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Lifetimes of the 15/27 and 13/2] levels in 128n have been measured using y-y fast timing technique
which come out to be 10(3) ps and 6(4) ps, respectively. The excited states were populated through internal
transition decay of higher lying us isomers in ?Sn produced as fission fragments and mass separated by the
Lohengrin separator at Institut Laue-Langevin. The generalized centroid difference method was applied with four
LaBr;(Ce) detectors, placed at the focal plane of the separator. The measured lifetimes and absolute transition
probabilities are discussed in the light of large scale shell model calculations to interpret the single particle

configurations and their mixing.
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I. INTRODUCTION

The '2Sn nucleus, having three neutron holes in N =
82 closed shell, provides information on the explicit role
of neutron excitations around the double shell closure of
1328n, Lifetime measurements in '2’Sn are important to under-
stand the nature of n — n interactions around this neutron-rich
doubly-magic nucleus which has fundamental interest in both
nuclear structure and nuclear astrophysics [1,2]. However, the
lifetime data in odd-A Sn nuclei around N = 82 are scant and
only available for very few levels.

The systematics of low lying energy states in odd-A Sn
isotopes reveals that, as one moves towards the N = 82 shell
closure, the vd3/; and vhy j, orbitals come closest to the Fermi
surface. In '2°Sn, the 11 /2~ state is observed at 35 keV above
the 3/2% ground state and is, therefore, an isomer of 6.9 min.
These two (almost degenerate) neutron orbitals play the most
significant role in generating the excited configurations. The
vsiyp holes are also important for low lying excitations in
odd-A Sn as visible from the energy of the first 1/27 level in
1298 that lies at 315 keV with a measured half-life of 19(10)
ps [3].

The excitations built on the 11/27 level are the 9/27,7/27,
15/27, and 13/2~ states which are systematically found in
odd-A Sn around N = 82 [4,5]. Among these, the 15/27 and
13/27 levels are populated from the internal transition (IT)
decay of the 19/2% isomers and decay directly to the 11/2~
isomers, as shown in Fig. 1 of Sec. III (for 1298n). This set of
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levels is interpreted to have vhj; )2 types of structures with a
variable admixture of other configurations [8] or the coupling
of the vhyy, orbital to the core 2 level. Lifetime measure-
ments of 15/27 and 13/27 states may conclusively indicate
the role of mixing of vhl_]"/z, vd;/’;, and vsl_/l2 configurations
in odd-A Sn.

The low lying level structure of '>’Sn is primarily known
from B decay [6,7], isomer decay [8,9] and through rela-
tivistic fission and fragmentation reaction [10] studies. The
information like spin parities of the excited levels and the
multipolarities of the y rays decaying from these levels are
mostly adopted from systematics of experimental data and
shell model interpretations in neighboring nuclei. Three long
lived isomers in the us range have been identified in '*’Sn
[7-10] above the 11/27 level following the decay curves of
de-exciting y transitions. However, there is no experimen-
tal data on the lifetime of other excited levels except that
of 1/2% [3]. There are several theoretical calculations avail-
able, mostly based on a large scale shell model, to study the
level structure and transition probabilities in 1298n [3,11-13].
However, no calculation is available that shows the transition
probabilities from the 15/2~ and 13/27 levels excited on the
11/27 isomer.

In the present work, lifetimes of the 15/2] and the 13/27
states in '°Sn have been measured from isomeric decay.
y-y fast timing technique with a setup of four LaBr;(Ce)
detectors, placed at the focal plane of the LOHENGRIN
fission fragment separator at ILL, Grenoble, France, was
used for this purpose. The transition probabilities have been
estimated from the measured lifetimes; the single particle
configurations and their mixing has been interpreted through
comparison of experimental data with large scale shell model
calculations.

©2024 American Physical Society
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FIG. 1. The IC gated y-y data are shown for both IC-
LaBr;-LaBr; and IC- LaBr;z-clover coincidences. The observed y
peaks are marked for the three different isobars which are being
observed. The y rays of ?Sn and '*Sb come from their IT decays
whereas those of ®Te are observed due to 8 decay of us isomer in
129G},

II. EXPERIMENTAL DETAILS

The low lying excited states of '*Sn have been popu-
lated from the isomeric transition (IT) decay of us isomers
in '2Sn. The neutron rich '®Sn fragments were produced
through neutron-induced fission at Institut Laue-Langevin
(ILL), Grenoble, France using a 0.13 mg/cm??*Pu target.
The A = 129 fragments were separated in mass (M) and
kinetic energy (E) using LOHENGRIN separator. The frag-
ments were detected with an ionization chamber (IC) placed
at the focal plane. The ions of the selected fragments traverse
the ionization chamber operated at low pressure, providing
only a AE signal but not stopping the ions in gas. They are
then implanted in a stopper foil downstream from where y
decays are counted as described in Ref. [14]. For a chosen
A/q setting of the Lohengrin separator, IC can distinguish
between two masses that are separated by about 7-8 MeV but
cannot resolve Z. IC, however, provides the timing signal to
distinguish between IT and 8 decays which has been utilized
in the present measurement by generating the ‘start’ signal
from IC for IT decay measurements of us isomers.

Decay of two isomeric states in '2°Sn, viz., 19/2%, 3.40
us and 23/2%, 2.22 us, contributed to the population of 15/2F
and 13/27 levels of '?Sn. There was no contribution from the
27/2%,0.27 us isomer in the present data as the ion travel time
through LOHENGRIN is about 2 us. The y rays following
the IT decay of these isomers were measured with an array
of four cylindrical 1.5 in. (diameter) x 1.5 in. (thickness)
LaBr3;(Ce) detectors, kept at an angle of 90° with respect to
each other. The time resolution obtained with a pair of these
detectors is 210(10) ps for the y-y cascade of *°Co [14] which
degrades by 10 ps maximum when all six combinations from

the four detector setup are considered. For the measurements
subsequent to IT decays, the degradation of the time resolu-
tion of the setup due to the difference of y ray time of flight
(ATOF) of the extended LOHENGRIN beam spot is about
20 ps (<10%). However, this ATOF has no effect on lifetime
measurement using the generalized centroid difference (GCD)
method. This owes to the centrally symmetric (rotational in-
variant) detector arrangement in the setup, as illustrated and
reported in Ref. [14]. In addition to the LaBr3;(Ce) detectors,
two clover HPGe detectors were also placed near the focal
plane for clean identification of y rays from the fission frag-
ments separated in M and E. The details of the setup and fast
timing measurement technique can be found in Refs. [14,15].
The data presented in the present work and that reported in
Ref. [15] were collected in two consecutive experiments in a
campaign where the experimental setup remained the same.
The present fast timing measurement was carried out after en-
suring that photons detected in LaBr3;(Ce) were in coincidence
with the fragments detected in IC and putting an appropriate
energy gate in IC. These conditions confirm that the excited
levels in '?°Sn are populated only through the IT decay of
the higher lying isomers. In the subsequent measurement, a
10 us coincidence window (about 3 to 4 half-lives of the
isomers) could be used between the IC and the y detectors
for increasing the statistics without incorporating any random
event, as the implantation rate in IC was about 1.5 kHz only.

III. RESULTS

The IC gated y-y (LaBrs-LaBrs or LaBrs-clover) projec-
tions are shown in Fig. 1. The y rays feeding and decaying
from the excited levels of '2°Sn populated from its IT decay,
shown in the right panel of Fig. 1, are clearly visible in this
projection. The y rays from the IT and 8 decay of '’Sb
are also visible in the spectrum of Fig. 1 which, however,
do not contaminate the y rays of interest in '*’Sn, except
the 1129 keV. The 1136 keV transition decaying from the
15/2" level of '2Sn cannot be fully resolved from this 1129
keV line in LaBrj; detectors. This can, however, be cleaned
by putting a gate on 570 keV, as shown in Fig. 2(a) where
gated projections from both LaBr; - LaBr; and LaBr;-clover
coincidences are displayed. This is possible due to the fact
that there is no y ray present in the close vicinity of 570 keV
which is in coincidence with 1129 keV. Figure 2 shows all
the gated projections that were used in the subsequent lifetime
measurements of the 15/2; and 13/2; levels in '*’Sn through
the GCD method using the IC-y-y triple coincidence events.

In the GCD technique, the difference of experimental
centroid positions (ACcp) is measured among the delayed
and antidelayed time difference distributions, generated for a
particular y-y cascade [16]. The delayed (antidelayed) dis-
tribution means when the decay (feeding) y is considered
as time stop and feeding (decay) y is considered as time
start. These distributions were generated with six possible
combinations among the four LaBr; detectors of the setup
which were adjusted for time delay, among each combina-
tion. The start and stop y rays were selected with narrow
energy gates put on feeding and decaying y rays detected
in LaBr; detectors. The gate widths corresponded to the full
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FIG. 2. The gated projections from IC gated LaBr;-LaBr; and
LaBr;-clover coincidence events, corresponding to the cascades of
15/27 (a,b) and 13/27 (c,d) levels in '?Sn. The overlapped projec-
tions of LaBr; and clover with a gate on LaBr; show the cleanliness
of a particular y energy peak that may be used in subsequent lifetime
measurement.

width at half-maximum (FWHM) of the energy peaks seen
with LaBr; detectors as visible from Figs. 1 and 2. Prompt
three-fold coincidence events (IC-y-y) gathered with any
pair of LaBr; detectors (two selected y gates) and IC (with
fragment gate) were considered for analysis. The delayed
and antidelayed time difference distributions obtained for the
cascades corresponding to 15/27 and 13/2] levels are shown
in Fig. 3. In these figures, the FWHM of the distributions,
representing the time resolution of the setup, is mentioned
along with the total statistics obtained in these projections.
The difference between the centroids of these distributions
(ACecxp) generally contain the contributions from full energy
peak (FEP)-Compton and Compton-Compton coincidences
as well. Therefore, the same needs to be corrected to obtain
the centroid difference corresponding to true FEP-FEP coin-
cidences (ACggp). However, the gated projections of Fig. 2,
corresponding to the y — y cascades of 15/27 and 13/27
levels, show that the photopeaks are visible with peak to
background (p/b) ratios well above 20. Therefore, with such
high p/b, the background corrections were negligibly small
as compared to the error in lifetime, as also demonstrated
in Ref. [14]. Accordingly, the experimental value of centroid
differences shown in Fig. 3 (ACcp) can be considered as
ACggp in the present measurement. The ACggp, SO measured,
directly provides the measure of lifetimes of these levels,
when corrected for the prompt response difference (PRD) of
the setup following the relation 2t = ACggp — PRD.

The PRD curve for the present setup is discussed in detail
in Ref. [15] and it represents the variation of time walk for the
setup as a function of y energy. As presented in Ref. [15], the
PRD value over the total dynamic range of 40 keV to 1.4 MeV
was less than 200 ps. In Fig. 3, the ACrgp (= ACexp) and the
PRD values for the cascades corresponding to 15/2] (a) and
13/27 (b) levels in 1298n are shown which directly indicates
the value of the lifetime (7) of the levels. The lifetimes of the
15/27 and 13/2] levels, so measured in the present work,
come out to be 10(3) ps and 6(4) ps, respectively. This is the
first measurement for the lifetime of the 15/2] and 13/2] s
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FIG. 3. The TAC projections for the lifetime measurements of
15/27 (a) and 13/2 (b) levels in 1298n. The centroid difference (AC
= ACyp = ACggp) values are shown along with PRD values for
the cascades. Lifetimes are also shown that are deduced following
the relation 2t = ACggp — PRD. The FWHM values and the total
counts obtained are mentioned for both delayed and antidelayed time
difference distributions. See text for details.

levels in 12°Sn. This also provides the first set of experimental
data for the 15/2] and 13/2] levels among all odd-A Sn and
all N = 79 nuclei around '3>Sn. However, lifetime data are
available in some Sn nuclei for the lowest 1/2% and other
isomeric states like 11/27,19/2%,23/2%, and 27/2".

The reduced transition probabilities for the decay of 15/27
(1171.48 keV) and 13/2; (1359.40 keV) levels of '*’Sn have
been determined from the measured lifetimes. In this calcu-
lation, the consideration of the branching for the level decay
as well as the mixing ratios and the conversion coefficients
of 1136 keV and 1324 keV become important. Branching is
reported as 100% for the decay of 15/2] and 13/2] levels of
298n [17].

The 1136 keV (15/27 — 11/27) transition is expected to
be pure E2 in nature and therefore, it is reasonable to consider
no mixing for the 1136 keV transition during calculation of
the transition probability for the 15/2; (1171.48 keV) level.

The 1324 keV (13/27 — 11/27) transition can be either
pure M1 or M1 + E2 in nature. However, there is no exper-
imental data on angular distribution and angular correlation
for this transition which could indicate the mixing ratio. Due
to lack of experimental information, pure M 1 nature has been
considered for this transition. Therefore, the M1 transition
probability for the 13/2] — 11/2; decay has been deduced
without any mixing and accordingly, provides the maximum
possible value.
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The conversion coefficients for the high energy E2 (1136
keV) and M1 (1324 keV) transitions were found to be
very low (0.000977 and 0.000866, respectively) but were
still considered in the calculation. The deduced values for
the B(E2)(15/27 — 11/27) and B(M1)(13/2]7 — 11/27)
rates in '??Sn were found to be 1.12(34) W.u. and 0.0023(15)
W.u., respectively.

IV. SHELL MODEL CALCULATION

Large scale shell model calculations were performed to un-
derstand the underlying neutron configurations of the excited
levels in '?°Sn and the decay probabilities arising from the
overlaps of their respective wave functions. In these calcula-
tions, performed with the NUSHELLX code [19], the neutron
particles were distributed above the '®’Sn core over 50-82
subshell space. The set of 1g7/5, 2ds/, 2d3, 35172, and
Lhy1, orbitals comprised the model space for both protons
and neutrons. The sn100pn interaction [20] was used for the
calculation without any truncation of the model space. The
used interaction is well known and has been used in many
nuclei of this mass region [15,22]. The results obtained on the
excitation energy, single particle configurations, and the tran-
sition probabilities are discussed in the following subsections
in comparison to the experimental data.

A. Excitation energy and single particle configuration

The low lying excitations in '?’Sn including 15/2~ and
13/27 levels could be well reproduced with the present
calculation. The calculated level energies in comparison to
experimental data are shown in Table I along with their single
particle configurations. It is observed that the 3/2], 11/2],
and 1/ 2T levels are developed with the last odd hole in 2d3,,,
1h11/2, and 35y, orbitals, respectively. The higher lying pos-
itive parity levels are also found to have mostly pure single
particle configurations with very small mixing.

The configurations of the negative parity levels are frag-
mented based on the position of the neutron hole pairs
distributed in all the other orbitals in the model space. It is
observed that partition in the wave function is more prominent
in case of 11/2] level and the maximum strength of the
wave function for this level goes to vhl’f/2 with consider-
able contribution from vsl_/zzhl_ll/z. Major mixing of vd;/%hl_ll/z
and vsf/lzdglzhfll/z configurations are also found in the wave
functions of 15/27 and 13/2] levels which have significant
strengths from vhl’f/2 as well.

Shell model calculations have also been performed for 2+
level in '3%Sn and it is observed that the configuration of this
level is an admixture of vh712/2(56%), vsl_/lzd3_/£(19%), and
vd;é (11%). Therefore, the structure of 15/2; and 13/27
levels in '?Sn can also be understood in terms of coupling
of one vh;» hole with the 2 level of 1308 core.

B. Transition probability

The transition probabilities have been calculated with
LSSM for the decay of 15/2] and 13/2] levels and also for

TABLE I. The level energies and single particle configurations
for the low lying excitations in '*Sn calculated with NUSHELLX.
The partitions having strength greater than 5% are shown.

Ex. energy Configuration (SM)
Expt. SM Major Strength
J7 (keV) partition (%)
3/2F 0.0 0.0 V(i adsy) 67
v(d;3) 10
v(sl’/zzdg/lz)
v(d;/%d;/‘z)
V(87545 3) 5
11/27 35.15 52 (ki) 39
v(ds3h)) 34
V(Sf/zzhfll/z) 11
V(diéhfll/z)
V(g;/zzhﬁl/z) 6
127 315.41 289 V(51 h) 57
v(d;/%sl’/lz) 27
v(d;/gsl’/lz)
v(g;/z2s]’/12) 6
15/27 1171.48 1204 V(dyhs7hhi) 34
v(ds3h)) 25
(ki) 21
V(ds)hshhi) 7
V(g;/lzdg/lzhl_ll/z)
13/27 1359.40 1586 v(d; 3hi)) 45
(ki) 31
v(ds 58y hh) 11
15/2} 1741.89 1686 V(hinds)h) 82
V(A 81 5) 14
19/2F 1761.6 1705 v(hii,ds ) 79
V(A 81 h) 17
23/2F 1802.6 1734 v(hii,ds ) 97

the other levels for which lifetimes and transition probabilities
are known either from theory or experiment. In Table II, the
results from the present calculation have been shown in com-
parison to the experimental data obtained in the present work
and also with those available in literature. It is observed that
the effective charges and g factors play a significant role in the
variation of B(E?2) and B(M 1) values, respectively, obtained
in different calculations apart from the interactions used in the
code.

The experimental data on transition probabilities for
15/27 — 11/27 and 13/27 — 11/2] decays, shown in
Table II, have been obtained considering the transitions as
pure E2 and M1, respectively, as discussed in Sec. III.
However, mixing of higher multipolarities may be possible
in the case of 13/27 — 11/2] decay like this transition
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TABLE II. The experimental and shell model (SM) results on the reduced transition probabilities for the decay of 15/2 and 13/2 levels
of 'Sn are shown. The results for other levels are also included for which lifetimes were measured or calculated earlier. The J” values have
been taken from the ENSDF database [21]. e!;; and g values are also included as these parameters are found to have significant effect on the
calculated transition probabilities. Data from Ref. [13] have been extracted from the graph. See text for other relevant details.

Jr = J7 Mutipolarity Transition probability(W.u.) Reference
B(E2)
Expt. Theory el
(23/21) —=(19/2}) E2 1.29(15) 1.93 0.86(8) [7]
1.24(10) 0.62 0.9 [9]
1.29(22) 0.99 0.85 [10]
0.63 [11]
1.38 0.7 [12]
1.47 [13]
0.58 0.5 present work
1.14 0.7 present work
1.88 0.9 present work
(19/21) — (15/2}) E2 1.32(18) 2.84 0.69(10) [7]
0.83(5) [8]
1.37(7) 1.45 0.9 [9]
1.52(18) 1.66 0.85 [10]
1.39 [11]
1.27 0.7 [12]
1.03 [13]
0.84 0.5 present work
1.65 0.7 present work
3.14 0.9 present work
(15/27) — 11/27 E2 1.12(34) 0.97 0.5 present work
1.90 0.7 present work
3.14 0.9 present work
2.63 [13]
B(M1)
Expt. Theory g’
(13/27) — 11/27 M1 0.0023(15) 0.0014 —3.82 present work
0.0007 —2.68 present work
(/25 — 3/2} Ml 3.6(19)x1072 3.24x107° —2.68 [3]
3.0x107% —2.68 [3]
3.8x10~* —2.68 [12]
42x1073 —2.68 present work
8.6x107° -3.82 present work

*With modified M1 operator.

is known as M1+ E2 in 3!Te [18], the only information
existing in this region. Such mixing in '®Sn, if any, may
also be estimated from a shell model calculation which was
found to be § = 1.07. The B(M1) and B(E2) values for
this decay have, therefore, been calculated considering the
mixing obtained from shell model and the measured life-
time. These values were found to be 0.0011(7) and 0.46(31),
respectively.

It is found that a variety of effective charges have been
used in the calculations of B(E?2)s available in literature. In
the present work also, the B(E?2) rates have been calculated
with variation of neutron effective charge el from 0.5 to 0.9.
It is found that the default values of el = 0.5 could better
reproduce the experimental data for the 15/27 level although
higher effective charges are required to explain the B(E2) data
at higher spins. This corroborates with our earlier observation

in the case of the B(E?2) values in Te and Xe nuclei around
13281 [15,22] with few neutron holes. In these calculations,
the default effective charges (e7; = 1.5, e}y = 0.5) could well
reproduced the experimental data using sn100pn interaction.
For the calculation of B(M1) rates, g, = —2.68 has been
used for the decay of the 1/2] level [3,12]. In the present
work, the calculation has been performed with default val-
ues of g factors (¢ = 1.0, gf =5.586, g/ = 0.0, and ¢! =
—3.826) and also modifying g! to —2.68. In the present
calculation, the B(M1) rate is reasonably reproduced for the
13/27 level with default g%. This g! = —3.82 also provides
aB(M1)(1/2T — 3/2%) which is closer to the experimental
data compared to that obtained with g8 = —2.68. The B(M1)
value obtained in the present work for the 1/2] level and
with g7 = —2.68, however, corroborates well with the value
calculated in Ref. [3] using the same g). However, it may
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be noted that calculations, performed in Ref. [3], using g} =
—2.68 and with modified M1 operator only could obtain the
B(M1)(1/2] — 3/2]) rate closest to the experimental data.

Specific to the negative parity levels, the experimental tran-
sition probabilities for the decay of 15/2] and 13/2] states
could be reasonably reproduced from the shell model. This, in
turn, validates the corresponding single particle configurations
proposed for these two levels. Therefore, the presence of con-
figuration mixing with the pure vhl_l"/2 wave function is quan-

titatively confirmed for the 15/2 and 13/2] levels in 1298n.

V. SUMMARY

Lifetimes of the 15/2; and 13/2; levels in '*Sn have been
measured using y-y fast timing technique. The measured

lifetimes provide the first ever experimental data set for the
15/27 and 13/27 levels developed above 11/27 in odd-A Sn
and N = 79 nuclei around '*Sn. A large scale shell model
calculation has been performed which suggests the presence
of configuration mixing in the structure of the excited levels
in '2Sn.
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