, 40C4q, and 2°®Pb. This is mainly
because of the experimental difficulty in accessing this region
by compound nuclear or transfer reactions using the available
target-projectile combinations. Fission is one of the most
accessed pathways by which these nuclei can be studied [1-4].

The validity of double shell closure near '*2Sn has been
revealed by exploring the low-lying states of the nuclei hav-
ing few proton (neutron) particles (holes) about Z = 50 and
N =82 [5-7]. More studies with complete spectroscopic
information on the excited levels of these nuclei are, how-
ever, warranted to enrich the structure information in the
poorly studied region around '3?Sn [8,9]. In particular, the
measurement of electromagnetic transition probabilities are
of specific importance as it can give direct understanding of
the nucleon-nucleon interactions [5,10] and the evolution of
collectivity around the Z = 50, N = 82 shell closure [11,12].
Existence of octupole correlation is known in the doubly
closed '3?Sn [9], even-even Xe around N = 82 [13] and in
other neutron deficient nuclei in this mass region [14,15]
from the knowledge of B(E1) and B(E3) strengths. So, the
lifetime measurements of the low-lying levels of the neutron
rich iodine and xenon nuclei is of extreme importance in order
to explore and enrich the nuclear structure around double shell
closure at Z =50 and N = 82 which is difficult to access
experimentally.

In the present work, we focus on the lifetime measurement
using the y -y fast timing technique for the low-lying levels of

*Corresponding author: btumpa@vecc.gov.in

2469-9985/2019/99(1)/014306(11)

014306-1

odd-A *'T and even-even '3?Xe nuclei populated through the
decay of radio-chemically separated Te fission fragments. The
generalized centroid difference (GCD) method [16] has been
used to analyze the experimental y-y time difference distri-
bution obtained with the VENTURE array [17]. The large
basis shell model (LBSM) calculations using the “NUSHELLX”
code [18] have been performed to understand the excitation
energies, dominant particle partitions, and level lifetimes for
the low-lying levels in '*'T and '*?Xe. The transition strengths
have been calculated from the measured level lifetime and
discussed in the light of the systematics in the neighboring
nuclei.

II. EXPERIMENTAL DETAILS

The excited states of '*'T and **Xe nuclei are populated as
the B decay daughter and granddaughter of the respective Te
fission fragments. The '*'""Te (z ~ 33 h) and '*Te (z ~ 3 d)
nuclei are produced with "™U(a, f) reaction with a 40-MeV
a beam from the K-130 cyclotron at VECC, Kolkata. The "U
targets were prepared by using the electrodeposition technique
on 25 pum-thick "™ Al backing foils and multiple targets are ir-
radiated with the help of the stacked foil irradiation technique.
Irradiation was carried out for a duration of ~48 h in order to
have negligible relative yield of the short lived Te nuclei and
the recoiling fission fragments are collected in "™ Al catcher
foils placed between two consecutive targets of the stack. The
catcher foils are consequently treated for the radio-chemical
separation of the active Te nuclei from rest of the fission frag-
ments. The separated Te activity are kept in a liquid medium
during the subsequent y-y coincidence measurements with
the VENTURE [17] and VENUS [19] arrays. The VENTURE
array with eight 1”7 x 1” fast CeBrj detectors has been used to
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FIG. 1. The total projections (without any background subtrac-
tion) obtained from the CeBr; (blue dash dotted line) and clover
detectors (red solid line) are shown from CeBr;-CeBr; and CeBr;-
clover coincidences, respectively. The y rays from different isotopes

are identified and marked with different colours of text for I (blue),
Xe (black), and Cd (red) (contamination).

detect the de-excited y transitions for lifetime measurement
and was set up along with the VENUS array of six Compton
suppressed Clover HPGe detectors. The time resolution for

a combination of two such CeBrj detectors is 154(8) ps at y
energy of %°Co decay and is 188(3) ps for the array [17]. More
details on the characteristics of the detectors and the arrays
can also be found in Ref. [17] along with the details on the
y-y fast timing analysis technique and the electronics setup
used in the present work.

The GCD technique has been used for the analysis of
y-y fast timing data in which a prompt response difference
(PRD) curve is generated that represents the prompt time
characteristics of the array. The prompt response depends
on the PMT voltages, CFD settings, detector geometry, etc.,
along with other long-term effects. In the present work, The
PRD curve shown in Fig. 19 of Ref. [17] has been used, as
the data have been acquired with the same experimental setup
and along with that reported for detailed description of the
VENTURE characteristics presented in Ref. [17]. Also, the
prompt response was checked time to time with source data
in order to check for any major deviation. The details on the
generation of the PRD curve for the VENTURE array and the
determination of the PRD value for a particular y-y cascade
can also be found in Ref. [17].

III. RESULTS

The CeBr; total projection from the CeBr;-CeBrs co-
incidences is shown in Fig. 1 and is compared with the
clover total projection from CeBr;-Clover coincidence. These
total projections are obtained without any subtraction of the
underlying background. The spectrum from clover detectors
depicts the clean separation of Te isotopes from the rest of
the fission fragments with a little contamination from the
Ag isotopes that gives rise to the y lines from ''2Cd. The
lifetimes measured in the present work are listed in Table I
with some of the relevant information. The measured lifetimes
are compared with earlier results, wherever available.

During the lifetime measurement using the GCD method,
the delayed and antidelayed time distributions for different

TABLE L. Levels of 1**Xe and '*'I, for which lifetime measurements have been carried out in the present work. The lifetimes are calculated
by using the equation 7 = %(ACFEP — PRD). The quoted errors in lifetime are calculated by considering the standard deviation, i.e., 20 ~ 7 ps,
obtained in the generation of PRD curve and the errors estimated for the AC values. The lifetimes marked with x has been considered for some
systematic error as described in text. For the cases where the measured lifetimes are less than the estimated error, the upper limits of lifetimes

are shown. The J7 values are taken as per the assignments shown in

Table II.

Nucleus E, Jr Cascade  ACqy ACgg p/b ACgg p/b teorr ACgsp  PRD Lifetime (1)
(keV) (keV) (ps) (ps) (ps) (ps) (ps) (ps) (ps)
(feeder) (decay) (total) Pres. work  Lit. [20-24]
1317 774 11/2,% 1126-774  203(3) 211(3) 1.66(6) 164(1) 2.78(4) 5(2) 208(4) 165  22(5)
852  9/2,t 794-852  —10(4) —22(8) 1.1(2) 52) 1222) —1(4) —11(6) =28  9(5)
1646 11727 334-794 —228(2) —267(5) 1.04(1) —249(5) 1.86(3) 25(3) —203(4) —248  23(5)
1797 15/27 102-241 8.4(7) ns 8.5(3) ns
1899 1372 81-1126 —692(5) —814(2) 1.14(1) —784(14) 1.58(5) 83(6) —609(8) —676  34(6)
2xXe 668 2,* 630-668  —14(2) —21(3) 1.50(2) —39(1) 2.683) 72 -73) -19 <8 6.1(5)-9.7(30)
1208+ 2,* 506-630  —48(2) —42(2) 1.23(1) —58(3) 1.60(2) 1(1) —472) —66  10(8) 4.4(4)
1440 4,* 955-773 109(1)  102(4) 1.55(4) 95(3) 2.443) 6(2) 115(2) 87  14(5) 2.6(2)
1963 4,* 877-523 186(4) 185(2) 1.04(2) 163(1) 1.30(1) 103) 196(5) 177  10(5)
014306-2



LIFETIMES AND TRANSITION PROBABILITIES FOR ...

PHYSICAL REVIEW C 99, 014306 (2019)

y-y cascades are analyzed to determine the experimental
centroid difference (ACeyp). Appropriate background correc-
tions, following similar methods as described in Ref. [25], are
employed in the present work for determining the background
corrected centroid differences for the full energy peak (FEP)
(ACggp). The following sets of equations were used for the
determination of ACggps after accounting for the Compton
background underlying both the FEPs (feeder and decay of a
cascade) and to determine the level lifetimes with their errors:

ACpgp = ACexpt + feorr

where
1
Loorr = 5 tcorr(feeder) + tcorr(decaY)]
ACe AC
t.orr(feeder) = |: = pt BG:| )
feeder
AC AC
teorr(decay) = |: = Pt BG:| ) (D
decay

1
T = E[ACFEP — PRD],

5t = %\/ (8ACurp)® + (Stcon* + (SPRDR.  (2)
The .o represents the total background corrections that
is necessary to be added to the centroid difference ACeyp,
obtained from the y-y gating on the casade y energies (Efeeder
and Egecay), and “p/b” represents the peak to background
ratios. The ACgg values for feeder and decay y rays were
obtained by fitting the background pattern surrounding the
energy of interest while taking the centroid differences corre-
sponding to the coincidences among the photopeak of feeder
(decay) and the Compton background neighboring to decay
(feeder) y rays in a particular cascade. The PRD is determined
from the calibrated prompt time curve of the VENTURE array
as described in Sec. II. Two standard deviations (20 ~ 7 ps),
obtained in the prompt time calibration, was considered while
calculating the error in measured lifetime following Eq. (2).
Figures 2 and 3 demonstrate the above analysis procedure
of lifetime measurement, considering two selective cascades
of 630-688 keV of *?Xe and 1126-774 keV of "', re-
spectively. In both of these figures, the gated projections
from CeBr3-CeBr; and CeBr;-Clover coincidences are shown
which are obtained by setting the CeBr; gate for (a) Efeeder
and (b) Egecay, respectively. The comparison of these two pro-
jections was helpful in selecting the energy gate for lifetime
measurement and to identify if there is any unresolved pho-
topeak around the energy of interest. Such peaks are marked
with x, if arising due to known y-y coincidences and with a
# if it is due to coincidences with the Compton background
underlying the gated photopeak. An extra systematic error
has been added to the measured lifetime of the level in case
the photopeak neighboring to the transition of interest was
found to be disturbing the measurement and such levels are
indicated by » in Table I. The background analysis is also
demonstrated in Figs. 2 and 3, both around (c) Egecay and (d)
Efeeder, respectively. The background corrections are shown
with respect to PRD = 0 at the reference energy value. The
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FIG. 2. The CeBr; energy gated projections of CeBr; (blue dash-
dotted lines) and clover (red solid lines) detectors are shown with
gate on (a) feeder (630 keV) and (b) decay (668 keV) y rays of 630—
668 keV cascade of '**Xe. The photopeaks observed in (a) and (b) are
marked with x and # respectively, in case they arise from known y-y
coincidences or from the coincidence with the Compton background
under the gating transition. The background analysis for this cascade
are shown in panels (c) and (d) where ACgg values are shown with
respect to PRD = 0 at E,;. The PRD curve is also shown with black
dashed line by making PRD = 0 at E,;. The red dash-dotted line is
drawn to guide the eye for AC or PRD = 0.

value of ACepy is also indicated on the figures and the same
is taken from the separation between the delayed and antide-
layed TAC projections shown in Fig. 4 for all the cascades
listed in Table I. All kinds of centroid difference (AC) values
obtained from this analysis and required for the determination
of level lifetime are listed in Table I.
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FIG. 3. The CeBr; energy gated projections of CeBr; (blue dash-
dotted lines) and clover (red solid lines) detectors are shown with
gate on (a) feeder (1126 keV) and (b) decay (774 keV) y rays of
1126-774-keV cascade of '*!I. The background analysis for this
cascade are shown in panels (c) and (d) where ACgg values are
shown with respect to PRD =0 at E,;. The PRD curve is also
shown with black dashed line by making PRD = 0 at E . The red
dash-dotted line is drawn to guide the eye for AC or PRD = 0.
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FIG. 4. The delayed and antidelayed TAC spectra for few cas-
cades of **Xe (a)-(d) and "*'I (e)-(h) nuclei, used for the lifetime
measurement with GCD method. The delayed and antidelayed time
distributions are shown with red (solid) and blue (dotted) lines
respectively.

The lifetimes measured with GCD method are shown in
Table I in comparison to the earlier works, wherever available.
Only the upper limit of lifetime is shown when the measured
value is found to be less than the error obtained in the
measurement. Prior to the present measurement, the level
lifetimes for the 511.9 keV level of '°Pd and the 160.6 and
383.8 keV levels of '33Cs were reproduced from the same
experimental setup, as described in Ref. [17]. In the present
measurement, a systematic error was required to be added to
the lifetimes of the levels marked with » in Table I. Among
these, the 621 keV peak was found to be contaminating both
the 630-668 (668 keV, 2,1 level of '3?Xe) and 506-630
(1298 keV, 2,7 level of '32Xe) cascades. As the lifetime of the
decaying and feeding levels of the 621 keV transition is not
known, an error of 3 ps (~10) was added to the lifetimes of
these two levels. No contaminations were found, however, that
can be considered as disturbing transitions for the remaining
levels listed in Table 1.

The present measurement could yield the lifetimes of the
774 keV (11/217), 852 keV (9/2,7), 1646 keV (11/27), and
1899 keV (13/2]) levels of *'T with the GCD method. None
of these lifetimes are known in the literature and thus the
present work provides these data for the first time. Along with
1311, the lifetime measurement was also explored for the first
few excited levels in '3?Xe which was yielded from the decay
of 1321. However, according to the data available for the Xe
nuclei around N = 82 [26], the lifetimes for most of these
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FIG. 5. The time distribution obtained for the 102-241 keV
cascade with an appropriate background subtraction is shown.

levels in '¥2Xe are expected to be below the standard deviation
of the PRD. So, the precise determination of lifetimes for
these levels in '3?Xe are difficult as the values are at the limits
of the capability of the present experiment. Among these, the
lifetime of the 2;% level was measured, prior to the present
work, with different techniques and the corresponding values
vary among themselves between 6.1(5) and 9.7(30) ps [23,24].
Considering this variation for the 2, * level, it is observed that
the present measurement could reasonably reproduce the level
lifetime of the first two excited levels in '32Xe. In the case
of the next excited level (4,7), however, the lifetime value
yielded with the present GCD analysis is on the higher side
in comparison to the earlier Coulomb excitation experiments
[20,23,24]. In addition, the level lifetime for the 4, level in
132Xe could also be measured for the first time in the present
work. Along with the lifetime measurement with the GCD
method, the lifetime of the 1797 keV (15/2;) level of 1*'T was
also measured with the slope method. This was done by using
the time distribution spectrum for the 102-241 keV cascade.
The time distribution spectra and the slope fit for the 102—
241 keV cascade is shown in Fig. 5 and the present measure-
ment yielded a level lifetime of 8.4(7) ns which is in agree-
ment with the earlier measurements [21] and listed in Table I.
The known experimental level sequences and the level
lifetimes obtained for *'T and '3*Xe have been interpreted
from LBSM calculations performed with the NUSHELLX code
as described in Sec. I'V and the structure associated to different
excited levels in these two nuclei is discussed in Sec. V.

IV. SHELL MODEL CALCULATION

In order to understand the structure of the low-lying states
in 3'T and '¥?Xe nuclei, LBSM calculations were performed
using the code NUSHELLX [18]. The calculation considered
10081 as core and the particles were distributed over the
50-82 subshell space comprised of (1g7/2, 2ds,2, 2d3/2, 3512,
1h11,2) single particle orbitals. The calculations were carried
out using proton-neutron formalism in full valence space
without any truncation and using the sn100pn interaction

014306-4
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[27], available with the code. The Hamiltonian consisted
of four parts, treating the neutron-neutron, neutron-proton,
proton-proton, and Coulomb repulsion between the protons.
The residual two body matrix element of this interaction was
obtained starting with a G matrix derived from the CD-Bonn
nucleon-nucleon potential [28]. The single particle energies
used in the calculation are 0.80720 (wlg7,), 1.56230
(m2dsyp), 3.31600 (7w2ds3s), 3.22380 (73s12), 3.60510
(mwlhi12), —10.60890 (vlg7n), —10.28930 (v2ds)),
—8.71670 (v2d32), —8.69440 (v3si;2), and —8.81520
(v1hy12) MeV respectively. In Table II, the calculated
excitation energies are compared with the experimental
energies of the low-lying levels, mostly below 2.0 MeV, in
the iodine and xenon nuclei under study.

The decomposition of angular momentum of proton and
neutron (I, ® I,) for each level is listed in Table II along
with the dominant particle partitions contributing to the con-
figuration mixed (J7) states. Only those I;-I, combinations
are listed which have a contribution of greater than 10% in
the total wave function. Different partitions obtained for a
particular coupling are also listed in the table. In general, all
those partitions having probability >5% are listed, wherever
available. However, there are some cases where all the par-
titions are of less than 5% strength and in such a situation
the partition having the maximum probability is only listed.
It is important to mention that the corresponding partitions
listed in the table, however, account for not more than 25%
of the total partitions involved in constituting the state. This
indicates a tremendous fragmentation of the wave functions,
i.e., configuration mixing, in almost all the levels in BT and
132yq

The transition probabilities, corresponding to the decay of
excited levels in '3'T and '*?>Xe, have been calculated using
effective charges (e” = 1.35, " = 0.35) and g factors (gl” =
1.0, g¥ =5.586, g/ = 0.0 and g" = —3.826). The lifetimes
have been calculated from these transition probabilities by
considering the theoretical branching and experimental y
energy values. The conversion coefficient for a particular tran-
sition was calculated from the Brlcc code [29]. The lifetime
values obtained from the calculation have been compared with
the experimental results for the positive parity levels, as shown
in Table II. The lifetimes of all the positive parity levels in
1317 and 132Xe are reasonably reproduced from the calculation.
However, using the above method, the level lifetimes could
not be directly estimated for the negative parity levels of
BIL, viz., 1646 keV (11/27), 1797 keV (15/2]), and 1899
keV (13/2]). These levels are known to de-excite by strong
E1 decays and the single particle orbitals available in the
chosen model space of our calculation do not allow such
E1 decay to occur. However, the lifetime for two of these
levels could be calculated from partial lifetimes obtained from
shell model calculation and using the experimental branching
ratios. These calculations are discussed below in Sec. V and
the lifetime values are tabulated in Table II.

V. DISCUSSION

The level structures for the '*'T and '32Xe nuclei are dis-
cussed below based on the results of shell model calculations

given above and comparison with systematics of the neigh-
boring nuclei. The systematic comparison has been helpful in
understanding the evolution of level structure in these nuclei
as a function of neutron number. This has been done by
comparing the level energies and the transition rates for in-
dividual levels. The reduced transition probabilities [B(EX)]
have been estimated, using the standard formulations [30],
from the measured level lifetimes and the known branching
and mixing ratios [21,22].

A. 131[

The level energies of *'T up to 2.0 MeV could be well
reproduced from present shell model calculation. However, in
Table II, only the low-lying levels up to 1060 keV and a few
higher lying levels relevant to the present measurements and
discussions are shown. Both of the second and third excited
levels in "*'T at 493 and 602 keV have experimental J™ as-
signment of 3/2% or 5/2% [21]. The present calculation shows
two such levels at 450 and 653 keV excitations which have J7
values of 5/2% and 3/2%, respectively, and could be assigned
accordingly. This is, however, contrary to the earlier shell
model work of Ref. [31] and the experimental level sequences
in '¥I and '®°L, where the first 3 /2% level is below the second
5/2%. The 774 keV level has been known to have the J*
assignment of 9/2% or 11/2% [21]. The present calculation
predicts one 11/2% level at 803 keV and accordingly the
774 keV level is suggested to have a 11/2" assignment. The
next four excited levels at 852, 876, 1006, and 1060 keV are
also well reproduced in the present calculation. The 1006-keV
level possibly has 7/2% assignment as 1040 keV (7/2%) is the
only level that was produced from the present calculation be-
tween 896 (1/27) and 1169 (9/2%) keV. The next two levels,
shown in Table II, at 1556 and 1596 keV are predicted at 1554
and 1649 keV from the present calculation. Our calculation
could also reproduce all the negative parity levels up to 1925
keV (11/27) in "*'I. The J” values of both the 1797 and 1899
keV levels were assigned to have (9/27, 11/27, 13/27) in
the NNDC database [21]. However, the angular correlation
and nuclear orientation experiments [32] suggested the spin
parity of 15/27 and 13/27, respectively, for the 1797 and
1899 keV levels. The said assignment of the 1797 keV level
is also supported by the recent experimental observation from
multinucleon transfer with 3°Xe [33] and the M1 nature of
the 102 keV transition connecting the 1899 and 1797 keV
levels. In our present calculation, two negative parity levels
of 15/27 and 13/27 are predicted at 1776 and 1841 keV,
respectively, and are accordingly associated with the 1797
and 1899 keV levels. The recent experiment [33] on *'T also
supports the spin assignments of the 1556 and 1596 keV levels
as 15/2% and 13/2", respectively. The excitation energies
for a few other levels observed in this multinucleon transfer
experiment, viz., 1881 keV (15/2%), 1885 keV (17/27), and
1918 keV (19/27), are also reproduced from the present work
at 1832, 2011, and 1956 keV, respectively, but are not listed in
Table II.

As mentioned in Sec. IV, a strong fragmentation of con-
figuration was found for the excited levels in '*'T and <1%
strength was found for 35-55% of the total partitions. Such
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TABLE II. The excitation energy, most dominant particle partitions, and level lifetimes for the low-lying levels in '¥?Xe and "'I, obtained
from shell model calculation with NUSHELLX, are shown. The experimental values are also shown for comparison. (a) shows the % probability
of coupling between a particular combination of I, and I,. (b) represents the % probability of a specific partition for a particular coupling.

Nucleus E, J* I, I, % prob. Major % prob.  Lifetime (ps)
(keV) (a) partition (b) (pres. work)
expt.  calc. expt. calc. expt.  calc.
132Xe 0 0 o+ 0+ 0t 0t  66.70 m(1g5,) ® v(2d;31hi7,) 11.04
n(1g7/22d /2)®v(2d3/21h”/2) 6.07
2+ 2+ 29.06 n(lgm) ® v(2d3/21h11/2) 3.23
668 740 2% 2t (O 2t 4291 n(1g7/2) ® v(2d3/21h”/2) 6.49 <8 15
2+ 0* 31.40 7(1g3/2) ® v(delh”/z) 4.82
1298 1413 2+ 2+ o+ 2+ 39.22 (lgy,) ® v(2d3/23s1/121h“/2) 5.33 10(8) 11
m(1g3,) ® v(2d;31hiT,) 5.00
2t 2+ 29.48 ”(137/2) ® v(2d3/§1h”/2) 3.78
2t 31016 w(lgh,) ® v(2d;h3si 41k ) 1.50
1440 1525 4+ 4+ ot 4+ 22.99 ”(lg7/2) ® v(2d3/21h”/2) 3.66 14(5) 5
2t 2t 3315 7(1g3,) ® v(2d;51hi7,) 477
4+ 0* 21.03 n(lgm) ® v(2d3/21h“/2) 2.99
1803 1922 3t 3t (h 3t 37.13 n(1g7/2) ® v(2d3/23s,’/121h”/2) 6.83

22t 3236 w(lgh,) ® v(2dy3syh1hT,) 3.12

28 4% 1088 w(lgi,) ® v(2d;)h3sh1hiT,) 1.15

1850 1697  0F & 2% 0+ ot 0ot 57.02 m(lgd,) ® v(2d;53s1 ) 8.84
n(lg%/22d52/2) ® v(2d37%1hf12/2) 6.41

2t 2t 3684 w(1g2,2d2,) ®@v(2d;51hi,) 350

1963 1887 4+ 4+ 0t 4t 1643 m(1g3,) ® v(2d; 5 1hi1) 349 1065 1
4t 0t 4647 7(1g3,) ® v(2d;51hi7,) 7.64
1986 1881 2+ 2+ 0t 2t 1722 7(1g5,) ® v(2d;51hi7,) 4.09
280" 3450 w(1g3,2d2,) ® v(2d5;5 1R 1) 4.15
2t 2F 1115 w(lgd,) ® v(2di3s plhi,) 1.19
442t 2072 m(1g3,2d2,) ® v(2di51hiT,) 1.71
2112 1976 6t 6+ 442t 1164 m(lg3,2di,) ® v(2dis1hiT) 1.57

67 0t 5317 m(1g3,2di,) ® v(3si31hiT,) 5.10
m(1g3,2di,) @ v(2di31hiT,)  14.62
67 27 1031 w(1g3,2dl,) ® v(2dy;51hi1) 2.56

BIT 0 0 7/2* 7/2F  5/2F  2F 10.02 7(183,,) ® v(2d;31hi7,) 2.28
7/2% 0t 6833 m(1g3,) @ v(3si 51y 5.92

7(1837/2) ® v(2d; 5 1hi7,) 18.66

150 246 5/2+ 5,2 572 0t 51.26 m(1g3,,) ® v(2d; 3 1hi7,) 10.46

m(1g3,,2dd,) ® v(2di31h77,) 6.29

5/2 2 1195 w(lg3,) ® v(2d;53s 41k ,) 1.52

7/2F 2t 2474 m(1g3,) ® v(2d; 5 1hi1) 5.38

493 450  3/2%5/2%  5/2% 52t 0" 5824 w(1g},2dl,) @ vQ2diplhi,) 12,94
5/2t 2t 1364 w(183,2d) ) @ v(2d; 5 1R ,) 2.91

7/2% 2t 1233 m(1g3,) ® v(2d; 5 1hi7) 2.18

602 653 3/2t,5/2F 3,2 3/2t  0F 4253 (183, ® vQ2di51h ), 11.00

014306-6



LIFETIMES AND TRANSITION PROBABILITIES FOR ...

PHYSICAL REVIEW C 99, 014306 (2019)

TABLE II. (Continued.)

Nucleus E, J I I, % prob. Major % prob.  Lifetime (ps)
(keV) partition (b) (pres. work)
expt. calc. expt. calc. expt. calc.
5/2* 2t 1515 m(183,,) ® v(2d;531hi7,) 4.66
7/2t 2T 29.68 m(183,,) ® v(2d; 5 1hi1,) 8.90
774 803 9/2+,11/2* 11/2% 7/2+ 2% 4433 m(1g3,,) ® v(2d;51hi7,) 1271 22(5) 11
112 0t 3236 m(1g3,) ® v(2d; 510y 1) 10.18
852 872 9/2* 9/2t  7/2F 2t 4946 m(183,,) ® v(2d; 33y h1h11,) 9.02 95 4
m(1g3,,) ® v(2d;531hi7,) 9.36
9/2t 0t 2234 m(1g3,) ® v(2d; 510y 1) 6.15
876 896 1/2+ 12+ 1727 0t 4251 7 (183,351 ,) @ v(2d;31h77,) 9.41
5/2t 2% 43.14 m(183,,2ds,,) ® v(2dy51hi7,) 13.49
1006 1040 7/2% 5/2F 2t 3872 w(1g3,2di,) ® v(2d;y3sih1hiT,)  8.52
m(1g3,,2ds,) @ v(2d3\3sip1hi,) 7185
7/2t 0t 3538 m(1g3,,2d],) ® v(2d;51hi7,) 10.9
1060 1169 9/2 9/2+ 5/2t 2t 3356 m(1g3,,2d1,,) ® v(2d331hi7,) 10.09
9/2t 0t  34.07 m(1g3,,2d3,) ® v(2d;31hi7,) 10.31
1556 1554 + 15/2t  7/2% 4t 1696 m(183,,) ® v(2d; 53 1hi7,) 5.25
11/2% 2t 29.89 m(1g3,,) ® v(2d;51hiT,) 9.70
15/2 0t 32.98 m(1g3,,) ® v(2d; 5 1hiT,) 9.96
1596 1649 + 13/2% 9/2+ 2t 2193 m(1g2,2d) ) @ v(2d; 5 1hi1)) 5.29
13/2 0* 4481 m(183,2d!,) @ v(2ds51hi7),) 13.58
1646 1606 11/2- 11/2= 11/2= 0" 56.72 m (183 51k, ,) @ v(3si51h11,) 6.74  23(5)
m(1g3,1h,,) @ v(2d51h17,) 18.32
11727 2% 2781 (183 ,1hy,,) ® v(2dy33s; h1hi,)  5.12

m(1g3,,1h,,) ® v(2di31h77,) 5.94

1797 1776 9/2-,11/27,13/2= 15/2= 5/2* 5= 13.02 n(1g3/2)®u(2d37§3s;,21h;1/2) 4.68 84(7)ns 22ns
5/2% 7 10.02 m(1g3,,) ® v(2d; 335 51h7 ) 2.58
7/2% 57 5791 m(1g3,,) ® v(2d; 3357 h1hT ) 21.25
m(1g3,) ® v(2d; 3 1hy)) 8.27

1899 1841 9/27,11/27,13/2 13/2~ 5/2* 5= 1442 7(183,) ® v(2d; 33515 1h1)) 588  34(6) 44
7/2t 57 4233 m(1g3,,) ® v(2d; 3357 51hT ) 15.21
m(1g3,) ® v(2d; 3 1hy)) 6.17
1925 1916 11/2- 11/2= 5/2t 5 1728 m(1g3,,) ® v(2d; 3357 h1hT ) 6.42
7/2t 57 4236 m(1g3,,) ® v(2d; 3357 h1hT ) 15.07
m(1g3,,) ® v(2d; 3 1hi)) 6.17

strong fragmentation of configuration conjectures the collec-
tive nature for these levels in '*'I. Considering the major
configurations, the structure of the positive parity levels in
this nucleus was found to be dominated by 7 g7/2, vh11 /2, and
vds, orbitals. The 5/ 27 levels in "3'T have mixed configura-
tions involving both 7 g7,> and 7ds/, orbitals. This is not in
line with much of the earlier understanding regarding the pure

mds), configuration of the first excited state in '*'T [34,35].

The negative parity levels in *'T was found to be developed
from multiquasiparticle excitation involving both a wh!, P
particle and a vh fll/z hole. From the present calculation, it was
found that the lowest negative parity level at 1646 keV, 11/2~
has major contribution from the h!, /> particle in comparison
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FIG. 6. The B(E2) values for the decay of 774 keV, 11/27" level
in 'T in comparison to that in neighboring nuclei is shown. The
filled circles (red) represents the values calculated from the level
lifetimes taken from NNDC database [26] and the open circle (blue)
is for '*'T and is measured in the present work. The branching and
mixing ratios are taken from NNDC database.

to the other higher lying negative parity levels in T, viz.,
1797, 1899, and 1925 keV, where both protons and neutrons
were found to be contributing in the major partitions.

Among the two positive parity levels in '*'T for which
lifetime measurement has been done in the present work, the
774 keV, 11/27 level decays mainly by a strong E2 transition
to the 7/2" ground state, indicating a collective nature for this
level. The B(E2) value for the decay of the lowest 11/2%
levels in '*'T and its neighboring nuclei up to the N = 82 shell
closure is shown in Fig. 6. The B(E2) value for 11/2;" —
7/2," decay shows a decreasing trend as a function of neutron
number supporting the loss of collectivity as one approaches
the double shell closure of *2Sn.

As discussed in Sec. IV, the E'1 decays from the negative
parity levels in "*'T could not be calculated in the chosen shell
model valence space. The lifetime of the 1797-keV (15/27)
level in '3'T was known from earlier works [35] and is also
measured in the present work (cf. Table I) as 8.4(7) ns. This
level mainly decays by the 201 and 241 keV transitions, which
are known to be of E1 nature from the conversion electron
measurement [36], and by considering these strong decays,
no theoretical estimate of level lifetime was possible for this

level. One 151 keV transition of very weak intensity is known
from this level to the 1646 keV, 11/27 level. Considering
E?2 multipolarity for this transition and by correcting for
the branching ratios as available in NNDC [21], the lifetime
for this level comes out to be 21 ns from the shell model
calculation. The 1899 keV (13/2]) level decays by two
strong transitions, viz. 102 keV (M1) and 1126 keV (E1).
The measured lifetime of this level comes out to be 34(6) ps
(cf. Table I). The present calculation estimates a lifetime of
116 ps for the 1899 keV level by considering only the 102 keV
M1 decay. Considering this partial lifetime and the known
branching of the 102 keV, the level lifetime of the 1899 keV
level is estimated to be 44 ps which is close to the present
measurement. The level lifetime of the 1646 keV, 11/27 level
was also measured for the first time in the present work (cf.
Table I). However, no theoretical estimate could be made for
this lifetime as the level is de-excited by two E1 transitions,
viz., 586 and 794 keV, which carry the major share of decay
out intensity and the nature of the other weak decays from
this level are not available in the literature. The E1 decays
from these negative parity levels are discussed in comparison
to the systematics observed in the neighboring nuclei.

The 1646 keV, 11/27 level decays by the 794 keV E1
transition to the 852 keV, 9/2% level. The presence of AJ =
1, Amr = —1 proton orbitals (7 /1,2, wgy/2) are necessary in
the configuration of the initial (1646 keV, 11/27) and the final
(852 keV, 9/27) levels for this E1 decay to occur. However,
the major configurations for the 852 keV level were found
to involve ng% /> protons and to have the same neutron hole
configuration as that of 1646 keV level. Also, the excitation
energy of the 852 keV level was very well reproduced from
the present calculation with such a configuration. Hence, the
origin of E1 decay from the 1646 keV level could not be
explained from the present shell model calculation. In order
to understand this, the decays of such 11/27 levels observed
in the neighboring iodine nuclei have been studied and are
shown in Fig. 7. It is found that, in all these nuclei, the E'1
decays are observed from the 11/2~ (7rh}1 12) level to the

9/2% levels having configurations involving either rrdsl /o OF
rrg71 /2 Also, no connection was found between these 11/2~
(mhi, 12) levels to the proposed 7 g(;/lz levels, wherever known.

In addition, the excitation energy of the lowest J'rgg_/l2 level,
known in these nuclei, was found to increase as a function of
neutron number; and at N = 74, it was observed at a higher
excitation compared to the 11/27 (nh} 1/2) level. So, it may

1/2- 1646 ™M1z
9/2+ 1623 Tgy,77ds)
92t 1350 Vg, 586
12" 1235 .
11/2— 1084 ~h 9/2+ :I:IISI
112 + 1060 7vd
112~ 943 mh,,, 2L 2 20 rig, 490 92 | s
1/2- 812 i, 275 . o R 912+ — Y 852 g,
L& 182650 g+ 3901 671 mdg, o2t ¥ 704 o+ 745
o 2 o ===l mest T g 2 6]
9/92/*2+4'_4T4 mdg,  9/3* 555 ”dzé o
T T8
1211 1231 1251 1277 1311

FIG. 7. The systematics of E1 decays from the 11/2~ levels in the iodine nuclei around **Sn.
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FIG. 8. The systematics of E1 decays from the 13/2 and 15/2~
levels in the I and Sb nuclei around '*2Sn.

be conjectured that Jng_/lz excitation in '*'T will be at higher

excitation compared to the 1646 keV, 11/27 level.

Both of the next two negative parity levels in *'I, viz.,
1797 keV (15/27) and 1899 keV (13/27), were found to have
the involvement of the vh 1y, hole in the major configurations
obtained from the present shell model calculation. As dis-
cussed above for 1646-keV level, the strong E1 decays from
these levels, viz. (1) 1797 keV (15/27) — 1556 keV (15/21),
(ii) 1797 keV (15/27) — 1596 keV (13/2%), and (iii) 1899
keV (13/27) — 773 keV (11/2%), could be explained only if a
v gg_/l2 configuration is involved in the configuration of the final
levels, viz., 774, 1556, and 1596 keV. However, all these three
levels could be well reproduced in the present calculation
with the involvement of vd;fzh flz/z configurations and without
any contribution from vgg/>. A systematic comparison of the
15/27 and 13/27 levels and their E1 decays neighboring to
31T have also been shown in Fig. 8 where it is observed that
these negative parity levels in '2°Sb and '**I also show similar
decays as observed in the case of '*'I. However, neither the
configurations of these levels in '>’Sb and '**I are known
nor the existence of any vg;/12 configuration is yet found in
these nuclei. Such neutron core excitation is, however, sup-
posed to involve much higher excitation as predicted in '33Cs
[37].

Earlier, the possibility of an octupole excitation of the core,
coupled to a single-quasiparticle state, was considered for the
excitation of the 1797 keV level in *'I (cf. Ref. [36]). In order
to test such a conjecture, the B(E1) and B(E3) strengths
obtained from the measured lifetimes are tabulated in Table III
for the decay of the negative parity levels in '*'I. The B(E3)

rate calculated from the present shell model calculation is also
shown in the table for comparison.

The B(E1) rates from the 1646 keV (11/27) level to the
852 and 1060 keV (9/2%) levels are found to be similar to
that observed for the 3~ level in ''*Xe [38] where octupole
collectivity has been established. It is, however, observed that
the B(E1) strengths from the 1797 and 1899 keV levels are
not enhanced similar to the 1646 keV level. Moreover, by
considering the pure E3 nature for the 1496 keV y ray [1646
keV (11/27) — 150 keV (5/27)], the limit for the corre-
sponding B(E3) strength was estimated. This B(E3) strength
was observed to be <14 W.u. which is similar to that known
for '¥2Sn [9], ' 1¥Xe [13], ¥27"%*Ba [39], and in other
nuclei [40] in this mass region where octupole correlation
has been observed. The octupole correlation around Z = 56
[41] is expected from the interaction of the two AJ =3
orbitals, viz., ds;» and hyij, in 50-82 subshell space. The
experimental B(E3) value for the 1646 keV level was also
reasonably reproduced from the present shell model calcu-
lation as evident from Table III. It comes out to be 5.5 and
11.0 W.u., by considering the effective proton charge (e”) as
2.0 (cf. Refs. [10,42]) and 3.0, respectively. Most importantly,
it was found that the B(E3) value for this level, which was
dominated by k1, configuration, is almost independent of
the value of the effective neutron charge (¢”*). On the contrary,
the calculated B(E3) value for the second 11/2~ level at
1925 keV, where both proton and neutron configurations
have a non-negligible role, is dependent on both e” and e”".
Although this B(E3) value comes out to be much less and no
y decay of AJ = 3 in nature is known from this 1925-keV
level, nonetheless, the present calculation and comparison
clearly indicate the difference in contribution of the proton
?Snld neutron in the structure of the first two 11/27 levels in

L.

Among the 11/27 levels in the neighboring iodine nuclei
shown in Fig. 7, the level lifetimes or their limits are known in
the case of '?'I, 12T, and '»I. Although pure E1 is known only
for 2°1, the B(E1) strengths known for the 11/2~ — 9/2F
decays for all these cases are 1.65(21) x 107> W.u. (12, 6(3)
x 107° Wu., 3.3(17) x 107° W.u. ("*I), and >2.3 x 1073
W.u. (121, respectively [26]. No E3 decay is known for these
levels and it was not possible to compare B(E3) strengths for
the 11/27 levels in the lighter iodine nuclei to that obtained
for 1311,

TABLE III. The B(E1) and B(E?3) transition strengths for the decay of negative parity levels in ''I.

E,‘ J,‘ Ef Jf EV Multipole B(E)x)
(keV) (keV) (keV) ) W.u.
expt. NUSHELLX
e’ =3.0 e’ =2.0

1646 11/2~ 852 9/2% 794 (E1) 2.6(8) x 1073

1060 9/2% 586 (E1) 1.03) x 1073

150 5/2+ 1496 (E3) <14 11 5.5

1797 15/2- 1556 15/2+ 241 El 1.6(2)x 107

1596 13/2+ 201 El 2.8(3) x 10~°
1899 13/2~ 774 1172+ 1126 (E1) 4.3(1.0) x 1076
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FIG. 9. The B(E2) values for the decays of '*Xe levels in
comparison to that in neighboring nuclei. The filled circles represents
the values calculated from the level lifetimes taken from NNDC
database [26]. The open circle is for 1**Xe and are measured in the
present work. The branching and mixing ratios are taken from NNDC
database.

B. ¥2Xe

The even-even Xe isotopes are known to have a transitional
behavior from y soft to vibrational, as one moves towards the
N = 82 shell closure [43,44]. The E4,+/E,,+ ratio for 1¥*Xe
comes out to be 2.16 which indicates a vibrational structure
for this nucleus. From our present shell model calculation
also, this ratio comes out to be 2.06 which is in good
agreement with the experimental one. Very good agreement
of experimental data and present calculation was also found
for all other yrast levels in this nucleus. This indicates that
the present calculation could nicely reproduce the structure
of the collective low-lying levels in '*?Xe. The approach
towards the vibrational nature for the Xe nuclei are also
indicated in the very recent work by Kaya et al. [45] where
shell model calculations with sn100pn interaction was also
performed. The present calculation was found to reproduce
those results obtained for '*Xe in full valence space by
Kaya et al. However, in the present shell model calculation,
the 3;" level is predicted at a higher excitation compared
to 4,7; also the 23T level is predicted at a lower excitation
compared to both the 4,™ and 3;* levels. The earlier shell
model calculation with sn100pn interaction made similar
predictions on the 3;" level [12] and none of the previous
calculations [12,31] showed the excitation energy of the 2;3*
level which is, however, identified as a mixed symmetry state
in Ref. [46]. The level at 1850 keV is shown as 0" and 2+
in NNDC [22]. However, our calculation predicts a 0" level
at 1697 keV, indicating that the level at 1850 keV might be
a0t.

The collective nature of the low-lying levels in **Xe is
also indicated from the strong configuration mixing observed
for these levels as discussed in Sec. IV. In fact, almost ~45%
of the partitions have strength <1% for the 0" levels and this
increases to almost 70% for other levels (2, 3T, and 47) in
132yq

Figure 9 shows the reduced E2 transition probabilities for
the decay of a few low lying levels in Xe nuclei as a function
of neutron number up to the shell closure at N = 82. The
lifetime data obtained in the present work add the points at
N =78 for the 2;, 4,7, 2,, and 4, levels. The absolute
B(E?2) values for these levels supports their collective nature
and the decrease in B(E2) values for all these low-lying levels
conjectures the validity of double shell closure at '32Sn.

VI. SUMMARY

The lifetimes of a few low-lying excited levels in ''T

and '*2Xe have been measured by using a y-y fast timing
technique with the generalized centroid difference method
and VENTURE array. A large basis shell model calculation
was performed using NUSHELLX code that could well explain
the excitation energies and level lifetimes of the low-lying
excited levels in *'T and '*’Xe. The strong configuration
mixing observed from the calculation represents the collective
nature of these levels which is also supported from the energy
ratios and B(E?2) strengths. The decrease in B(E2) values
with increase in neutron number up to N = 82, both in 13171
and '**Xe, supports the validity of double shell closure of
1328n. The E1 decays of the negative parity levels in '*'T are
compared with the systematics of similar decay patterns in the
neighboring isotopes. The possibility of octupole excitation in
the structure of these levels is discussed based on the B(E1)
and B(E3) rates and these were found to be enhanced for the
1646 keV, 11/27 level in 'L
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