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High-resolution y-ray spectroscopy and fast-timing methods were employed to study the excited structure
of '2Sn, populated via the S-decay chain of 'Cd — '*®In — !28Sn. The experiment was performed by online
mass separation at the ISOLDE facility at CERN, profiting from intense and pure Cd beams obtained by a
temperature-controlled quartz transfer line combined with resonant laser ionization. An extended 128Sn level
scheme populated in the 8~ decay of the low-spin '2*In isomer was constructed, adding a total of 81 new y-ray
transitions and 30 new levels. Lifetimes of excited states were measured using time-delayed Sy (t) and yy (¢)
coincidences. The lifetime of the (4™) state was measured for the first time, making it possible to deduce the
B(E2; 4% — 2%) transition strength. The previously measured (5~) state was reassessed with improved statistics.
Additionally, an upper limit for the lifetime of the state at 2378 keV was established. The derived reduced
transition probabilities support a tentative spin-parity assignment of (47) for this level. The experimental level
scheme and transition probabilities are compared with available shell-model calculations.

DOI: 10.1103/PhysRevC.111.064310

I. INTRODUCTION

The region around the exotic doubly magic '*?Sn iso-
tope is one of the most thoroughly studied since it is
within reach of current experimental facilities [1-3]. The
understanding of nuclear structure requires the systematic
investigation of nuclei near the Z =50 and N = 82 shell
closures, where collective effects emerge with only a few extra
nucleons. Shell-model calculations have been developed to
describe the nuclear structure around '*2Sn [4,5], achieving
a rather good agreement, particularly below the N = 82 shell
gap.

In spite of being just four neutrons lighter than '**Sn, the
structure of '“®Sn has not been experimentally explored in
sufficient detail. In particular, reduced transition probabili-
ties remain largely unmeasured, despite their importance for
testing nuclear wave functions through excited-state lifetime
measurements.

Early relevant publications on *3Sn are based on B-decay
experiments at the OSIRIS ISOL facility in Studsvik (Swe-
den) by Fogelberg et al. [6,7], using a mass-separated A = 128
beam containing Cd, In, Sn, Sb, and Ag isobars. Several y
rays following the 8 decay of both the (3%) !*%¢In ground
state (g.s.) and (87) '28"'In isomer are reported, populating
levels up to 4510 and 4898 keV, respectively. It should be
noted that the Qg- value is 9171(18) keV, while the neutron
separation energy is 7963(20) keV [8]. A strongly fed (77)
state at 2091 keV with T, = 6.5(5)s was identified in the
B~ decay of the (87). The population of the (57) and (77)
negative-parity states in Ref. [6] was somewhat uncertain due
to the difficulty in obtaining sources where '**In and '*Sn
were in equilibrium. Their placement in the decay scheme
is doubtful, indicating the need for a reevaluation of the
128In — 128Sn decay. Multipolarities of low-lying transitions
were obtained from internal conversion electron measure-
ments [6,7]. Furthermore, lifetime measurements using plastic
and Nal(TI) scintillators are also provided in Ref. [6] for

the 2121-keV state, yielding 7, = 8.6(8)ns. In addition,
the 2492-keV level half-life was measured, giving a value of
Tipp =291(14)ps [9].

A more recent investigation of the high-spin (16%) iso-
meric state in !28"2In, performed at the IGISOL facility
with JYFLTRAP purification, identified a (15%) state in
128Sn at ~5.8 MeV [10,11]. This state decays via a 1779-
keV y ray to the known (157) isomer at 4099.5 keV
[Ti,» = 220(30) ns], already reported in fragmentation [12]
and heavy-ion fusion-fission reactions [13], and interpreted as
a seniority-4 vhl’f/zd_{/; configuration.

This work presents the study of Sn levels populated in
the B-decay chain '2Cd — '**In — '?Sn. Out of the three
known p-decaying states in '?*In, the (3*) g.s., the low-lying
(87) isomer, and the (16") isomer at 1.8 MeV, this measure-
ment benefits from the selective population of the low-spin
ground state of '?%In in the 8 decay of the '*®Cd 0% state. The
analysis is focused on two fundamental aspects: the potential
misplacement of transitions in the '?®In decay scheme and the
limited knowledge of lifetimes and transition probabilities in
128Sn. To this end, a detailed study of the 8 decay of the '*%In
(3") g.s. has been performed. Furthermore, the difference in
half-lives between 28Cd and '?!In facilitates a clear separa-
tion of their respective decay activities. The results provide
new insights into the nuclear structure of '*Sn and enable a
reevaluation of the '?®In decay scheme.

The remainder of this paper is organized as follows. Details
on the experimental method used in the present work are
provided in Sec. II. The experimental results are presented in
Sec. III. and discussed in Sec. IV. Conclusions are drawn in
Sec. V.

II. EXPERIMENTAL DETAILS

The nuclei in the A = 128 B-decay chain were populated
at ISOLDE/CERN facility starting from a high-purity 'Cd
ion beam. Uranium-carbide/graphite (UC,) was employed as
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target material. Protons from the CERN PS Booster accel-
erated to 1.4 GeV induced spallation reactions in a tungsten
rod below the target container. The generated fast neutrons
induced fission in the target and aided in suppressing con-
tamination from neutron-deficient species, compared to direct
production with protons. A temperature-controlled quartz
transfer line between the target and the ion source acted as
a chemical selector, due to strong adsorption of cesium and
indium [14], thus effectively reducing the unwanted prod-
ucts [15,16]. The use of laser ionization via the Resonance
Tonization Laser Ion Source (RILIS) [17] enabled selective
ionization of cadmium with high efficiency [18]. Mass separa-
tion was achieved with the General Purpose Separator (GPS).
As aresult, a ?*Cd beam with a yield of ~1.6 x 10* ions/uC
was obtained, with a suppression factor of isobaric contam-
inants larger than 3000 for '2Cs and in excess of 400 for
28n [19].

The cadmium ions were guided to the center of the
experimental setup at the ISOLDE Decay Station (IDS)
where the ion beam was implanted on a movable tape. The
beam implantation was controlled by an electrostatic beam
gate, starting 5 ms after each proton pulse and lasting for
500 ms. At IDS, an array of six high-purity germanium
(HPGe) clover detectors with a combined full-energy peak
efficiency of 6.0(2)% at 1 MeV was used. Three 8 detectors
surrounded the implantation point in the tape with a 44(2)%
combined g efficiency. Two of them consisted of EJ-232Q
plastic scintillators coupled to silicon photomultipliers while
the third one was an ultrafast 3-mm-thick NE111A plastic
scintillator attached to a fast photomultiplier tube (PMT). The
latter, in combination with two LaBr3;(Ce) crystals with the
shape of truncated cones [20] fitted with fast PMTs [21], was
also employed for fast-timing measurements [22-24]. A XIA
Pixiel6 data acquisition (DAQ) system was used to digitize
the detector signals. The fast-timing signals were subject to
analog processing via constant fraction discriminators and
time-to-amplitude converters prior to being fed to the digi-
tizers, while slow and logic signals were directly input to the
DAQ.

The time response calibration of LaBr;(Ce) detectors was
performed by constructing the full-energy peak (FEP) walk
curve, which corrects the time response as a function of en-
ergy. This was achieved using By (¢) and y y (¢) coincidences
with “°Ba, 12Eu, 133Cs, and ®Rb calibration sources. For
further details about the detection setup and calibration pro-
cedures, the reader is referred to Ref. [19].

III. EXPERIMENTAL RESULTS

This work focuses on the y and fast-timing investigation of
the excited structure of '2Sn populated in the 8 decay of the
128Tn (3+) g.s. The two other B-decaying higher-lying '*%In
isomers [6,10] are not populated in the decay of the '*3Cd 0*
ground state.

The implantation tape was moved every 38.4 s to avoid the
buildup of long-lived activities. Since the §-decay half-life of
1288n is 59.07(14) min [25], the analyzed data mostly contain
the decays of '?Cd and '*®In. By turning the RILIS ionization

r ' -+ Gate on 857 keV
g10°E o | Ty = 814(9) ms %
o [ &
= [ o |
2 S
SI°E o8
3 F § | T,s" = 256(5) ms

10 §:

Foo: |
17\\\\I\\l\‘\\\\‘\\\\‘\\\\‘\\\ |

0 500 1000 1500 2000 2500 3000 3500

Time since the last proton pulse

FIG. 1. Time distribution analysis of the 1282Cd 0% (blue curve)
and '?%In (3%) (black curve) B-decay half-lives and decay fit curves.
The dark green vertical dashed line represents the end of the implan-
tation. The start of the region considered for the fit is indicated with
a light green dot-dashed line. Time distributions gated on 1169- and
857-keV transitions are shown. The final values adopted for '*%Cd
and ?1In B-decay half-lives obtained from the weighted average of
several transitions are shown in the plot (see text for details).

off, the release of surface-ionized '*!In was cross-checked,
and it was found to be well below 1% of the total beam [19].

The B-delayed neutron emission from the '?%In g.s. is very
small, with P, = 3.84(36) x 1072% [26,27], so the vast ma-
jority of the B decay feeds '®Sn. No y transitions have been
observed from the fn-decay branch.

The time distribution of the two most intense y-ray tran-
sitions observed is plotted in Fig. 1, reflecting the different
B-decay lifetimes convoluted with the implantation profile
and the characteristic release time structure arising from the
pulsed proton beam at ISOLDE. Owing to the large difference
in the half-lives of 246(2) and 816(27) ms, respectively [25], it
is possible to unambiguously identify most of the y rays from
the 'Cd and '*!In decays. In addition, the identification of
the y transitions in '?®Sn is based on yy coincidences with
previously known transitions.

A. Half-life of **¢In (3%)

The '?%¢Cd and '*%¢In B-decay half-lives were measured by
fitting the time distributions relative to the proton pulse impact
(Fig. 1). Due to the high instantaneous decay rate, dead time
effects are present just after the implantation. Therefore, the
starting point of the time window for the fit has been opti-
mized by employing a x? test, leading to an optimal 800 ms.
The end of the fit range is defined by the 3600 ms minimum
time between implantation, which corresponds to 14 half-lives
of '**Cd and 4 half-lives of '**In.

The B-decay half-life of '*®Cd was determined by fitting
an exponential decay function with a constant background,
selecting the full-energy peaks of the most intense 315-, 857-,
and 935-keV y rays, with Compton background subtracted.
For each of the transitions, a probability distribution was
created by sampling both the fit range and data binning, and
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FIG. 2. B-gated y-ray energy spectrum recorded following the decay of '*Cd. The spectrum is constructed with a time window since
proton impact and subtraction of long-lived to observe only y rays from the 8 decay of '*In — 2%¢Sn. The negative counts at 857 keV arise
from oversubtraction of the most intense '*3Cd full-energy peak. The previously known y rays are labeled in black when the label size allows
it; otherwise, only black solid circles are shown. The new transitions identified in this work are labeled in red or marked with red solid circles.
Single- and double-escape peaks are labeled with * and =, respectively.

the uncertainty was calculated as its standard deviation. The
final value was obtained by a weighted mean of the three
individual values with a coverage factor of 20, yielding a
half-life of T}, = 256(5) ms. The result is in agreement with
the recently measured 243(11) ms '2%Cd half-life [28] and
within 20 from the 77, = 246(2) ms value reported in the
latest evaluation [25].

In the case of '*%¢In, a function corresponding to the so-
lution of the Bateman equations [29] for a two-step decay
chain was employed. The lifetime of '*Cd was fixed to
the measured value discussed above, taking into account its
uncertainty. The procedure was applied to the 1169-, 936-,
1090-, and 2105-keV y rays, using the same procedure as
above. The final value was obtained from the weighted aver-
age, giving 71> = 814(9) ms. The result is in agreement with
Ti/> = 816(27) ms from the latest evaluation [25].

B. Level scheme of '**Sn

A B-gated y-ray spectrum is presented in Fig. 2. The spec-
trum was constructed to ensure that only y rays belonging
to '2%¢In decay were selected, by selecting a time window
of 130 to 740 ms relative to the proton impact (see Fig. 1)
and subtracting contributions of y rays associated with '*Cd
decay using a 30 to 51 ms range. In this way, y transitions in
12881 can be identified up to 6.4 MeV.

The '?%In decay scheme to '*®Sn has been built based
on yy coincidences and intensity balance. As an example,
the y-ray spectrum in coincidence with the intense 1169-keV

2% — 0T transition is shown in Fig. 3 above 2500 keV, il-
lustrating previously unobserved peaks at high energies. The
observed coincidences with the 1357-keV y ray, assigned to
the 21) — (02+ ) transition (see Sec. IV) are presented in
Fig. 4. The level scheme includes previously known levels and
y transitions [6,7] with the addition of 81 new y transitions
and 30 new states. The expanded level scheme is shown in

600
— Gate on 1169 keV

3051

500

2906

400

2786

300

Counts/keV

*
2717

200

100

4310

E \ \ \ \ \ \ \ J
2600 2800 3000 3200 3400 3600 3800 4000 4200 4400
Energy (keV)

FIG. 3. Compton-subtracted y-y energy projection spectrum
gated on the 1169-keV 2+ — 0 transition in '**Sn in the 2600-4400
keV high energy range. The previously known y rays are labeled
with their energies in black, while new ones are marked in red. The
3128-keV single-escape peak is labeled with an asterisk.
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FIG. 4. Compton-subtracted y-y energy projection spectrum
gated on the 1357-keV (2*)— (0F) transition in "*®Sn in the 940
2200 keV energy range. The new coincident 995-keV y ray is labeled
in red.

Figs. 5 and 6. A list of y rays, along with their correspond-
ing intensities, is provided in Table I with the deexcited and
populated states.

The B-decay feeding has been determined from the inten-
sity balance between feeding and depopulating y rays for
each level. Since the B decay of the (3%) *8In g.s. to the
0t 128Sn g.s. would be via a second-forbidden transition,
direct B feeding to the g.s. has been taken to be zero. Apparent
logft values are derived assuming allowed transitions [30]
from y-ray intensities corrected for internal conversion [31],
the Qg-, and the measured B-decay half-life.

C. Lifetimes of excited states in ?®Sn

Lifetimes of excited states in '2®Sn in the nanosecond and
subnanosecond ranges have been investigated via Byy(t),
By(t), and yy(t) fast-timing methods [3,22-24,32]. The
half-lives of the 2378-keV state, 2121-keV (57) state, and
2001-keV (4T) state are discussed.

The time-delayed spectrum for the analysis of the lifetime
of the 2121-keV state, with a proposed (57) spin-parity (see
Sec. IV)is displayed in Fig. 7. The half-life was obtained from
By (t) events time selected for the '*®In decay, and measured
by summing the 120-, 832-, and 1169-keV full-energy peaks
in the two LaBr3(Ce) detectors. The half-life was measured
by fitting the delayed slope of the combined spectra once
the influence of Compton events under the peaks is taken
care of [33]. Neither the population of known isomeric states
nor evidence of an unknown isomeric state that may feed
the (57) level was observed. An exponential decay plus a
constant background fit results in 77, = 10.5(3) ns. The re-
sulting half-life is larger than the previously measured value,
Ti > = 8.6(8) ns, using Nal(T1) detectors [6].

The lifetime of the 2001-keV (4T) state was measured from
the time-delayed coincidences between the two LaBr;(Ce).
No prior lifetime measurement was reported in the litera-
ture. This level is almost entirely fed by y transitions (Ig <
0.9%). Besides, almost all the feeding is provided by the

120-keV transition from the long-lived (57) state with 77, =
10.5(3) ns. Thus, the analysis was performed using time dif-
ference information between the two LaBr3(Ce) detectors.
In this manner, the (57) level half-life does not affect the
measurement. An extra condition in the time to amplitude
converter (TAC) B-LaBr3;(Ce) was required by including only
B-delayed events by more than 2 ns relative to the By
prompt. This suppresses most of the y rays, leaving only
the 120-832-1169 cascade peaks below the (57) state in the
spectra. The lifetime analysis of the 2001-keV state is shown
in Fig. 8. A mean lifetime of 7 = 25(13) ps, which trans-
lates to 77, = 17(9) ps, was obtained from the centroid shift
method [22,23,32,34].

The lifetime analysis of the 2378-keV level is depicted
in Fig. 9. In this case, Byy(t) events are used to study
the time-difference distribution of the 257-keV y ray in the
LaBr;(Ce) detectors vs the 8 events, with an extra coincidence
condition on the 120-keV transition in the HPGe detectors.
The time distribution does not have a delayed component,
which is characteristic of a short lifetime. Unfortunately, the
centroid shift method could not be employed because no
independent time reference was found. Instead, the half-life
was measured from a fit to a Gaussian convoluted with an
exponential function, by probing different half-life values
while evaluating the x?/NDF. An upper limit of 7/, < 40
ps was adopted from the 77, value given by (x2;,+1)/NDF.
Additionally, the 329-keV y-ray deexciting the 2412-keV
3% state (t = 1.3(4) ps) from the 140Ba calibration source
was used to verify the prompt By (f) behavior at close
energies.

Reduced transition probabilities B(XA) for transitions in
128Sn were calculated from the measured lifetimes of the “4),
(57), and (47) levels, the y-ray intensities, and the tabulated
internal conversion coefficients [31] assuming pure multipo-
larities. The results are summarized in Table II.

IV. DISCUSSION

Tentative spin-parity assignments for the populated states
in 1?8Sn are based on the S-decay selection rules, the observed
y transitions between levels, and the transition probabilities
provided by the lifetime measurements. The starting point is
the proposed (37) g.s. for '?In, interpreted as a member of
the gg/lzvdg/lz multiplet [36,37], and the previous information

about '*8Sn [6].

The systematics of excited states in even-even Sn isotopes
is shown in Fig. 10, including the 2+, 4%, and 6" yrast states,
the second 0T and 2% states, and the low-lying 4™, 57, 67,
and 7~ levels.

Shell-model calculations for states for '28Sn are discussed
in Refs. [38—41]. Reference [38] uses '3?Sn as a core and
employs the 2S1/2, 1d5/2, 1d3/2, 0g7/2, and 0]111/2 orbits as va-
lence space where neutrons are holes and protons are particles.
An effective interaction is derived employing perturbative
many-body techniques starting from a free nucleon-nucleon
interaction. Teruya et al. [39] adopt the same model space
with all five single-particle orbitals in the 50-82 major shell,
with a phenomenological interaction with two-body terms
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FIG. 5. Level scheme of '*Sn observed following the 8 decay of the '2%¢In (3) state. Levels and transitions previously identified are
colored in black, while those newly identified in this work are highlighted in red. Transition widths are proportional to their relative intensities.

consisting of pairing and quadrupole-quadrupole interactions.  multipole-multipole (EPQQM) model with a frozen "*Ni core
The same model space and a similar approach are adopted  and all orbitals in the 28-50 major shell plus 0g7/> and 1ds

in Ref. [40] by using the jj55 interaction. The shell-model  for protons, and those in the 50-82 major shell plus 1f7/> and
calculations in Ref. [41] employ an extended pairing plus 2ps» for neutrons.
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FIG. 6. Level scheme of '2Sn observed following the g decay of the '2%¢In (3%) state. Levels and transitions previously identified are
colored in black, while those newly identified in this work are highlighted in red. Transition widths are proportional to their relative intensities.

Finally, Cheng et al. [42] take a different approach by
performing three sets of calculations in the so-called nucleon-
pair approximation, a pair-truncation scheme of the shell
model based on the generalized seniority scheme. The calcu-
lations use the full 50-82 major shell-model space, a truncated
nucleon-pair approximation space, and an optimized pair ba-
sis where no mixing is considered, respectively.

A. Positive parity states

Considering the dominant 7 gg/12 vd;éhl_lz/z configuration of
the parent g.s. [41], the most favorable 8-decay route is an
allowed Gamow-Teller (GT) vg7/, — mgo,» transition [43],
which populates positive parity states with a dominant com-
ponent of the vg;/lzd;/;hl_lz/z configuration. Since the g7, is
the most bound orbit in the neutron shell (2.44 MeV more
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TABLEL List of y rays observed following the 8 decay of '**In TABLE L. (Continued.)
to '*Sn, including transition energies and intensities. The initial and
final levels for each connecting transition are also given. Relative y ~ Ey (keV) I, E; (keV) Ef (keV)

intensities are normalized to 1000 units for the 1169-keV 2+ — 0F

transition. For intensity per 100 decays of the parent '2*In multiply by 14192(3) 10.0(12) 3998.3(3) 2579.13)
0.0539(12). y-ra s have b rod £ 1 to obtai 1464.4(3) 41(4) 2633.4(5) 1169.1(3)
R . y-ray energies have been corrected for recoil to obtain 1473.6(3) 37(6) 2642.8(3) 1169.1(3)
the energy levels. 1496.7(3) 9.9(9) 4075.8(4) 2579.1(3)
1515.2(3) 7.4(7) 3619.8(3) 2104.6(4)
E, (keV) I, Ei (keV) EreV) 1573303 3203) 2742.4(5) 1169.1(3)
120.5(5) 76(12) 2121.2(7) 2000.8(5) 1587.7(3) 44(4) 2756.8(3) 1169.1(3)
177.4(4) 2.13) 2756.8(3) 2579.1(3) 1641.4(3) 2.7(3) 4220.7(3) 2579.1(3)
192.1(4) 2.7(4) 2825.4(5) 2633.4(5) 1651.9(3) 5.1(6) 3756.5(4) 2104.6(4)
256.9(4) 68(5) 2378.2(8) 2121.2(7) 1672.4(3) 2.9(4) 3931.2(4) 2258.9(4)
310.1(4) 0.5(2) 2953.0(4) 2642.8(3) 1696.8(3) 23(2) 3955.5(4) 2258.9(4)
320.5(4) 13(2) 2579.1(3) 2258.9(4) 1739.4(3) 35(3) 3998.3(3) 2258.9(4)
351.0(4) 3.0(6) 3092.8(3) 2742.4(5) 1783.9(3) 22(2) 2953.0(4) 1169.1(3)
368.1(4) 1.67(14) 2642.8(3) 2274.5(4) 1817.1(4) 37(4) 4075.8(4) 2258.9(4)
377.7(4) 2.2(2) 2378.2(8) 2000.8(5) 1826.3(4) 2.0(3) 3931.2(4) 2104.6(4)
384.1(4) 2.3(3) 2642.8(3) 2258.9(4) 1834.4(4) 1.3(2) 3998.3(3) 2163.9(5)
447.1(4) 2.8(7) 2825.4(5) 2378.2(8) 1841.2(4) 1.45(13) 3962.5(8) 2121.2(7)
449.6(4) 12(2) 3092.8(3) 2642.8(3) 1351.1(4) 3.7(4) 3955.5(4) 2104.6(4)
474.5(4) 10(2) 2579.1(3) 2104.6(4) 1885.6(4) 2.1(2) 3886.7(5) 2000.8(5)
538.4(3) 25(2) 2642.8(3) 2104.6(4) 1893.8(4) 4.6(4) 3998.3(3) 2104.6(4)
574.6(3) 2.1(4) 2953.0(4) 2378.2(8) 1924.0(4) 13(2) 3092.8(3) 1169.1(3)
584.93) 6.7(7) 3227.5(3) 2642.8(3) 1934.2(4) 1.9(4) 4038.5(5) 2104.6(4)
638.1(3) 0.85(7) 3955.5(4) 3317.4(5) 1946.6(4) 7.6(8) 4220.7(3) 2274.5(4)
642.1(3) 1.90(14) 2642.8(3) 2000.8(5) 1954.7(4) 2.44) 3955.5(4) 2000.3(5)
652.4(3) 6.2(8) 2756.8(3) 2104.6(4) 1962.0(4) 20(2) 4220.7(3) 2258.9(4)
704.2(3) 8.2(9) 2825.4(5) 2121.2(7) 1969.7(4) 7.109) 4228.2(4) 2258.9(4)
763.6(3) 8.6(8) 3520.1(5) 2756.8(3) 2010.9(4) 1.6(3) 3180.0(5) 1169.1(3)
778.9(3) 2.0(4) 3421.9(3) 2642.8(3) 2058.7(4) 1.9(2) 3227.5(3) 1169.1(3)
831.7(3) 104(10) 2000.8(5) 1169.1(3) 2074.8(4) 1.1(4) 4075.8(4) 2000.8(5)
935.6(3) 172(20) 2104.6(4) 1169.1(3) 2104.6(4) 111(11) 2104.6(4) 0.0
941.0(3) 24(3) 3520.1(5) 2579.1(3) 2148.3(4) 0.95(12) 3317.4(5) 1169.1(3)
966.3(3) 8(2) 2967.1(6) 2000.8(5) 2219.3(4) 1.2(3) 4220.7(3) 2000.8(5)
969.0(3) 4.9(13) 3227.5(3) 2258.9(4) 2258.8(4) 50(5) 2258.9(4) 0.0
977.3(3) 2.4(2) 3619.8(3) 2642.8(3) 2275.1(4) 3.003) 2274.5(4) 0.0
983.0(3) 1.6(3) 4075.8(4) 3092.8(3) 2351.3(4) 27(3) 3520.1(5) 1169.1(3)
988.4(3) 3.1(5) 3092.8(3) 2104.6(4) 2429.1(4) 1.2(2) 4533.5(4) 2104.6(4)
994.8(3) 11(2) 2163.9(5) 1169.1(3) 2450.9(4) 2.6(3) 3619.8(3) 1169.1(3)
1002.8(3) 4.7(6) 3955.5(4) 2953.0(4) 2532.4(5) 0.8(3) 4533.5(4) 2000.8(5)
1045.5(3) 8.0(10) 3998.3(3) 2953.0(4) 2578.9(5) 16.0(14) 2579.1(3) 0.0
1089.9(3) 153(20) 2258.9(4) 1169.1(3) 2717.1(5) 3.0(7) 3886.7(5) 1169.1(3)
1105.4(3) 29(3) 2274.5(4) 1169.1(3) 2786.4(5) 10.7(3) 3955.5(4) 1169.1(3)
1123.2(3) 11(2) 3227.5(3) 2104.6(4) 2829.3(5) 2.903) 3998.3(3) 1169.1(3)
1130.03) 5.5(8) 3886.7(5) 2756.8(3) 2906.4(5) 17(2) 4075.8(4) 1169.1(3)
1136.7(3) 0.42(11) 3241.3(5) 2104.6(4) 3051.3(5) 28(3) 4220.7(3) 1169.1(3)
1169.1(3) 1000 1169.1(3) 0.0 3059.7(5) 5.78(10) 4228.2(4) 1169.1(3)
1241.3(3) 16(2) 3998.3(3) 2756.8(3) 3059.7(5) 0.52(7) 5181.009) 2121.2(7)
1250.2(3) 3.2(3) 4075.8(4) 2825.4(5) 3091.7(5) 3.4(4) 3092.8(3) 0.0
1261.7(3) 5.3(5) 3520.1(5) 2258.9(4) 3128.5(5) 15.0(14) 4298.1(6) 1169.1(3)
1267.8(3) 4.2(5) 4093.2(6) 2825.4(5) 3226.9(5) 12.9(13) 3227.5(3) 0.0
1281.8(3) 15.0(10) 4038.5(5) 2756.8(3) 3520.0(6) 278(30) 3520.1(5) 0.0
1307.4(3) 2.2(3) 3886.7(5) 2579.1(3) 3619.6(6) 8.3(9) 3619.8(3) 0.0
1317.5(3) 2.4(2) 3421.9(3) 2104.6(4) 3756.2(6) 2.02) 3756.5(4) 0.0
1322.3(3) 1.6(3) 3955.5(4) 2633.4(5) 3886.6(6) 60(6) 3886.7(5) 0.0
1357.1(3) 1.2(3) 3520.1(5) 2163.9(5) 3955.4(6) 70(7) 3955.5(4) 0.0
1377.1(3) 2.5(3) 3955.5(4) 2579.1(3) 3980.4(6) 5.4(6) 5149.5(7) 1169.1(3)
1395.6(3) 10.3(10) 4220.7(3) 2825.4(5) 4038.4(6) 31(3) 4038.5(5) 0.0
1410.1(3) 20(2) 2579.1(3) 1169.1(3) 4099.7(6) 3.4(3) 5268.8(7) 1169.1(3)
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TABLE 1. (Continued.)

E, (keV) I, E; (keV) E; (keV)
4149.4(6) 2.5(3) 5318.5(7) 1169.1(3)
4227.2(6) 8.4(9) 4228.2(4) 0.0
4298.1(6) 198(20) 4298.1(6) 0.0
4309.8(6) 1.3(2) 5478.9(7) 1169.1(3)
4512.8(6) 0.77(12) 5681.9(6) 1169.1(3)
4621.7(6) 0.24(6) 4621.8(6) 0.0
4658.3(6) 0.4(2) 4658.4(6) 0.0
4668.2(6) 0.4(1) 4668.3(6) 0.0
4715.4(5) 0.59(13) 4715.5(5) 0.0
4766.7(5) 0.94(11) 4766.8(5) 0.0
5148.8(5) 0.42(6) 5149.5(7) 0.0
5269.1(5) 0.17(10) 5268.8(7) 0.0
5681.6(5) 0.19(4) 5681.9(6) 0.0
5836.8(4) 0.39(7) 5836.9(4) 0.0
6107.3(4) 0.95(9) 6107.4(4) 0.0
6215.0(4) 0.12(2) 6215.2(4) 0.0
6337.7(4) 0.017(7) 6337.8(4) 0.0
6451.3(3) 0.08(2) 6451.5(3) 0.0

compared to the d3, [43]), a high excitation energy can be
expected for this configuration. The strong 8 population ob-
served to high-energy levels above 3 MeV, such as the 3520-
and 4298-keV states with logft values equal to 5.18(3) and
5.12(4), respectively, is likely due to this GT transition. These
states are tentatively assigned (2%) spin-parity. In fact, the
27 states above 3.2 MeV may contain admixtures of other
neutron-hole wave functions from the sy, ds;>, and g7/, or-
bitals. For example, the shell-model calculations in Ref. [41]
obtain that the 2% state at 4298 keV has a 57% contribu-
tion from the vhl’lz/zd;/lzg;/lz and 14% from the vhl’lz/zdg/lzsl’/l2
configurations. This indicates that, while the primary con-
figuration is still vhf12/2d3_/l2g;/12, there is significant mixing

10° +]3-LaBr3(Ce) 120+832+1169 keV

-
)
I
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40 50 60 70 80 90 100
Time (ns)

FIG. 7. Time-delayed spectrum between the S detector and
either of the two LaBr3(Ce) detectors for Sy () events. This distribu-
tion is built by adding up the 120-, 832-, and 1169-keV transitions in
the LaBr;(Ce) detectors. A time window gate corresponding to the
128In half-life was imposed to reduce the background. The lifetime
was obtained by a x> minimization of the time distribution to an
exponential decay with a constant background component.

140~
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FIG. 8. Energy spectra recorded in the LaBr;(Ce) start detector
after gating in the 120 and 832-kev on the stop LaBr;(Ce) detector
respectively (a). Time delay distributions between the two LaBr;(Ce)
detectors for y y (¢) events (b). Depending on the selected y transition
in the start and stop detectors, either the delayed or the antidelayed
distributions are derived. The centroid is shown with a dashed line,
while the shaded area represents its uncertainty. The centroid shift
measured between the delayed and antidelayed time spectra (AC), is
caused by the lifetime of the level and the shift in the prompt response
difference (APRD) [22,23,32,34].

with other configurations, which contributes to increasing the
energy of the state.

Turning now to the 2% states below 3.2 MeV, they are
dominated by the vh]’lz/zd;/% configuration [41]. In this energy
range, the neutron orbitals 4/, and d3/, are close in energy,
which facilitates their coupling to 2% states. The direct 8-
decay feeding to these 2% states is much more suppressed in
comparison to those located above, their logft values being
consistently higher than 5.8, which does not support a GT
character [30]. The hindrance is even more pronounced for
the first 4 state, with logft > 7. The origin of this strong
suppression can be the small overlap between the initial and
final state configurations, which, in the single-particle picture,
would require a second-forbidden vds;, — g9, transition to
connect them. However, the 1.5 MeV gap between the highest
observed level and the neutron separation energy suggests
the possibility of unobserved feeding into higher-lying states.
These states could feed the 2% levels through high-energy

064310-9



M. LLANOS-EXPOSITO et al.

PHYSICAL REVIEW C 111, 064310 (2025)

1401 052
- L 09t
120— o 0.9
C 1 Z 0.89F
L [ L 0.88F
100— 0,87 i
2 M\‘ 15720 25 30 35 40 45 50
9 80; ‘ ;3\‘ T1/2 (ps)
@ [ f ui}l‘l_‘m ~3- p-LaBr,(Ce)[257]-HPGe[120]
5 60— i ‘ “{,‘ = T,,=40ps
8 L “ H.'ﬁ ==e= T,,=80ps
401~ A, === T,,=120ps
C ' v
20? Il T1/2 <40 ps
- o e 1 ] L 14
A ‘-ﬂ 1 SR T R ETY.) SRR Y
qO 10.2 104 106 108 11 112 114 116 11.8

Time (ns)

FIG. 9. Time-delayed By y(t) spectrum between the 8 and the
LaBr;(Ce) detectors selected by the 257-keV transition. An extra
condition was required in the 120-keV y transition in the HPGe
detectors. The lifetime was obtained from a x> minimization of
the distribution to a Gaussian convoluted with exponential function.
The inset plot shows the x2/NDF vs half-life dependence. To show
the robustness of the fitting method, half-lives of 80 and 120 ps with
a Gaussian prompt with fixed width are shown by the blue and green
dotted lines, respectively.

y-ray cascades that remain undetected due to experimental
limitations [44].

In this work the first lifetime measurement for the (4T)
state at 2001 keV has been provided, from which an experi-
mental B(E2; 47 — 2+) = 2.1(*53) W.u. has been deduced.
Figure 11 shows experimental B(E2; 2* — 0T) and B(E2;
4% — 2%) reduced transition probabilities for the even-even
Sn isotopes compared to calculations available in the litera-
ture. Shell-model calculations in Ref. [38] are in agreement
with the experimental values. More recent calculations for
126-130g1 [39,42] are also consistent with the experimental re-
sults and seem to reproduce the new B(E2; 4t — 2%) within
the large experimental uncertainty. The observed trend varies
significantly depending on the type of calculation and the
model employed. Data about the yet to be experimentally
measured B(E2; 4% — 2%) values in the neighboring '*6Sn
and *°Sn will help us to understand the systematics of E2
transition strengths approaching **Sn.

The new level established at 2164 keV (see Fig. 4) has been
tentatively assigned spin-parity (07), based on its deexciting
pattern, and is in agreement with the systematics of the 05

states in even Sn nuclei; see Fig. 10. This is consistent with the
shell-model calculations presented in Ref. [40], which predict
an energy of 2159 keV for the 05 level with the main vhl’]“/2
configuration having an amplitude of 47%.

B. Negative parity states

The close-lying levels of vhy,, and vds, orbitals lead to
the existence of low-lying negative parity states based on the
vhl_ll/zd;/l2 coupling, leading to a J* = (4, 5, 6, 7)” multiplet.
One expects a sizable direct feeding to members of the mul-
tiplet in the B-decay transition from the (3") ground state in
128Tn. More particularly, the population of the 4~ state should
be observed due to the predominance of the first-forbidden
Vhiiy — g9, transition [43]. The 5~ and 7~ members are
assigned to the 2121- and 2091-keV experimental states, re-
spectively, while the 4~ and 6~ states remain unidentified.
The systematics of even-even tin isotopes in Fig. 10 and the
shell-model calculations [42] indicate their positions in the
2-3 MeV range.

An interesting result emerges from the observed direct
feeding to the 2378-keV level in the B decay of '*%In (37) g.s.,
with an Iy = 3.7(2)% and log ft = 6.23(2). This state was
formerly assigned spin-parity (77) [6], which would imply a
third-forbidden unique B transition. This is difficult to rec-
oncile with the experimental observation, even if populating
high-energy y transitions are missed. Moreover, the upper
limit of 40-ps half-life indicates that the 257-keV y ray that
connects this state to the 2121-keV (57) level is predomi-
nantly of M1 character. A pure E2 multipolarity required by
a potential (77) — (57) transition would yield an unrealistic
B(E2) > 304 W.u. Additionally, a small branching ratio for a
378-keV transition connecting to the 2001-keV (41) state was
found. Considering the half-life upper limit and the branching
ratio, a lower limit of B(E1) > 4 x 107® W.u. is obtained,
which is compatible with the B(E1) = 1.31(4) x 1075 W.u.
measured for the (57) — (47) transition. The evidence leads
us to interpret the 2378-keV state as the missing 4~ member of
the vdg/;hl’ll/z multiplet—see Fig. 10—and to propose a (47)
assignment for this level.

V. CONCLUSIONS

A detailed investigation of the excited state structure of
1288n, populated exclusively through the 8 decay of '*%¢In,
was conducted. Utilizing high-resolution y-ray spectroscopy
and advanced fast-timing techniques at the ISOLDE Decay
Station, the previously known B decay scheme from '2%¢In

TABLE II. Level lifetimes and reduced transition probabilities for transitions in '2Sn. The spin assignments for the initial and final level
follow Ref. [9], except for the (47) level, which is proposed in this work. The B(X 1) were calculated from the lifetimes and branching ratios
obtained in this work, using conversion coefficients taken from [31] and assuming pure multipolarities as indicated.

E; (keV) Jh T E; (keV) Jj E, (keV) X\ B(X)) (W.u.)
2121 3 15.2(4) ns 2001 @4 120 El 1.31(4) x 1073
2378 4 <57 ps 2121 (57) 257 M1 >3 x 1072
2001 @ 378 El >4 x 107
2001 (5 25(13) ps 1169 2hH 832 E2 2.1(723
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FIG. 10. Energies of excited states in the even-even Sn isotopes. Positive-parity states are shown in blue and negative-parity states in red.
The 05 states are represented in black. The 0 ground states are not plotted for the sake of clarity. Data are taken from Ref. [9] and from the

present work for '25Sn.
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FIG. 11. Experimental reduced transition probabilities in W.u.
for the 47 — 2% (a) and 2™ — 07 (b) transitions in the even Sn
isotopes, taken from Ref. [9]. The B(E2; 4t — 2*) value for '*Sn
measured in this work is plotted in red. Theoretical calculations are
shown with lines: Holt ef al. solid (blue) [38], Teruya et al. dashed
(dark green) [39] and Cheng er al. dotted (light green, orange, and
violet) [42].

(3%) to 128Sn was disentangled and significantly expanded. A
total of 81 new y transitions and 30 new levels were identified,
providing a comprehensive update to the '*®Sn level scheme.

The lifetime of the (47) state at 2001 keV was mea-
sured for the first time. The experimental B(E2; 4T — 21) =
2.1(f§:3)W.u. is consistent within the large experimental
uncertainty with the shell-model predictions and with the
systematics of the neighboring even-even Sn isotopes. The
reassessment of the half-life of the (57) state at 2121 keV
yielded Ti,, = 10.5(3) ns, more than two standard deviations
away from the adopted value. Additionally, the lifetime of the
2378 keV level was measured, establishing an upper limit for
the half-life of 40 ps. This level deexcites via a 257-keV y ray
to the (57) level at 2121 keV and via a 378-keV y ray to the
2001-keV (4™) level. The derived reduced transition probabil-
ities, B(M1) > 3 x 1072 W_u. for the 257-keV transition and
B(E1) > 4 x 107®W.u. for the 378-keV transition, support
a tentative spin-parity assignment of (47) for the 2378-keV
state.
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